
6000 Broken Sound Parkway, NW 
Suite 300, Boca Raton, FL 33487
711 Third Avenue 
New York, NY 10017
2 Park Square, Milton Park 
Abingdon, Oxon OX14 4RN, UK

an informa business

www.taylorandfrancisgroup.com w w w . c r c p r e s s . c o m

K15260

ENVIRONMENTAL CHEMISTRY

Fundamentals of 
ENVIRONMENTAL 
AND TOXICOLOGICAL
CHEMISTRY 

Fundamentals of
ENVIRONMENTAL 
AND TOXICOLOGICAL
CHEMISTRY Sustainable Science       Fourth Edition

Fundam
entals of

ENVIRONM
ENTAL AND TOXICOLOGICAL CHEM

ISTRY

Manahan
Fourth Edition

Stanley E. Manahan

Sustainable Science

Fourth
Edition

Fundamentals of Environmental and Toxicological Chemistry: Sustainable Science, Fourth Edition covers 
university-level environmental chemistry, with toxicological chemistry integrated throughout the book. This new edition 
of a bestseller provides an updated text with an increased emphasis on sustainability and green chemistry. It is organized 
based on the five spheres of Earth’s environment: (1) the hydrosphere (water), (2) the atmosphere (air), (3) the geosphere 
(solid Earth), (4) the biosphere (life), and (5) the anthrosphere (the part of the environment made and used by humans). 
 
The first chapter defines environmental chemistry and each of the five environmental spheres. The second chapter 
presents the basics of toxicological chemistry and its relationship to environmental chemistry. Subsequent chapters are 
grouped by sphere, beginning with the hydrosphere and its environmental chemistry, water pollution, sustainability, and 
water as nature’s most renewable resource. Chapters then describe the atmosphere, its structure and importance for 
protecting life on Earth, air pollutants, and the sustainability of atmospheric quality. The author explains the nature of 
the geosphere and discusses soil for growing food as well as geosphere sustainability. He also describes the biosphere 
and its sustainability.

The final sphere described is the anthrosphere. The text explains human influence on the environment, including climate, 
pollution in and by the anthrosphere, and means of sustaining this sphere. It also discusses renewable, nonpolluting 
energy and introduces workplace monitoring. For readers needing additional basic chemistry background, the book 
includes two chapters on general chemistry and organic chemistry. This updated edition includes three new chapters, 
new examples and figures, and many new homework problems.

K15260_cover.indd   1 1/23/13   11:31 AM





Fourth Edition

Fundamentals of 
ENVIRONMENTAL
AND TOXICOLOGICAL
CHEMISTRY
Sustainable Science



Boca Raton  London  New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Fourth Edition

Fundamentals of 
ENVIRONMENTAL
AND TOXICOLOGICAL
CHEMISTRY

Stanley E. Manahan

Sustainable Science



Boca Raton  London  New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business

Fourth Edition

Fundamentals of 
ENVIRONMENTAL
AND TOXICOLOGICAL
CHEMISTRY

Stanley E. Manahan

Sustainable Science



Cover Description:   Record warm years since the 1990s, the melting of the Arctic ice cap and glaciers, catastrophic 
tidal storm surges associated with tropical storm Sandy, a devastating drought in the U.S. corn belt in 2012, and rising 
sea levels are consistent with the idea that the Planet Earth is entering a new epoch, the Anthropocene in which human 
activities in the Anthrosphere, especially relentlessly increasing emissions of greenhouse gas carbon dioxide, are having 
a dominant influence on the Earth System. This new age poses enormous challenges for environmental chemistry in 
minimizing those influences that cause global climate change and in dealing sustainably with changes that will inevitably 
occur.  A major challenge is that of providing fuels and organic feedstocks without adding to the global burden of carbon 
dioxide from fossil fuel utilization. 

CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2013 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20130201

International Standard Book Number-13: 978-1-4665-5317-0 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been 
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright 
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may 
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the 
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For 
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

As shown in the cover illustration inset, part of the solution may be to harness the capabilities of 
rapidly growing algae and cyanobacteria to remove carbon dioxide from the atmosphere and pho-
tosynthetically produce biomass that can be converted to synthetic fuels and feedstocks. Evidence 
for this potential is to be found in the atmosphere’s vast store of elemental oxygen produced by 
photosynthesis carried out by microscopic cyanobacteria over 2 billion years ago.



v

Contents
Preface.............................................................................................................................................xxi
Author........................................................................................................................................... xxiii

Chapter 1	 Environmental Chemistry and the Five Spheres of the Environment..........................1

1.1	 What Is Environmental Chemistry?...................................................................1
1.2	 Environmental Relationships in Environmental Chemistry..............................1
1.3	 Environmental Spheres and Biogeochemical Cycles.........................................3
1.4	 Earth’s Natural Capital.......................................................................................6
1.5	 Environmental Chemistry and Green Chemistry..............................................7
1.6	 As We Enter into the Anthropocene..................................................................8
Questions and Problems���������������������������������������������������������������������������������������������� 10
Literature Cited........................................................................................................... 11
Supplementary References.......................................................................................... 11

Chapter 2	 Fundamentals of Biochemistry and Toxicological Chemistry.................................... 13

2.1	 Life Chemical Processes.................................................................................. 13
2.2	 Biochemistry and the Cell................................................................................ 13
2.3	 Carbohydrates................................................................................................... 14
2.4	 Proteins............................................................................................................. 15
2.5	 Lipids: Fats, Oils, and Hormones..................................................................... 16
2.6	 Nucleic Acids.................................................................................................... 18
2.7	 Enzymes........................................................................................................... 19

2.7.1	 Effects of Toxic Substances on Enzymes............................................22
2.8	 Biochemical Processes in Metabolism.............................................................22

2.8.1	 Energy-Yielding and Processing Processes.........................................22
2.9	 Toxic Substances, Toxicology, and Toxicological Chemistry..........................24

2.9.1	 Exposure to Toxic Substances.............................................................24
2.9.2	 Distribution of Toxic Substances.........................................................25
2.9.3	 Dose–Response Relationship..............................................................25
2.9.4	 Toxicities.............................................................................................25

2.10	 Toxicological Chemistry..................................................................................27
2.10.1	 Reactions of Toxicants and Protoxicants in 
	 Living Systems....................................................................................27

2.11	 Kinetic Phase of Xenobiotic Metabolism.........................................................28
2.12	 Dynamic Phase of Toxicant Action..................................................................28
2.13	 �Mutagenesis and Carcinogenesis...................................................................... 31

2.13.1	 �Mutations from Chemical Exposure................................................... 31
2.13.2	 Carcinogenesis.................................................................................... 32

2.14	 Developmental Effects and Teratogenesis........................................................34
2.15	 Toxic Effects on the Immune System...............................................................34
2.16	 Damage to the Endocrine System.................................................................... 35
2.17	 Health Hazards of Toxic Substances................................................................ 35

2.17.1	 Health Risk Assessment......................................................................36
2.18	 �Structure–Activity Relationships in Toxicological Chemistry.........................36



vi Contents

2.19	 Toxicological Chemistry and Ecotoxicology................................................... 37
2.19.1	 Effects of Toxicants on Ecosystems.................................................... 38
2.19.2	 Biomarkers of Exposure to Toxic Substances..................................... 38

2.20	 Toxic Agents That May Be Used in Terrorist Attacks..................................... 38
Questions and Problems���������������������������������������������������������������������������������������������� 39
Literature Cited...........................................................................................................40
Supplementary References..........................................................................................40

Chapter 3	 Environmental and Toxicological Chemistry of the Hydrosphere.............................. 43

3.1	 H2O: Simple Formula, Remarkable Molecule.................................................. 43
3.2	 Hydrosphere......................................................................................................44
3.3	 Occurrence of Water......................................................................................... 45

3.3.1	 Standing Bodies of Water....................................................................46
3.3.2	 Flowing Water..................................................................................... 47
3.3.3	 Sedimentation by Flowing Water........................................................ 47
3.3.4	 Groundwater........................................................................................48

3.4	 Water Supply and Availability.......................................................................... 49
3.5	 Life and Its Influence on Environmental Chemistry in the 
	 Hydrosphere...................................................................................................... 51

3.5.1	 Aquatic Organisms and Chemical Transitions in the 
	 Hydrosphere........................................................................................ 52
3.5.2	 Microbial Action on Organic Matter in the Hydrosphere...................54

3.6	 Environmental Chemistry of the Hydrosphere................................................54
3.7	 Acid-Base Phenomena in the Hydrosphere...................................................... 56

3.7.1	 Carbon Dioxide in Water.................................................................... 57
3.8	 Solubility and Phase Interactions..................................................................... 58

3.8.1	 Gas Solubilities.................................................................................... 59
3.8.2	 Carbon Dioxide and Carbonate Species in Water...............................60
3.8.3	 Sediments............................................................................................ 61
3.8.4	 Colloids in Water................................................................................. 62

3.9	 Oxidation Reduction......................................................................................... 63
3.9.1	 pE and Toxicological Chemistry.........................................................65

3.10	 Metal Ions in Water..........................................................................................66
3.10.1	 Calcium and Hardness in Water..........................................................66

3.11	 Complexation and Speciation of Metals...........................................................66
3.12	 Toxicological Chemistry in the Hydrosphere...................................................68
3.13	 �Chemical Interactions with Organisms in the Hydrosphere............................69
3.14	 Biodegradation in the Hydrosphere.................................................................. 70
Questions and Problems���������������������������������������������������������������������������������������������� 72
Literature Cited........................................................................................................... 73
Supplementary References.......................................................................................... 73

Chapter 4	 Pollution of the Hydrosphere....................................................................................... 75

4.1	 Nature and Types of Water Pollutants.............................................................. 75
4.1.1	 Markers of Water Pollution................................................................. 75

4.2	 Elemental Pollutants......................................................................................... 75
4.3	 Heavy Metals....................................................................................................77

4.3.1	 Cadmium.............................................................................................77
4.3.2	 Lead.....................................................................................................77
4.3.3	 Mercury............................................................................................... 78



viiContents

4.4	 Metalloids......................................................................................................... 79
4.5	 Organically Bound Metals...............................................................................80

4.5.1	 Organotin Compounds........................................................................ 81
4.6	 Inorganic Species as Water Pollutants.............................................................. 81

4.6.1	 Cyanide............................................................................................... 82
4.6.2	 Ammonia and Other Inorganic Water Pollutants................................ 82
4.6.3	 Asbestos in Water................................................................................ 83

4.7	 Algal Nutrients and Eutrophication.................................................................. 83
4.8	 Acidity, Alkalinity, and Salinity......................................................................84
4.9	 Oxygen, Oxidants, and Reductants..................................................................85
4.10	 Organic Pollutants............................................................................................87

4.10.1	 Sewage.................................................................................................87
4.10.2	 Soaps and Detergents..........................................................................88
4.10.3	 Naturally Occurring Chlorinated and Brominated Compounds.........90
4.10.4	 Microbial Toxins................................................................................. 91

4.11	 Pesticides in Water........................................................................................... 91
4.11.1	 Natural Product Insecticides, Pyrethrins, and Pyrethroids.................93
4.11.2	 DDT and Organochlorine Insecticides................................................94
4.11.3	 Organophosphate Insecticides.............................................................95
4.11.4	 Carbamates..........................................................................................96
4.11.5	 Fungicides...........................................................................................97
4.11.6	 Herbicides............................................................................................97
4.11.7	 By-Products of Pesticide Manufacture................................................99

4.12	 Polychlorinated Biphenyls.............................................................................. 100
4.13	 Emerging Water Pollutants, Pharmaceuticals, and Household 
	 Wastes............................................................................................................. 101

4.13.1	 Bactericides....................................................................................... 104
4.13.2	 Estrogenic Substances in Wastewater Effluents................................ 104
4.13.3	 Biorefractory Organic Pollutants...................................................... 104

4.14	 Radionuclides in the Aquatic Environment.................................................... 107
4.15	 Toxicological Chemistry and Water Pollution................................................ 110
Questions and Problems�������������������������������������������������������������������������������������������� 111
Literature Cited......................................................................................................... 114
Supplementary References........................................................................................ 114

Chapter 5	 Sustaining the Hydrosphere...................................................................................... 117

5.1	 More Important than Oil................................................................................ 117
5.2	 Greening of Water: Purification before and after Use.................................... 117

5.2.1	 Emerging Considerations in Water Treatment.................................. 118
5.3	 Municipal Water Treatment............................................................................ 118

5.3.1	 Contamination in Water Distribution Systems.................................. 119
5.4	 Treatment of Water for Industrial Use............................................................ 119
5.5	 Wastewater Treatment.................................................................................... 120

5.5.1	 Industrial Wastewater Treatment...................................................... 121
5.6	 Removal of Solids........................................................................................... 121

5.6.1	 Dissolved Air Flotation..................................................................... 122
5.7	 Removal of Calcium and Other Metals.......................................................... 123

5.7.1	 Removal of Iron and Manganese...................................................... 126
5.7.2	 Removal of Heavy Metals................................................................. 127
5.7.3	 Arsenic Removal............................................................................... 127



viii Contents

5.8	 Removal of Dissolved Organics..................................................................... 128
5.8.1	 Removal of Herbicides...................................................................... 129
5.8.2	 Removal of Taste, Odor, and Color................................................... 129
5.8.3	 Photolysis........................................................................................... 130
5.8.4	 Sonolysis............................................................................................ 130

5.9	 Removal of Dissolved Inorganics................................................................... 130
5.9.1	 Ion Exchange..................................................................................... 131
5.9.2	 Phosphorus Removal......................................................................... 131
5.9.3	 Nitrogen Removal.............................................................................. 132

5.10	 Membrane Processes and Reverse Osmosis for Water Purification............... 132
5.10.1	 Reverse Osmosis................................................................................ 133
5.10.2	 Electrodialysis................................................................................... 134

5.11	 Water Disinfection.......................................................................................... 134
5.11.1	 Pathogens Treated by Disinfection.................................................... 134
5.11.2	 Disinfection Agents........................................................................... 135
5.11.3	 Disinfection with Chlorine and Chloramines................................... 136
5.11.4	 Chlorine Dioxide............................................................................... 136
5.11.5	 Toxicities of Chlorine and Chlorine Dioxide.................................... 137
5.11.6	 Green Ozone for Water Disinfection................................................. 137
5.11.7	 Ozone Toxicity.................................................................................. 137
5.11.8	 Miscellaneous Disinfection Agents................................................... 138

5.12	 Restoration of Wastewater Quality................................................................. 139
5.12.1	 Primary Wastewater Treatment......................................................... 139
5.12.2	 Secondary Waste Treatment by Biological Processes....................... 139
5.12.3	 Tertiary Waste Treatment.................................................................. 141
5.12.4	 Physical–Chemical Treatment of Municipal Wastewater................. 142

5.13	 Natural Water Purification Processes............................................................. 142
5.13.1	 Industrial Wastewater Treatment by Soil.......................................... 144

5.14	 Sludges and Residues from Water Treatment................................................. 144
5.15	 �Water, the Greenest Substance on Earth: Reuse and Recycling.................... 146
5.16	 Water Conservation........................................................................................ 148

5.16.1	 Rainwater Harvesting........................................................................ 149
Questions and Problems�������������������������������������������������������������������������������������������� 149
Literature Cited......................................................................................................... 152
Supplementary References........................................................................................ 152

Chapter 6	 Environmental and Toxicological Chemistry of the Atmosphere............................. 155

6.1	 Atmosphere: Air to Breathe and Much More................................................. 155
6.2	 Regions of the Atmosphere............................................................................ 156
6.3	 Atmospheric Composition.............................................................................. 159
6.4	 Natural Capital of the Atmosphere................................................................. 159
6.5	 Energy and Mass Transfer in the Atmosphere............................................... 161
6.6	 Meteorology, Weather, and Climate............................................................... 162

6.6.1	 Global Weather.................................................................................. 163
6.7	 Atmospheric Inversions and Atmospheric Chemical Phenomena................. 164
6.8	 Climate, Microclimate, and Microatmosphere.............................................. 165

6.8.1	 Human Modifications of the Atmosphere......................................... 166
6.8.2	 Microclimate..................................................................................... 166
6.8.3	 Effects of Urbanization on Microclimate......................................... 167
6.8.4	 Microatmosphere............................................................................... 167



ixContents

6.9	 Atmospheric Chemistry and Photochemical Reactions................................. 168
6.9.1	 Atmospheric Ions and the Ionosphere............................................... 170

6.10	 Atmospheric Oxygen...................................................................................... 171
6.10.1	 Toxicological Chemistry of Oxygen.................................................. 173

6.11	 Atmospheric Nitrogen.................................................................................... 174
6.12	 Atmospheric Water......................................................................................... 175
6.13	 Atmospheric Particles..................................................................................... 176

6.13.1	 Physical Behavior of Atmospheric Particles..................................... 176
6.13.2	 Atmospheric Chemical Reactions Involving Particles...................... 176

Questions and Problems�������������������������������������������������������������������������������������������� 177
Literature Cited......................................................................................................... 178
Supplementary References........................................................................................ 179

Chapter 7	 Pollution of the Atmosphere...................................................................................... 181

7.1	 Pollution of the Atmosphere and Air Quality................................................ 181
7.2	 Pollutant Particles in the Atmosphere............................................................ 182

7.2.1	 Physical and Chemical Processes for Particle Formation: 
Dispersion and Condensation Aerosols............................................. 182

7.2.2	 Chemical Processes for Inorganic Particle Formation...................... 182
7.2.3	 Composition of Inorganic Particles................................................... 184
7.2.4	 Fly Ash.............................................................................................. 184
7.2.5	 Radioactivity in Atmospheric Particles............................................. 185
7.2.6	 Organic Pollutant Particles in the Atmosphere................................. 185
7.2.7	 Effects of Atmospheric Pollutant Particles....................................... 186
7.2.8	 Health Effects and Toxicology of Particles....................................... 187
7.2.9	 Asian Brown Cloud: Climate and Health Effects............................. 188

7.3	 Inorganic Gas Pollutants................................................................................ 189
7.4	 Nitrogen Oxide Air Pollutants........................................................................ 191

7.4.1	 Toxic Effects of Nitrogen Oxides...................................................... 193
7.5	 Sulfur Dioxide Air Pollution.......................................................................... 193

7.5.1	 Toxic Effects of Sulfur Dioxide........................................................ 194
7.5.2	 Toxic Effects of Atmospheric Sulfuric Acid..................................... 194

7.6	 Acid-Base Reactions in the Atmosphere and Acid Rain................................ 195
7.7	 Organic Air Pollutants.................................................................................... 196

7.7.1	 Organics in the Atmosphere from Natural Sources.......................... 196
7.7.2	 Pollutant Hydrocarbons from the Anthrosphere............................... 197
7.7.3	 Nonhydrocarbon Organics in the Atmosphere.................................. 198
7.7.4	 Organohalides................................................................................... 199
7.7.5	 Toxicological Chemistry of Organohalides......................................200
7.7.6	 Organosulfur Compounds.................................................................200
7.7.7	 Organonitrogen Compounds.............................................................200
7.7.8	 Toxicological Chemistry of Organonitrogen 
	 Compounds........................................................................................ 201

7.8	 Photochemical Smog......................................................................................202
7.8.1	 Harmful Effects of Smog..................................................................205
7.8.2	 Toxic Effects of Smog and Its Constituents to Humans....................206

7.9	 Chlorofluorocarbons and Stratospheric Ozone Depletion..............................206
7.9.1	 Chlorofluorocarbons and Stratospheric Ozone Depletion.................207
7.9.2	 Antarctic Ozone Hole........................................................................208
7.9.3	 Nobel Prize in Environmental Chemistry.........................................209



x Contents

7.10	 Indoor Air Pollution and the Microatmosphere.............................................209
Questions and Problems�������������������������������������������������������������������������������������������� 210
Literature Cited......................................................................................................... 211
Supplementary References........................................................................................ 212

Chapter 8	 Sustaining the Atmosphere: Blue Skies for a Green Earth....................................... 213

8.1	 Preserving the Atmosphere............................................................................ 213
8.1.1	 Preservation of the Atmosphere’s Natural Capital............................ 214

8.2	 Greatest Threat: Global Climate Warming.................................................... 214
8.2.1	 Increasing Temperature..................................................................... 216
8.2.2	 Passing the Tipping Points................................................................ 216
8.2.3	 Loss of Ice Cover............................................................................... 217
8.2.4	 Glaciers and Water Supply................................................................ 217
8.2.5	 Expansion of Subtropical Arid Regions and Drought....................... 218
8.2.6	 Some Other Effects of Global Climate Change................................ 218

8.3	 Dealing with Global Climate Change............................................................ 219
8.3.1	 Mitigation and Minimization of Greenhouse Gas Emissions........... 219

8.3.1.1	 Less Carbon Dioxide from Internal Combustion 
	 Engines.............................................................................. 219

8.3.2	 Transportation Alternatives to the Internal Combustion 
	 Engine...............................................................................................220
8.3.3	 Heating and Cooling.........................................................................220
8.3.4	 Carbon Capture.................................................................................220
8.3.5	 Avoiding Fossil Fuels........................................................................ 222
8.3.6	 Avoiding Greenhouse Gases Other than Carbon Dioxide................ 222
8.3.7	 Economic and Political Measures..................................................... 223
8.3.8	 Counteracting Measures....................................................................224
8.3.9	 Adaptation.........................................................................................224
8.3.10	 Heat...................................................................................................224
8.3.11	 Drought..............................................................................................225
8.3.12	 Water Banking...................................................................................225

8.4	 Control of Particle Emissions.........................................................................226
8.4.1	 Particle Removal by Sedimentation and Inertia................................226
8.4.2	 Particle Filtration............................................................................... 227
8.4.3	 Scrubbers........................................................................................... 227
8.4.4	 Electrostatic Precipitation................................................................. 227
8.4.5	 Where Does It All Go?......................................................................228

8.5	 Control of Carbon Monoxide Emissions........................................................ 229
8.6	 Control of Nitrogen Oxide Emissions............................................................ 229
8.7 	 Control of Sulfur Dioxide Emissions.............................................................230
8.8	 Control of Hydrocarbon Emissions and Photochemical Smog...................... 231

8.8.1	 Compression-Fired Engines.............................................................. 233
8.8.2	 Catalytic Converters for Exhaust Gas Control.................................. 233
8.8.3	 Photochemical Smog and Vegetation................................................234
8.8.4	 Preventing Smog with Green Chemistry..........................................234

8.9	 Biological Control of Air Pollution................................................................ 235
8.9.1	 Bioreactors for Air Pollutant Removal.............................................. 235
8.9.2	 Removing Air Pollution with Vegetation.......................................... 237

8.10	 Controlling Acid Rain.................................................................................... 237
8.10.1	 Dealing with Toxic and Other Adverse Effects of Acid Rain........... 238



xiContents

8.11	 Limiting Stratospheric Ozone Depletion........................................................ 238
Questions and Problems�������������������������������������������������������������������������������������������� 239
Literature Cited......................................................................................................... 241
Supplementary References........................................................................................ 241

Chapter 9	 Environmental and Toxicological Chemistry of the Geosphere............................... 243

9.1	 Geosphere....................................................................................................... 243
9.1.1	 Geosphere Related to the Other Environmental Spheres.................. 243
9.1.2	 Plate Tectonics...................................................................................244
9.1.3	 Rock Cycle.........................................................................................244

9.2	 Chemical Composition of the Geosphere and Geochemistry........................246
9.2.1	 Biological Aspects of Weathering.....................................................248

9.3	 Geosphere as a Source of Natural Capital......................................................249
9.4	 Environmental Hazards of the Geosphere.....................................................250

9.4.1	 Volcanoes...........................................................................................250
9.4.2	 Toxicological and Public Health Aspects of Volcanoes.................... 252
9.4.3	 Earthquakes....................................................................................... 252
9.4.4	 Toxicological and Public Health Aspects of Earthquakes................. 253
9.4.5	 Surface Effects................................................................................... 253
9.4.6	 Radon, a Toxic Gas from the Geosphere........................................... 255

9.5	 Water in and on the Geosphere...................................................................... 255
9.5.1	 Geospheric Water and Health Effects...............................................256

9.6	 Anthrospheric Influences on the Geosphere.................................................. 257
9.7	 Geosphere as a Waste Repository.................................................................. 258
Questions and Problems��������������������������������������������������������������������������������������������260
Literature Cited......................................................................................................... 261
Supplementary References........................................................................................ 261

Chapter 10	 Soil: A Critical Part of the Geosphere...................................................................... 263

10.1	 Have You Thanked a Clod Today?................................................................. 263
10.1.1	 What Is Soil?...................................................................................... 263
10.1.2	 Inorganic Solids in Soil.....................................................................264
10.1.3	 Soil Organic Matter...........................................................................265
10.1.4	 Water in Soil and the Soil Solution....................................................265
10.1.5	 Chemical Exchange Processes in Soil...............................................265

10.2	 Plant Nutrients and Fertilizers in Soil............................................................ 267
10.3	 Soil and Plants Related to Wastes and Pollutants...........................................268
10.4	 Soil Loss: Desertification and Deforestation..................................................269
10.5	 Toxicological and Public Health Aspects of Soil........................................... 271

10.5.1	 Toxicological Aspects of Soil Herbicides.......................................... 272
10.6	 Toxicological Considerations in Livestock Production.................................. 273
Questions and Problems�������������������������������������������������������������������������������������������� 274
Literature Cited......................................................................................................... 275
Supplementary References........................................................................................ 275

Chapter 11	 Sustaining the Geosphere.......................................................................................... 277

11.1	 Managing the Geosphere for Sustainability................................................... 277
11.2	 Sustaining the Geosphere in the Face of Natural Hazards............................ 277

11.2.1	 Vulnerable Coasts.............................................................................. 278
11.2.2	 Threat of Rising Sea Levels...............................................................280



xii Contents

11.3	 Sustainable Development on the Geosphere’s Surface...................................280
11.3.1	 Site Evaluation................................................................................... 281
11.3.2	 Kinds of Structures on the Geosphere.............................................. 281

11.4	 Digging in the Dirt......................................................................................... 282
11.4.1	 Subsurface Excavations..................................................................... 283
11.4.2	 Green Underground Storage.............................................................. 283
11.4.3	 Salt Dome Storage.............................................................................284

11.5	 Extraction of Materials from Earth................................................................285
11.5.1	 Environmental Effects of Mining and Mineral Extraction...............287

11.6	 Sustainable Utilization of Geospheric Mineral Resources............................287
11.6.1	 Metals................................................................................................288
11.6.2	 Nonmetal Mineral Resources............................................................290
11.6.3	 How Long Will Essential Minerals Last?......................................... 291
11.6.4	 Green Sources of Minerals................................................................292
11.6.5	 Exploitation of Lower Grade Ores.................................................... 293
11.6.6	 Mining the Ocean Floors..................................................................294
11.6.7	 Waste Mining....................................................................................294
11.6.8	 Recycling........................................................................................... 295

11.7	 Toxicological Implications of Mineral Mining and Processing..................... 295
11.7.1	 Pneumoconiosis from Exposure to Mineral Dust.............................296
11.7.2	 Heavy Metal Poisoning.....................................................................296

11.8	 Sustaining the Geosphere to Manage Water..................................................297
11.8.1	 China’s Three Gorges Dam Project..................................................299
11.8.2	 Water Pollution and the Geosphere...................................................299

11.9	 Waste Disposal and the Geosphere................................................................300
11.9.1	 Municipal Refuse..............................................................................300
11.9.2	 Hazardous Waste Disposal................................................................300

11.10	 Derelict Lands and Brownfields..................................................................... 301
11.10.1	Land Restoration from the Fukushima Daiichi 
	 Nuclear Accident............................................................................... 301

11.11	 Sustaining Soil................................................................................................302
11.11.1	Biochar for Soil Conservation and Enrichment................................303
11.11.2	Reversing Desertification..................................................................303
11.11.3	Reforestation......................................................................................305
11.11.4	Water and Soil Conservation.............................................................305

Questions and Problems��������������������������������������������������������������������������������������������306
Literature Cited.........................................................................................................307
Supplementary References........................................................................................307

Chapter 12	 Environmental and Toxicological Chemistry of the Biosphere................................309

12.1	 Life and the Biosphere....................................................................................309
12.1.1	 Biosphere in Stabilizing the Earth System: Gaia Hypothesis........... 310

12.2	 Organisms and Sustainable Science and Technology.................................... 310
12.3	 Life Systems................................................................................................... 311

12.3.1	 Biosphere/Atmosphere Interface and the Crucial Importance of 
Climate.............................................................................................. 312

12.4	 Metabolism and Control in Organisms.......................................................... 314
12.4.1	 Enzymes in Metabolism.................................................................... 314
12.4.2	 Nutrients............................................................................................ 315
12.4.3	 Control in Organisms........................................................................ 315



xiiiContents

12.5	 Reproduction and Inherited Traits.................................................................. 316
12.6	 Stability and Equilibrium of the Biosphere.................................................... 316

12.6.1	 Biomes in Unexpected Places........................................................... 318
12.6.2	 Response of Life Systems to Stress................................................... 318
12.6.3	 Relationships among Organisms....................................................... 319
12.6.4	 Populations........................................................................................ 320

12.7	 DNA and the Human Genome....................................................................... 320
12.8	 Biological Interaction with Environmental Chemicals.................................. 321

12.8.1	 Biodegradation.................................................................................. 322
12.9	 Effects of the Anthrosphere on the Biosphere................................................322

12.9.1	 Beneficial Effects of Humans on the Biosphere................................ 322
Questions and Problems�������������������������������������������������������������������������������������������� 323
Literature Cited......................................................................................................... 324
Supplementary References........................................................................................324

Chapter 13	 Sustaining the Biosphere and Its Natural Capital..................................................... 325

13.1	 Keeping Life Alive......................................................................................... 325
13.2	 Natural Capital of the Biosphere.................................................................... 325

13.2.1	 Types of Biomaterials from the Biosphere........................................ 326
13.2.2	 Biorefineries...................................................................................... 329
13.2.3	 Using the Biosphere through Agriculture......................................... 329
13.2.4	 Genome Sequencing and Green Chemistry...................................... 331

13.3	 Genetic Engineering....................................................................................... 331
13.3.1	 Recombinant DNA and Genetic Engineering................................... 331
13.3.2	 Major Transgenic Crops and Their Characteristics.......................... 333
13.3.3	 Crops versus Pests............................................................................. 333
13.3.4	 Future Crops...................................................................................... 334

13.4	 Role of Human Activities in Preserving and Enhancing the 
	 Biosphere........................................................................................................ 336

13.4.1	 Artificial Habitats and Habitat Restoration....................................... 337
13.5	 Preserving the Biosphere by Preserving the Atmosphere.............................. 337
13.6	 Preserving the Biosphere by Preserving the Hydrosphere............................. 339
13.7	 Preserving the Biosphere by Preserving the Geosphere................................ 339

13.7.1	 Constructing the Geosphere to Support the Biosphere: 
	 What the Ancient Incas Knew..........................................................340

Questions and Problems��������������������������������������������������������������������������������������������340
Literature Cited......................................................................................................... 341
Supplementary References........................................................................................ 342

Chapter 14	 Environmental and Toxicological Chemistry of the Anthrosphere.......................... 345

14.1	 Anthrosphere.................................................................................................. 345
14.1.1	 Crucial Anthrospheric Infrastructure...............................................346
14.1.2	 Sociosphere....................................................................................... 347

14.2	 Industrial Ecology and Industrial Ecosystems...............................................348
14.2.1	 Kalundborg Industrial Ecosystem..................................................... 349

14.3	 Metabolic Processes in Industrial Ecosystems.............................................. 350
14.3.1	 Attributes of Successful Industrial Ecosystems................................ 352
14.3.2	 Diversity............................................................................................ 353

14.4	 Life Cycles in Industrial Ecosystems............................................................. 353
14.4.1	 Product Stewardship.......................................................................... 354



xiv Contents

14.5	 Kinds of Products........................................................................................... 354
14.6	 Environmental Impacts of the Anthrosphere................................................. 355

14.6.1	 Impact of Agricultural Production................................................... 357
14.6.2	 Design of Industrial Ecosystems to Minimize 

Environmental Impact...................................................................... 358
14.7	 Green Chemistry and the Anthrosphere........................................................ 359

14.7.1	 Presidential Green Chemistry Challenge Awards............................360
14.8	 Predicting and Reducing Hazards with Green Chemistry............................. 361
14.9	 Atom Economy and the E Factor in Green Chemistry.................................. 361

14.9.1	 Yield and Atom Economy................................................................ 361
14.9.2	 Nature of Wastes............................................................................... 362

14.10	 Catalysts and Catalysis in Green Chemistry..................................................363
14.11	 Biocatalysis with Enzymes............................................................................. 365

14.11.1	 Immobilized Enzyme Catalysts.......................................................366
14.11.2	 Reduction in Synthesis Steps with Enzyme Catalysts.....................366
14.11.3	 Enzyme Catalysts and Chirality.......................................................366

14.12	 �Energizing Chemical Reactions and Process Intensification......................... 367
14.12.1	 Process Intensification and Increased Safety with
	 Smaller Size....................................................................................... 368

14.13	 Solvents and Alternate Reaction Media......................................................... 368
14.13.1	 Water Solvent.................................................................................... 370
14.13.2	 Carbon Dioxide Solvent.................................................................... 370
14.13.3	 Ionic Liquid Solvents........................................................................ 370

14.14	 Feedstocks and Reagents................................................................................ 371
14.14.1	 Feedstocks........................................................................................ 371
14.14.2	 Reagents............................................................................................ 371
14.14.3	 Reagents for Oxidation and Reduction............................................. 372
14.14.4	 Electrons as Reagents for Oxidation and Reduction........................ 373

14.15	 Anthrosphere and Occupational Health......................................................... 374
14.15.1	 Role of Green Chemistry in Occupational Health........................... 377

Questions and Problems�������������������������������������������������������������������������������������������� 377
Literature Cited......................................................................................................... 379
Supplementary References........................................................................................ 379

Chapter 15	 Anthrosphere, Pollution, and Wastes........................................................................ 381

15.1	 Wastes from the Anthrosphere....................................................................... 381
15.1.1	 History of Hazardous Substances..................................................... 381
15.1.2	 Pesticide Burial Grounds.................................................................. 382
15.1.3	 Legislation........................................................................................ 382

15.2	 Classification of Hazardous Substances and Wastes...................................... 383
15.2.1	 Characteristics and Listed Wastes....................................................384
15.2.2	 Hazardous Wastes and Air and Water Pollution Control.................384

1�5.3	 Sources of Wastes........................................................................................... 385
15.3.1	 Types of Hazardous Wastes.............................................................. 385
15.3.2	 Hazardous Waste Generators........................................................... 386

15.4	 Flammable and Combustible Substances....................................................... 387
15.4.1	 Combustion of Finely Divided Particles........................................... 387
15.4.2	 Oxidizers.......................................................................................... 388
15.4.3	 Spontaneous Ignition........................................................................ 388
15.4.4	 Toxic Products of Combustion......................................................... 389



xvContents

15.5	 Reactive Substances.......................................................................................390
15.5.1	 Chemical Structure and Reactivity..................................................390

15.6	 Corrosive Substances...................................................................................... 392
15.6.1	 Sulfuric Acid.................................................................................... 392

15.7	 Toxic Substances............................................................................................ 393
15.8	 Physical Forms and Segregation of Wastes.................................................... 393
15.9	 Environmental Chemistry of Hazardous Wastes........................................... 394
15.10	 Transport, Effects, and Fates of Hazardous Wastes....................................... 395

15.10.1	 Physical Properties of Wastes........................................................... 395
15.10.2	 Chemical Factors.............................................................................. 396
15.10.3	 Environmental Effects of Hazardous Wastes................................... 396
15.10.4	 Fates of Hazardous Wastes............................................................... 396

15.11	 Hazardous Wastes and the Anthrosphere....................................................... 397
15.12	 Hazardous Wastes in the Geosphere.............................................................. 397
15.13	 Hazardous Wastes in the Hydrosphere........................................................... 399
15.14	 Hazardous Wastes in the Atmosphere............................................................402
15.15	 Hazardous Wastes in the Biosphere...............................................................403

15.15.1	 Microbial Metabolism in Waste Degradation..................................404
15.16	 �Hazardous Substances and Environmental Health and Safety.......................405
Questions and Problems��������������������������������������������������������������������������������������������405
Literature Cited.........................................................................................................407
Supplementary References........................................................................................407

Chapter 16	 Industrial Ecology and Green Chemistry for Sustainable Management of 
the Anthrosphere.......................................................................................................409

16.1	 Managing the Anthrosphere for Sustainability..............................................409
16.2	 Feeding the Anthrosphere..............................................................................409

16.2.1	 Utilization of Feedstocks.................................................................. 411
16.3	 �Key Feedstock: Abundant Elemental Hydrogen from Sustainable
	 Sources........................................................................................................... 412
16.4	 Feedstocks from the Geosphere..................................................................... 413

16.4.1	 Occupational and Public Health Aspects of Mining........................ 414
16.4.2	 Toxic Hazards of Cyanide in Gold Recovery................................... 414

16.5	 Biological Feedstocks..................................................................................... 415
16.6	 Monosaccharide Feedstocks: Glucose and Fructose...................................... 416
16.7	 Hydrocarbons and Similar Materials from Sugars........................................ 420
16.8	 Cellulose......................................................................................................... 421

16.8.1	 Feedstocks from Cellulose Wastes................................................... 423
16.9	 Lignin............................................................................................................. 423
16.10	 Biosynthesis of Chemicals..............................................................................424

16.10.1	 Fermentation and Industrial Microbiology......................................424
16.10.2	 Metabolic Engineering and Chemical Biosynthesis........................ 426
16.10.3	 Production of Materials by Plants.................................................... 427

16.11	 Direct Biosynthesis of Polymers.................................................................... 427
16.12	 Biorefineries and Biomass Utilization............................................................ 429
16.13	 �Green Chemistry and Industrial Ecology in Waste Management.................. 430
16.14	 Recycling........................................................................................................ 432

16.14.1	 Waste Oil Utilization and Recovery................................................. 432
16.14.2	 Waste Solvent Recovery and Recycling...........................................432
16.14.3	 Recovery of Water from Wastewater................................................ 432



xvi Contents

16.15	 Hazardous Waste Treatment Processes.......................................................... 433
16.16	 Methods of Physical Treatment...................................................................... 433
16.17	 Chemical Treatment....................................................................................... 435

16.17.1	 Electrolysis....................................................................................... 436
16.17.2	 Hydrolysis......................................................................................... 437
16.17.3	 Chemical Extraction and Leaching.................................................. 437
16.17.4	 Ion Exchange.................................................................................... 438

16.18	 Photolytic Reactions....................................................................................... 438
16.19	 Thermal Treatment Methods.......................................................................... 439

16.19.1	 Incineration....................................................................................... 439
16.19.2	 Effectiveness of Incineration............................................................440
16.19.3	 Hazardous Waste Fuel......................................................................440

16.20	 Biodegradation of Hazardous Wastes.............................................................440
16.20.1	 Oxic and Anoxic Waste Biodegradation.......................................... 441
16.20.2	 Land Treatment and Composting.....................................................442

16.21	 Preparation of Wastes for Disposal................................................................442
16.22	 Ultimate Disposal of Wastes.......................................................................... 443
16.23	 Leachate and Gas Emissions..........................................................................444
16.24	 In Situ Treatment of Disposed Hazardous Wastes.........................................445

16.24.1	 Treatment In Situ..............................................................................445
Questions and Problems��������������������������������������������������������������������������������������������446
Literature Cited.........................................................................................................449
Supplementary References........................................................................................ 450

Chapter 17	 Sustainable Energy: The Key to Everything............................................................. 453

17.1	 Energy Problem.............................................................................................. 453
17.2	 Nature of Energy............................................................................................ 454
17.3	 Sustainable Energy: Away from the Sun and Back Again............................. 455

17.3.1	 The Brief Era of Fossil Fuels..........................................................455
17.3.2	 Back to the Sun............................................................................... 456

17.4	 �Sources of Energy Used in the Anthrosphere: Present and
	 Future.............................................................................................................. 457
17.5	 Energy Devices and Conversions................................................................... 458

17.5.1	 Fuel Cells......................................................................................... 462
17.6	 Green Technology and Energy Conversion Efficiency................................... 462
17.7	 Energy Conservation and Renewable Energy Sources...................................464
17.8	 Petroleum Hydrocarbons and Natural Gas Liquids.......................................466

17.8.1	 Heavy Oil........................................................................................ 467
17.8.2	 Shale Oil..........................................................................................468
17.8.3	 Natural Gas Liquids........................................................................468

17.9	 Natural Gas.....................................................................................................469
17.10	 Coal................................................................................................................469

17.10.1	 Coal Conversion.............................................................................. 470
17.11	 Carbon Sequestration for Fossil Fuel Utilization........................................... 471
17.12	 �Great Plains Synfuels Plant: Industrial Ecology in Practice to Produce 

Energy and Chemicals������������������������������������������������������������������������������������ 473
17.13	 Nuclear Energy............................................................................................... 474

17.13.1	 Thorium-Fueled Reactors................................................................ 477
17.13.2	 Nuclear Fusion................................................................................. 478

17.14	 Geothermal Energy........................................................................................ 478



xviiContents

17.15	 Sun: An Ideal, Renewable Energy Source...................................................... 479
17.15.1	 Solar Photovoltaic Energy Systems.................................................480
17.15.2	 Artificial Photosynthesis for Capturing
	 Solar Energy.................................................................................... 482

17.16	 Energy from Earth’s Two Great Fluids in Motion.......................................... 483
17.16.1	 Surprising Success of Wind Power................................................. 483
17.16.2	 Energy from Moving Water............................................................484
17.16.3	 Energy from Moving Water without Dams.....................................485

17.17	 �Biomass Energy: An Overview of Biofuels and Their
	 Resources........................................................................................................485

17.17.1	 Processing of Biofuel to More Compact Forms..............................488
17.17.2	 Decarbonization with Biomass Utilization..................................... 489
17.17.3	 Conversion of Biomass to Other Fuels............................................ 489
17.17.4	 Ethanol Fuel....................................................................................490
17.17.5	 Biodiesel Fuel.................................................................................. 491
17.17.6	 Fuel from Algae.............................................................................. 491
17.17.7	 Unrealized Potential of Lignocellulose Fuels................................. 493
17.17.8	 Chemical Conversion of Biomass to Synthetic Fuels...................... 494
17.17.9	 Biogas.............................................................................................. 496
17.17.10	 Biorefineries and Systems of Industrial Ecology for Utilizing 

Biomass........................................................................................... 497
17.17.11	 �System of Industrial Ecology for Methane Production from 

Renewable Sources�������������������������������������������������������������������������497
17.18	 Hydrogen as a Means to Store and Utilize Energy........................................ 498
17.19	 Combined Power Cycles................................................................................. 499
17.20	 �Environmental Health Aspects of Energy Production and
	 Utilization.......................................................................................................500

17.20.1	 Coal.................................................................................................500
17.20.2	 Petroleum and Natural Gas............................................................. 501
17.20.3	 Nuclear Energy................................................................................ 501

Questions and Problems��������������������������������������������������������������������������������������������502
Literature Cited.........................................................................................................504
Supplementary References........................................................................................505

Chapter 18	 Analytical Chemistry and Industrial Hygiene..........................................................507

18.1	 Analytical Chemistry.....................................................................................507
18.2	 Industrial Hygiene and Analytical Chemistry...............................................507

18.2.1	 What Is Industrial Hygiene?............................................................508
18.2.2	 Laws and Regulations Pertaining to Occupational
	 Safety and Health............................................................................508

18.3	 Categories of Workplace Hazards..................................................................508
18.4	 Chemical Hazards..........................................................................................509

18.4.1	 Exposure Limits..............................................................................509
18.5	 Workplace Sampling and Personal Monitoring............................................. 510
18.6	 Chemical Analysis Process............................................................................ 511
18.7	 Major Categories of Chemical Analysis......................................................... 512
18.8	 Error and Treatment of Data.......................................................................... 512
18.9	 Gravimetric Analysis...................................................................................... 513
18.10	 Volumetric Analysis: Titration....................................................................... 514
18.11	 Spectrophotometric Methods of Analysis...................................................... 516



xviii Contents

18.11.1	 Absorption Spectrophotometry....................................................... 516
18.11.2	 Atomic Absorption and Emission Analyses................................... 517
18.11.3	 Atomic Emission Techniques.......................................................... 518

18.12	 Electrochemical Methods of Analysis............................................................ 519
18.13	 Chromatography............................................................................................. 521

18.13.1	 High-Performance Liquid Chromatography................................... 522
18.13.2	 Ion Chromatography....................................................................... 523
18.13.3	 Chromatography-Based Methods of Analysis for Water 

Pollutants......................................................................................... 523
18.14	 Mass Spectrometry......................................................................................... 523
18.15	 Automated Analyses....................................................................................... 524
18.16	 Immunoassay Screening................................................................................. 525
18.17	 Total Organic Carbon in Water...................................................................... 525
18.18	 Measurement of Radioactivity in Water......................................................... 526
18.19	 Analysis of Wastes and Solids........................................................................ 526

18.19.1	 Toxicity Characteristic Leaching Procedure................................... 527
18.20	 Atmospheric Monitoring................................................................................ 527

18.20.1	 Methods for Sampling and Analyzing Atmospheric
	 Pollutants......................................................................................... 528
18.20.2	 Determination of Atmospheric Sulfur Dioxide by the
	 West–Gaeke Method....................................................................... 528
18.20.3	 Atmospheric Particulate Matter...................................................... 528
18.20.4	 Nitrogen Oxides in the Atmosphere................................................ 529
18.20.5	 Determination of Atmospheric Oxidants........................................ 530
18.20.6	 Atmospheric Carbon Monoxide by Infrared Absorption................ 530
18.20.7	 Determination of Hydrocarbons and Organics in the
	 Atmosphere..................................................................................... 531
18.20.8	 Direct Spectrophotometric Analysis of Gaseous Air
	 Pollutants......................................................................................... 532

18.21	 Analysis of Biological Materials and Xenobiotics......................................... 532
18.21.1	 Indicators of Exposure to Xenobiotics............................................533
18.21.2	 Immunological Methods of Xenobiotics Analysis.......................... 534

Questions and Problems�������������������������������������������������������������������������������������������� 534
Literature Cited......................................................................................................... 535
Supplementary References........................................................................................ 536

Chapter 19	 Fundamentals of Chemistry...................................................................................... 539

19.1	 Science of Matter............................................................................................ 539
19.1.1	 States of Matter............................................................................... 539
19.1.2	 Gases and the Gas Laws..................................................................540

19.2	 Elements......................................................................................................... 541
19.2.1	 Subatomic Particles and Atoms...................................................... 541
19.2.2	 Atom Nucleus and Electron Cloud.................................................. 542
19.2.3	 Isotopes............................................................................................ 543
19.2.4	 Important Elements......................................................................... 543
19.2.5	 Periodic Table.................................................................................. 543
19.2.6	 Electrons in Atoms..........................................................................544
19.2.7	 Lewis Structures and Symbols of Atoms........................................ 545
19.2.8	 Metals, Nonmetals, and Metalloids................................................546



xixContents

19.3	 Chemical Bonding..........................................................................................546
19.3.1	 Chemical Compounds..................................................................... 547
19.3.2	 Molecular Structure........................................................................ 547
19.3.3	 Summary of Chemical Compounds and the Ionic Bond................548
19.3.4	 Molecular Mass...............................................................................548
19.3.5	 Mole and Molar Mass...................................................................... 549
19.3.6	 Oxidation State................................................................................ 549

19.4	 Chemical Reactions and Equations................................................................ 550
19.4.1	 Reaction Rates................................................................................. 550

19.5	 Solutions......................................................................................................... 551
19.5.1	 Solution Concentration.................................................................... 551
19.5.2	 Water as a Solvent........................................................................... 552
19.5.3	 Solutions of Acids, Bases, and Salts................................................ 552
19.5.4	 Concentration of H+ Ion and pH..................................................... 553
19.5.5	 Metal Ions Dissolved in Water........................................................ 553
19.5.6	 Complex Ions Dissolved in Water................................................... 553
19.5.7	 Colloidal Suspensions..................................................................... 554
19.5.8	 Solution Equilibria.......................................................................... 554
19.5.9	 Distribution between Phases........................................................... 556

Questions and Problems�������������������������������������������������������������������������������������������� 556
Literature Cited......................................................................................................... 559
Supplementary References........................................................................................ 559

Chapter 20	 Organic Chemistry.................................................................................................... 561

20.1	 Organic Chemistry......................................................................................... 561
20.1.1	 Molecular Geometry in Organic Chemistry................................... 561
20.1.2	 Chirality and the Shapes of Organic Molecules............................. 561

20.2	 Hydrocarbons................................................................................................. 562
20.2.1	 Alkanes........................................................................................... 562
20.2.2	 Alkenes............................................................................................564
20.2.3	 Aromatic Hydrocarbons.................................................................. 565

20.3	 Using Lines to Show Structural Formulas..................................................... 567
20.4	 Functional Groups.......................................................................................... 568

20.4.1	 Organooxygen Compounds............................................................. 568
20.4.2	 Organonitrogen Compounds........................................................... 569
20.4.3	 Organohalide Compounds............................................................... 570
20.4.4	 Organosulfur and Organophosphorus Compounds......................... 571

20.5	 Giant Molecules from Small Organic Molecules........................................... 572
Questions and Problems�������������������������������������������������������������������������������������������� 574
Supplementary References........................................................................................ 576





xxi

Preface
This book covers environmental chemistry, including toxicological chemistry, at the university 
level. Readers with a basic knowledge of general chemistry and organic chemistry can readily 
understand the material in the text. Furthermore, for readers who may not have this background, 
basic chapters are included at the end of the text that will enable them to acquire the fundamentals 
of general and organic chemistry required to master the material in the text. The main features of 
this book are as follows:

•	 Integration of toxicological chemistry along with environmental chemistry
•	 Organization based on the five spheres of Earth’s environment
•	 Discussion of each sphere of the environment based on the nature, pollution, and sustain-

ability of the sphere
•	 Emphasis on sustainability
•	 Relation of environmental/toxicological chemistry to the practice of industrial hygiene
•	 Importance of abundant, nonpolluting sustainable energy sources
•	 Basic chapters on general chemistry and organic chemistry for readers needing a back-

ground in these topics
•	 Availability of PowerPoint presentations for each chapter of the book
•	 Availability of an online course covering the book

This book views the environment as consisting of five strongly interacting spheres: (1) the 
hydrosphere (water), (2) the atmosphere (air), (3) the geosphere (solid Earth), (4) the biosphere 
(life), and (5) the anthrosphere (the part of the environment made and used by humans). A prime 
concern with the environment is the toxic effects of pollutants, so aspects of toxicological chemistry 
are included along with environmental chemistry. The environmental/toxicological chemistry of 
each of the spheres of the environment is discussed in clusters. The first chapter in each cluster 
defines and explains a particular environmental sphere within the context of its basic environmental 
and toxicological chemistry. Pollution and threats of human activities to each sphere are covered, 
followed by a discussion of ways in which human activities may be directed toward sustaining the 
sphere, preventing its deterioration, and enhancing its quality for the future.

Chapter 1 begins with the definition of environmental chemistry and then defines and outlines 
each of the five major environmental spheres and the interactions between them. Such interactions 
occur largely through biogeochemical cycles, which are defined in this chapter with the carbon 
cycle as a specific example.

An important feature of this book is the integration of toxicological chemistry throughout. To 
enable the integration of toxicological chemistry with the material in this book, Chapter 2 explains 
the basics of toxicological chemistry and how it relates to environmental chemistry.

The next three chapters involve the hydrosphere. Chapter 3 explains the nature of the hydrosphere 
and the major aspects of its environmental chemistry. Chapter 4 deals specifically with water 
pollution and includes some aspects of the toxicological chemistry of the hydrosphere. Chapter 5 
addresses the sustainability of the hydrosphere and water as nature’s most renewable resource.

Chapters 6 through 8 address the atmosphere. Chapter 6 explains the atmosphere as one of the 
five spheres of the environment and discusses the composition of air, the structure of the atmosphere, 
and the importance of the atmosphere for protecting life on Earth. Chapter 7 addresses air pollutants 
and their environmental and toxicological chemistry. Chapter 8 outlines how atmospheric quality 
can be sustained and enhanced.
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Chapters 9 through 11 address the geosphere. Chapter 9 explains the nature of the geosphere, 
including its physical configuration and chemical composition. Soil in which food is grown is 
crucial to life on Earth; it is discussed in Chapter 10. Sustainability of the geosphere is described in 
Chapter 11. The biosphere is discussed as a distinct environmental sphere in Chapter 12. Sustaining 
the biosphere is discussed in Chapter 13.

Chapter 14 explains the anthrosphere, which is the part of the environment made and operated 
by humans. This chapter explains how the anthrosphere has become such an important influence on 
Earth’s environment that a new epoch, the Anthropocene, is developing in which human influences 
are determining the status of Earth’s environment, including climate. The anthrosphere as a source 
and receptor of pollutants is covered in Chapter 15. Chapter 16 covers the means of sustaining the 
anthrosphere, including the practice of industrial ecology and green chemistry. Chapter 17 discusses 
renewable, abundant, and nonpolluting energy, a crucial aspect of sustaining the anthrosphere. 
Environmental chemical analysis is discussed in Chapter 18. This chapter also briefly introduces 
workplace monitoring in the practice of industrial hygiene.

The last two chapters of this book are made available for readers who may need some more 
background in basic chemistry. General chemistry is covered in Chapter 19. Basic principles of 
organic chemistry are presented in Chapter 20.

PowerPoint presentations for each chapter are available to the reader. The author may be contacted 
at manahans@missouri.edu.
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1 Environmental Chemistry 
and the Five Spheres 
of the Environment

1.1  WHAT IS ENVIRONMENTAL CHEMISTRY?

Environmental chemistry is the discipline that describes the origin, transport, reactions, effects, 
and fate of chemical species in the hydrosphere, atmosphere, geosphere, biosphere, and anthro-
sphere.1 This definition is illustrated for a typical pollutant species in Figure 1.1, which shows the 
following: (1) Coal, which contains sulfur in the form of organically bound sulfur and pyrite, FeS2, 
is mined from the geosphere. (2) The coal is burned in a power plant that is part of the anthrosphere 
and the sulfur is converted to sulfur dioxide, SO2, by atmospheric chemical processes. (3) The 
sulfur dioxide and its reaction products are moved by wind and air currents in the atmosphere. 
(4) Atmospheric chemical processes convert SO2 to sulfuric acid, H2SO4. (5) The sulfuric acid falls 
from the atmosphere as acidic acid rain. (6) The sulfur dioxide in the atmosphere may adversely 
affect biospheric organisms, including asthmatic humans who inhale it, and the sulfuric acid in the 
acid rain may be toxic to plants and fish in the hydrosphere and may have a corrosive effect on struc-
tures and electrical equipment in the anthrosphere. (7) The sulfuric acid ends up in a sink, either soil 
in the geosphere or a body of water in the hydrosphere. In these locations, the H2SO4 may continue 
having toxic effects, including leaching phytotoxic (toxic to plants) aluminum ion from soil and rock 
in the geosphere and poisoning fish fingerlings in the hydrosphere.

1.2  ENVIRONMENTAL RELATIONSHIPS IN ENVIRONMENTAL CHEMISTRY

To understand environmental chemistry, it is important to understand the five environmental spheres 
within and among which environmental chemical processes occur (Figure 1.2). These are outlined 
here and each is discussed in more detail throughout the remainder of this book as well as in a book 
on green chemistry.2

As discussed in more detail in Chapters 3 through 5, the hydrosphere contains Earth’s water 
(chemical formula, H2O). By far, the largest portion of the hydrosphere is in the oceans. Water 
circulates within Earth’s environment through the solar-powered hydrologic cycle beginning with 
water vaporized into the atmosphere by energy from the sun. The water vapor and cloud droplets 
of water are carried through the atmosphere from which they fall back to Earth as rain or some 
form of frozen water. This precipitation produces rivers, is held temporarily in lakes or reservoirs, 
infiltrates Earth’s solid surface to accumulate in underground aquifers, and is stored for centuries 
in ice pack in glaciers, such as those in the Antarctic and Greenland ice caps, and in mountain 
glaciers, such as those in the Himalayan Mountains in Asia. A small portion of Earth’s water is 
contained in organisms and another small fraction is held in the atmosphere. Most of the hydro-
sphere either rests on or is located beneath the surface of the geosphere, and the characteristics of 
water, especially water in underground aquifers, are very much influenced by contact with minerals 
in the geosphere.
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Chapters 6 through 8 discuss the environmental chemistry of Earth’s atmosphere. There is really 
no definite altitude as to where the atmosphere ends, but most of it is within just a few kilometers 
of Earth’s surface. In fact, if Earth were the size of a geography classroom globe, virtually all of 
the mass of the air in the atmosphere would be within a layer the thickness of the varnish on the 
surface of the globe. Exclusive of water vapor, the atmosphere is composed of mostly elemental 

H2SO4

H2SO4, sulfatesS(coal) + O2 → SO2

SO2 + 1/2O2 + H2O → H2SO4

FIGURE 1.1  Illustration of the definition of environmental chemistry exemplified by the life cycle of a typi-
cal pollutant, sulfur dioxide. Sulfur present in fuel, almost always coal, is oxidized to gaseous sulfur dioxide, 
which is emitted to the atmosphere with stack gas. Sulfur dioxide is an air pollutant that may affect human 
respiration and may be phytotoxic (toxic to plants). Of greater importance is the oxidation of sulfur dioxide 
in the atmosphere to sulfuric acid, the main ingredient of acid rain. Acidic precipitation may adversely affect 
plants, materials, and water, where excessive acidity may kill fish. Eventually, the sulfuric acid or sulfate salts 
end up in water or in soil.
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FIGURE 1.2  The environment may be considered as consisting of five spheres representing water, air, earth, 
life, and technology (the anthrosphere is made and operated by humans). Materials and energy are exchanged 
among these spheres, largely through biogeochemical cycles.
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nitrogen, N2, with about one-fourth amount of elemental oxygen, O2. Slightly less than 1% of the 
atmosphere by volume is elemental argon and only about 0.04% of the atmosphere by volume is 
carbon dioxide, CO2, a very significant constituent because of its ability to retain Earth’s heat. 
The content of water vapor in the atmosphere varies, usually within a range of 1–3% by volume. 
The atmosphere has a very important relationship with the hydrosphere as a conduit for water 
moving through the hydrologic cycle. The atmosphere is crucial to the biosphere as a source of 
elemental oxygen for organisms requiring this element for their metabolism, as a reservoir of car-
bon dioxide, as a carbon source for plants performing photosynthesis, and as a source of nitrogen 
for organisms that fix this element as a key constituent of proteins. The atmosphere provides the 
anthrosphere with oxygen for combustion, argon as a non-reactive noble gas, elemental nitrogen 
for extremely cold liquid nitrogen and as a raw material for chemical synthesis of ammonia (NH3). 
The atmosphere also serves the anthrosphere as a sink for waste products, especially carbon dioxide 
from fossil fuel combustion. The geosphere acts as a sink for atmospheric contaminants, especially 
particles, and emits gases to the atmosphere, especially sulfur dioxide (SO2) and hydrogen sulfide 
(H2S) from volcanoes.

Chapters 9 through 11 discuss the environmental chemistry of solid earth, including the rocks 
and minerals of which the geosphere is largely composed. Actually, Earth is not so solid because 
a few kilometers in depth below its surface, it becomes plastic and at greater depths liquid rock. 
Although humans have been able to penetrate only a few kilometers below Earth’s surface, evidence 
of the high temperatures and molten nature below a few kilometers is provided by the emissions of 
molten rock (lava) from volcanoes and the shifting of continental plates floating on the plastic rock 
layer manifested by earthquakes. The intimate connection of the geosphere with the biosphere is 
especially evident with respect to soil on Earth’s surface upon which grow the plants that provide 
most of the food consumed by organisms (see Chapter 10). The geosphere surface provides water-
sheds that collect water for the hydrosphere. The geosphere is a source of metals, other critical 
minerals, and fossil fuels required by the anthrosphere.

The biosphere is discussed in Chapters 12 and 13, and an important specific aspect of the bio-
sphere, toxicological chemistry, is the topic of Chapter 2. The biosphere is strongly influenced by 
the other four environmental spheres and, in turn, strongly affects these spheres. For example, 
productivity of biomass by plants in the biosphere is strongly influenced by the nature and fertil-
ity of geospheric soil. Organisms are very much involved with weathering of geospheric rock, the 
process by which soil is produced. The oxygen that makes up about 20% of the atmosphere, which 
was originally released by the photosynthesis of microscopic photosynthetic bacteria. Organisms 
in the biosphere can be exposed to potentially toxic substances through the water they drink, the 
hydrosphere in which fish live, air from the atmosphere that animals must breathe, exposure of 
plant leaf surfaces to phytotoxic substances (those toxic to plants) carried by the atmosphere, uptake 
of toxic substances by plants growing in soil on the geosphere, and emissions released from the 
anthrosphere.

Chapters 14 through 16 deal with the anthrosphere, the part of the environment constructed and 
operated by humans. Meeting the material and energy needs of the anthrosphere and handling its 
waste products safely and sustainably is a major challenge. A majority of substances of concern for 
their toxicities are made in, processed by, or released from the anthrosphere. A particularly impor-
tant aspect of the anthrosphere is the sustainable production of energy discussed in Chapter 17.

1.3  ENVIRONMENTAL SPHERES AND BIOGEOCHEMICAL CYCLES

One of the most important ways of relating the environmental chemistry of the five environmental 
spheres is through biogeochemical cycles. These are commonly expressed in terms of key ele-
ments, including essential nutrient elements. Often, as is the case with the nitrogen cycle, they 
contain an atmospheric component, though in some cases, such as the phosphorous cycle, the atmo-
spheric component is not significant. Before the appearance of humans on Earth, the anthrospheric 
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compartment did not exist, but now, as is the case of carbon dioxide emitted to the atmosphere by 
fossil fuel combustion, the anthrosphere is a very significant component.

Figure 1.3 illustrates an important example of a biogeochemical cycle, the carbon cycle. As 
shown in the figure, a small, but very significant fraction of Earth’s carbon is held in the atmosphere 
as CO2 gas. This gas is transferred to the biosphere through the leaf surfaces of plants that pho-
tosynthetically convert it to biomass using solar energy. It also enters the geosphere by dissolving 
in surface water; Earth’s oceans constitute a large sink for atmospheric carbon dioxide. Carbon 
dioxide enters the atmosphere from the biosphere as organisms produce it as a product of their 
respiratory biochemical oxidation of organic matter and from the anthrosphere by the combus-
tion of fossil fuels. Volcanoes and geothermal vents (such as those in Yellowstone National Park) 
emit carbon dioxide from the geosphere to the atmosphere. Sudden emissions of large quantities of 
geospheric carbon dioxide underlying volcanic lakes have killed many people in Africa. Carbon 
dioxide dissolved in water as HCO3

− ion is converted to CO3
2− ion, which in the presence of dissolved 

Ca2+ ion precipitates CaCO3 (limestone) that ends up as solid rock in the geosphere. Carbon goes 
back into the hydrosphere as acidic CO2 from the atmosphere or from the biodegradation of organic 
matter, which reacts with solid CaCO3 to produce dissolved HCO3

−.
Other important cycles of matter are linked to the carbon cycle. The oxygen cycle describes 

movement of oxygen in various chemical forms through the five environmental spheres. At 21% ele-
mental oxygen by volume, the atmosphere is a vast reservoir of this element. This oxygen becomes 
chemically bound as carbon dioxide by respiration processes of organisms and by combustion. 
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FIGURE 1.3  Carbon in various chemical forms circulates throughout the environment by way of the carbon 
cycle, an important and typical biogeochemical cycle. Carbon is present in the atmosphere as carbon dioxide, 
which is incorporated into biomass in the biosphere by plant photosynthesis. Carbon occurs in the geosphere 
as organic matter, in fossil fuels, and in inorganic rocks, particularly calcium and magnesium carbonates. 
Carbon is present in water as dissolved carbon dioxide and bicarbonate ion. Carbon-containing fuels are 
burned in the anthrosphere, a process that releases carbon dioxide to the atmosphere. Living organisms includ-
ing humans “burn” carbon-containing foods and release carbon dioxide to the atmosphere as well.
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Photosynthesis adds oxygen to the atmosphere. Oxygen is a component of biomass in the biosphere 
and most rocks in Earth’s crust are composed of oxygen-containing compounds. With its chemi-
cal formula of H2O, water in the hydrosphere is predominantly oxygen. In addition to the carbon 
and oxygen cycles described above, three other important life-element cycles are those of nitrogen, 
sulfur, and phosphorus:

	 1.	Nitrogen cycle: Biochemically bound nitrogen is essential for life molecules, includ-
ing proteins and nucleic acids. Although the atmosphere is about 80% elemental N2 
by volume, this molecule is so stable that it is difficult to split it apart so that N can 
combine with other elements. This process is performed in the anthrosphere by the 
synthesis of NH3, from N2 and H2 over a catalyst at high temperatures and very high 
pressures. Furthermore, air pollutant NO and NO2 produced by the reaction of N2 and 
O2 under the extreme conditions in internal combustion engines. In contrast, some 
bacteria, including Rhizobium bacteria growing on the roots of legume plants, convert 
atmospheric nitrogen to nitrogen compounds under very mild conditions (compared to 
those by which nitrogen is fixed by anthrospheric processes) just below the soil surface. 
Plants convert nitrogen in NH4

+ and NO3
− to biochemically bound N. As part of the nitro-

gen cycle, biochemically bound nitrogen is released as NH4
+ by the biodegradation of 

organic compounds. The nitrogen cycle is completed by microorganisms that use NO3
− 

as a substitute for O2 in energy-yielding metabolic processes and release molecular N2 
gas to the atmosphere. Other than nitrogen fixation in the anthrosphere and formation 
of nitrogen oxides in the atmosphere from lightning discharges, most transitions in the 
nitrogen cycle are carried out by organisms, especially microorganisms.

	 2.	Sulfur cycle: The sulfur cycle includes both chemical and biochemical processes and 
involves all spheres of the environment. Chemically combined sulfur enters the atmo-
sphere as pollutant H2S and SO2 gases, which are also emitted by natural sources includ-
ing volcanoes. Large quantities of H2S are produced by anoxic microorganisms degrading 
organic sulfur compounds and using sulfate, SO4

2−, as an oxidizing agent and discharged 
to the atmosphere. Accumulation of this highly toxic gas in confined areas can result 
in fatal exposures to humans. Globally, a major flux of sulfur to the atmosphere is in 
the form of volatile dimethyl sulfide, (CH3)2S, produced by marine microorganisms. 
The major atmospheric pollutant sulfur compound is SO2 released in the combustion of 
sulfur-containing fuels, especially coal. In the atmosphere, gaseous sulfur compounds 
are oxidized to sulfate, largely in the forms of H2SO4 (pollutant acid rain) and corro-
sive ammonium salts (NH4HSO4), which settle from the atmosphere or are washed out 
with precipitation. The geosphere is a vast reservoir of sulfur minerals, including sulfate 
salts (CaSO4), sulfide salts (FeS), and even elemental sulfur. Sulfur is a relatively minor, 
though essential constituent of biomolecules, occurring in two essential amino acids, but 
various sulfur compounds are processed by oxidation-reduction biochemical reactions of 
microorganisms.

	 3.	Phosphorus cycle: Unlike all the exogenous cycles with an atmospheric component dis-
cussed above, the phosphorus cycle is endogenous with no significant participation in the 
atmosphere. It is an essential life element and ingredient of deoxyribonucleic acid (DNA) 
as well as adenosine triphosphate (ATP) and adenosine diphosphate (ADP) through which 
energy is transferred in organisms. Dissolved phosphate in the hydrosphere is required 
as a nutrient for aquatic organisms, although excessive phosphate may result in too much 
algal growth causing an unhealthy condition called eutrophication. Phosphorus is abun-
dant in the geosphere, especially as the mineral hydroxyapatite, Ca5OH(PO4)3. Significant 
deposits of phosphorus-rich material have been formed from the feces of birds and bats 
(guano).
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1.4  EARTH’S NATURAL CAPITAL

The very small group of humans who have been privileged to view Earth from outer space have 
been struck with a sense of awe at the sight. Photographs of Earth taken at altitudes high enough to 
capture its entirety reveal a marvelous sphere, largely blue in color, white where covered by clouds, 
and with desert regions showing up in shades of brown, yellow, and red. But Earth is far more than 
a beautiful globe that inspires artists and poets. In a very practical sense, it is a source of the life 
support systems that sustain humans and all other known forms of life. Earth obviously provides the 
substances required for life, including water, atmospheric oxygen, and carbon dioxide, from which 
billions of tons of biomass are made each year by photosynthesis, and ranging all the way down to the 
trace levels of micronutrients such as iodine and chromium that organisms require for their metabolic 
processes. But more than materials are involved. Earth provides temperature conditions conducive 
to life and a shield against incoming ultraviolet radiation, its potentially deadly photons absorbed by 
molecules in the atmosphere and their energy dissipated as heat. Earth also has a good capacity to 
deal with waste products that are discharged into the atmosphere, into water, or into the geosphere.

The capacity of Earth to provide materials, protection, and conditions conducive to life is 
known as its natural capital, which can be regarded as the sum of two major components: natural 
resources and ecosystem services. Early hunter-gatherer and agricultural human societies made 
few demands upon Earth’s natural capital. As shown in Figure 1.4, as the industrial revolution 
developed from around 1800, natural resources were abundant and production of material goods 
was limited largely by labor and the capacity of machines to process materials. But now, population 
is in excess, computerized machines have an enormous capacity to process materials, the economies 
of once impoverished countries including India and China are becoming highly industrialized, 
and the availability of natural capital is the limiting factor in production, including availability of 
natural resources, the vital life support ability of ecological systems, and the capacity of the natu-
ral environment to absorb the by-products of industrial production, most notably greenhouse gas 
carbon dioxide.

To sustain Earth and its natural capital for future generations, economic systems must evolve 
in the future such that they provide adequate and satisfying standards of living while increasing 
well-being, productivity, wealth, and capital and at the same time reducing waste, consumption of 
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FIGURE 1.4  Stages of economic development with respect to utilization of Earth’s natural capital. The 
preindustrial impact of human activities was very low. As the industrial revolution gathered force from about 
1800, unrestricted development put a rapidly increasing burden on natural capital, which continued during an 
era in which there was recognition of the problem. This eventually led to regulations that began to reduce the 
impact on natural capital. To an extent, the regulatory approach was supplemented by pollution prevention 
and recycling. In an optimistic view of the future, sustainable development and green technology will further 
reduce the burden on natural capital even with increased economic development.
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resources, and adverse environmental effects. The traditional capitalist economic system has proven 
powerful in delivering consumer goods and services using the leverage of individual and corporate 
incentives. Future systems must evolve in a manner that preserves these economic drivers while 
incorporating sustainable practices such as recycling wastes back into the raw material stream and 
emphasizing the provision of services rather than just material goods. In so doing, they can emulate 
nature’s systems through the application of the principles of green chemistry and the practice of 
industrial ecology (see Chapter 16).

1.5  ENVIRONMENTAL CHEMISTRY AND GREEN CHEMISTRY

In the earlier years during which environmental chemistry was recognized as a distinct discipline, 
emphasis was placed on finding and quantifying pollutants, capturing or destroying potential pollut-
ants after they were made (so-called end-of-pipe pollution control), and remediating polluted areas, 
such as by adding lime to a lake made too acidic by acid rainfall. Following regulations that were 
put forth as the result of pollution control legislation, this approach was called a command and 
control means of pollution control.

The limitations of a command and control system for environmental protection have become 
more obvious even as the system has become more successful. In industrialized societies with good, 
well-enforced regulations, the easy and inexpensive measures that can be taken to reduce envi-
ronmental pollution and exposure to harmful chemicals have been implemented. Therefore, small 
increases in environmental protection now require relatively large investments in money and effort. 
Is there a better way? There is, indeed. The better way is through the practice of green chemistry.

Green chemistry can be defined as the practice of chemical science and manufacturing in a 
manner that is sustainable, safe, and nonpolluting and that consumes minimum amounts of materi-
als and energy while producing little or no waste material. This definition of green chemistry is 
illustrated in Figure 1.5. The practice of green chemistry begins with recognition that the produc-
tion, processing, use, and eventual disposal of chemical products may cause harm when performed 
incorrectly. In accomplishing its objectives, green chemistry and green chemical engineering may 
modify or totally redesign chemical products and processes with the objective of minimizing 
wastes and the use or generation of particularly dangerous materials. Those who practice green 
chemistry recognize that they are responsible for any effects on the world that their chemicals or 
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FIGURE 1.5  Green chemistry emphasizes renewable feedstocks, exacting control to maximize efficiency, 
mild reaction conditions, maximum recycling of materials, minimal wastes, and degradability of products that 
might enter the environment. To the extent possible, green chemistry avoids use and production of otherwise 
dangerous materials. Green chemical processes are expedited by catalysts that enable specific reactions to 
occur, make possible milder reaction conditions, and minimize energy consumption.
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chemical processes may have. Far from being economically regressive and a drag on profits, green 
chemistry is about increasing profits and promoting innovation while protecting human health and 
the environment.

To a degree, we are still finding out what green chemistry is. That is because it is a rapidly evolv-
ing and developing subdiscipline in the field of chemistry. And it is a very exciting time for those 
who are practitioners of this developing science. Basically, green chemistry harnesses a vast body 
of chemical knowledge and applies it to the production, use, and ultimate disposal of chemicals in 
a way that minimizes consumption of materials; exposure of living organisms, including humans, 
to toxic substances; and damage to the environment. And it does so in a manner that is economi-
cally feasible and cost-effective. In one sense, green chemistry is the most efficient possible practice 
of chemistry and the least costly when all of the costs of doing chemistry, including hazards and 
potential environmental damage, are taken into account.

Green chemistry is sustainable chemistry in several important respects. Often, the practice of 
green chemistry is less costly in strictly economic terms than the conventional practice of chemistry 
and invariably less when the costs to the environment are factored in. By efficiently using materials, 
maximum recycling, and minimum use of virgin raw materials, green chemistry is sustainable with 
respect to materials. By reducing insofar as possible, or even totally eliminating their production, 
green chemistry is sustainable with respect to wastes.

Green chemistry is obviously strongly related to environmental chemistry and toxicological 
chemistry. It is a key discipline in pollution prevention and sustainability. Reference is made to the 
practice of green chemistry in later parts of this book and it is discussed in more detail in Chapter 16.

1.6  AS WE ENTER INTO THE ANTHROPOCENE

Environmental chemistry has a strong role to play in preserving our planet in these challenging times 
in which the Earth is undergoing significant, perhaps drastic, change, especially with respect to cli-
mate. Earth is entering the new age of the Anthropocene, an evolving epoch in Earth’s lifetime. 
The existence of the Anthropocene was first suggested in 2000 by Paul Crutzen (who shared the 
1995 Nobel Prize for his work on stratospheric ozone depletion caused by chlorofluorocarbons) and 
his colleague Eugene Stoermer.3 The argument was made convincingly that the relatively hospitable 
Holocene epoch in which modern humans have been living since the end of the last ice age about 
10,000 years ago is ending and that Earth is entering a new epoch, the Anthropocene, in which 
conditions are determined largely by what humans do with their growing capacity to change global 
conditions, a change that poses an enormous challenge for humankind.

The Earth System is a term used to describe the interacting processes that determine the state 
and dynamics of Planet Earth including its transition into the Anthropocene. These processes have 
physical, chemical, and biological components strongly tied with biogeochemical cycles. Earth 
System Science is the study of the interactions among various parts of the five spheres of the envi-
ronment (hydrosphere, atmosphere, geosphere, biosphere, and anthrosphere) to enable understand-
ing and prediction of global environmental changes.4 What is known about Earth System Science 
and what can be expected in the future are based on both paleoenvironmental studies (geological 
strata, fossils, and ice core data) and increasingly sophisticated computer models that can forecast 
future trends.

The Earth System is complex, integrated, and self-regulated. As shown in Figure 1.6, the Earth 
System is essentially closed with respect to materials, but it exhibits a strong external energy flux 
with incoming radiant energy from the sun and outgoing radiant energy primarily at longer wave-
lengths. It is the balance between these two energy flows that largely determines conditions on 
Earth, especially its climate and suitability to maintain life including human life.

Of particular importance in the Earth System are surface water and air, the “two great flu-
ids” in Earth’s environment. The great fluids can move and transport materials and energy. Air 
heated in equatorial regions expands and flows away from the equator carrying heat energy as 
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sensible heat in the air molecules and latent heat in water vapor toward polar regions. A plume 
of water called the Gulf Stream heated in the Caribbean region flows northward near the sur-
face of the Atlantic along the east coast of North America and releases heat off the coast of 
Europe before sinking and flowing back at greater depths (the thermohaline circulation of the 
North Atlantic). This phenomenon is responsible in part for the relatively warm temperatures 
of Ireland, England, and Western Europe despite their more northern latitudes, and its possible 
demise is of great concern with respect to global climate change. In addition to large quantities 
of water, flowing rivers carry sediments and are very much involved in the transport of water-
borne pollutants.

Within the Earth System, materials and energy are cycled and transformed in complex and dynamic 
ways through processes involving various forces and feedbacks. The kinds and predominance of organ-
isms that operate within the system are strongly influenced by external factors including temperature, 
sunlight available for photosynthesis, and water. The various components of the system itself, including 
the organisms in it, exert massive effects upon the system; are active participants in it through physical, 
chemical, biological, and ecological processes; and do not just respond passively. The greatest change 
to the Earth System caused by organisms was the production of the atmosphere’s oxygen by photosyn-
thetic cyanobacteria billions of years ago. In the modern era, humans are the organisms that are having 
the greatest effects on the Earth System leading to the transition to the Anthropocene epoch.

External environmental factors, the influence of organisms, and the activities of humans in deter-
mining the Earth System are strongly tied together and mutually interacting, often in ways that are 
hard to determine. Such interactions may be illustrated by the growth of crops to satisfy human needs. 
A modern example is the intensive cultivation of corn in the United States to provide carbohydrate 
for the biosynthesis by yeast fermentation of ethanol fuel, an application that is now taking about 
one-third of the U.S. corn crop. The surface areas of the geosphere where fields of corn are located 
are cultivated and altered to provide the platform upon which the corn is grown. Solar energy and 
atmospheric carbon dioxide are utilized for photosynthesis to produce the corn biomass. Increased 
demand for fertilizer in the form of chemically combined nitrogen means that more ammonia is 
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FIGURE 1.6  The Earth System is essentially a closed system with respect to matter, which circulates within 
the five spheres of the environment. Energy enters the Earth System in the form of sunlight and leaves primar-
ily as infrared radiation. The balance between these two flows largely determines Earth’s climate and condi-
tions leading to the Anthropocene.
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synthesized using atmospheric nitrogen and impacting the nitrogen cycle. The corn production cycle 
is strongly dependent on the availability of water from rainfall, a source that may be supplemented by 
withdrawing water from underground aquifers. Growing so much corn means that a relatively larger 
fraction of the biosphere consists of a single kind of plant that reduces biodiversity.

The time scale employed is important in studying and understanding the Earth System. In some 
cases, the time scale is very large, for example, hundreds of thousands of years in deducing past 
climate fluctuations from ice core data and millions of years from fossil records. It is important (and 
in a sense a bit frightening) to note that some major changes in the Earth System in the past have 
occurred very abruptly, within a decade or so.

QUESTIONS AND PROBLEMS

In answering all questions, it is assumed that the reader has access to the Internet from which gen-
eral information, statistics, constants, and mathematical formulas required to solve problems may 
be obtained. These questions are designed to promote inquiry and thought rather than just finding 
material in the text. So in some cases, there may be several “right” answers. Therefore, if your 
answer reflects intellectual effort and a search for information from available sources, it may be 
considered to be “right.”

	 1.	Much of what is known about Earth’s past history is based on paleoenvironmental studies. 
Doing some research on the Internet, suggest what is meant by these studies. How can past 
climatic conditions, temperature, and atmospheric carbon dioxide levels be inferred going 
back hundreds of thousands of years based on ice cores and even millions of years based 
on fossils?

	 2.	The idea of climate change caused by human activities appears to be relatively recent. 
However, it was proposed quite some time ago in a paper entitled “On the Influence of 
Carbonic Acid in the Air upon the Temperature of the Ground.” When was this paper 
published and who was the author? What were his credentials and credibility?

	 3.	The definition of environmental chemistry shown in Figure 1.1 could very well be illus-
trated with nitrogen oxides, NO and NO2, emitted to the atmosphere. What would be the 
sources of these gaseous nitrogen oxides? Which secondary air pollutant would they form 
interacting with volatile hydrocarbons in the sunlight? Could acid rain result from these 
oxides and, if so, what would be the formula of the acid?

	 4.	A number of reputable scientists now believe that the Holocene is ending and a new era is 
beginning. What is the Holocene? What is the new era that may well be replacing it and 
how does it relate to the material in this chapter? What are some of the environmental 
implications of this change?

	 5.	 In the late 1800s, there was concern that within the nitrogen biogeochemical cycle, not 
enough of the atmosphere’s inexhaustible store of nitrogen was being “fixed” to chemical 
forms that could be utilized by plants and that food shortages would result from a shortage 
of fixed nitrogen. What happened to change this situation? In what respect did this develop-
ment save many lives and how did it also make possible the loss of millions of people in 
warfare after about 1900?

	 6.	 In what respect is the term “solid earth” a misnomer? What are some specific events in 2011 
that cast some doubt on “solid earth?” How did one of these events specifically impact the 
anthrosphere and perhaps change the course of future energy developments?

	 7.	 In what important, fundamental respect does the phosphorus cycle differ from the carbon, 
oxygen, and nitrogen cycles?

	 8.	Most people are aware that atmospheric carbon dioxide contributes to global warming 
and climate change. In what respect, however, is the atmosphere’s carbon dioxide part 
of Earth’s natural capital, that is, where would we be without it? What crucial natural 
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phenomenon causes a slight, but perceptible change in atmospheric carbon dioxide levels 
over the course of a year?

	 9.	Figure 1.1 illustrates the definition of environmental chemistry in terms of a common 
pollutant. What command and control regulations have been implemented in limiting this 
source of pollution? What “end-of-pipe” measures have been used? Suggest how the prac-
tices of green chemistry might serve as alternatives to these measures.

	 10.	As it applies to environmental processes, the term “sink” is mentioned several times in this 
chapter. In what sense is Earth’s ability to act as a sink part of its natural capital? Explain.

	 11.	 In dealing with pollution and the potential for pollution, three approaches are pollution 
prevention, end-of-pipe measures, and remediation. What do these terms mean in terms of 
pollution control? Which is the most desirable, and which is the least? Explain.

	 12.	With respect to increased production of corn to provide fuel ethanol, it is stated in this 
chapter that “Increased demand for fertilizer in the form of chemically combined nitrogen 
means that more ammonia is synthesized using atmospheric nitrogen and impacting the 
nitrogen cycle.” With respect to which resource of Earth’s capital is the synthetic produc-
tion of nitrogen fertilizer a problem and in respect to which resource is it not a problem? 
Explain.
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2 Fundamentals of Biochemistry 
and Toxicological Chemistry

2.1  LIFE CHEMICAL PROCESSES

Biochemistry is the science of chemical processes that occur in living organisms.1 There are two 
major reasons to introduce biochemistry at this point. The first of these is that by its nature, bio-
chemistry is a sustainable chemical and biological science. This is because over eons of evolution, 
organisms that carry out biochemical processes sustainably have evolved. Because the enzymes that 
carry out biochemical processes can function only under mild conditions, temperature in particular, 
biochemical processes take place under safe conditions, avoiding the high temperatures, high pres-
sures, and corrosive and reactive chemicals that often characterize synthetic chemical operations. 
Therefore, it is appropriate to refer to green biochemistry, an important area of sustainable chemi-
cal science. Biochemical processes not only are profoundly influenced by chemical species in the 
environment, but they also largely determine the nature of these species, their degradation, and even 
their syntheses, particularly in the aquatic and soil environments. The study of such phenomena 
forms the basis of environmental biochemistry. Biochemicals are molecules that are made by 
living organisms through biological processes. The major types of biochemicals are discussed in 
Sections 2.3–2.6 of this chapter.

The second important reason to introduce biochemistry here is that in the practice of environ-
mental chemistry, it is essential to know the potential toxic effects of various materials, a subject 
addressed by toxicological chemistry.2 Aspects of toxicological chemistry are discussed through-
out this book and the topic is introduced and outlined in this chapter.

2.2  BIOCHEMISTRY AND THE CELL

For the most part, biochemical processes occur within cells, the very small units that living organ-
isms are composed of.3 Cells are discussed in more detail as basic units of life in Chapter 12; in 
this chapter, they are regarded as what chemical engineers would call “unit operations” for carry-
ing out biochemical processes. The ability of organisms to carry out chemical processes is truly 
amazing, even more so when one considers that many of them occur in single-celled organisms. 
Photosynthetic cyanobacteria consisting of individual cells less than a micrometer (μm) in size 
can make all the complex biochemicals they need to exist and reproduce using sunlight for energy 
and simple inorganic substances such as CO2, K

+ ion, −NO3 ion, and −HPO4
2  ion for raw materials 

(Figure 2.1). Soon after conditions on Earth became hospitable to life, these photosynthetic bacteria 
produced the oxygen that now composes about 20% of Earth’s atmosphere. Fossilized stromatolites 
(bodies of sedimentary materials bound together by films produced by microorganisms) produced 
by cyanobacteria have been demonstrated dating back 2.8 billion years, and the remarkable cyano-
bacteria that convert atmospheric carbon dioxide to biomass and atmospheric N2 to chemically fixed 
N might have been on Earth as long as 3.5 billion years ago.

Many organisms consist of single cells or individual cells growing together in colonies. Bacteria, 
yeasts, protozoa, and some algae consist of single cells. Other than these microorganisms, organ-
isms are composed of many cells that have different functions. Liver cells, muscle cells, brain cells, 
and skin cells in the human body are quite different from each other and do different things. Two 
major kinds of cells are eukaryotic cells, which have a nucleus, and prokaryotic cells, which do 
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not. Prokaryotic cells are found predominately in single-celled bacteria. Eukaryotic cells occur in 
multicellular plants and animals—higher life forms.

Cell structure has an important influence on determining the nature of biomaterials. Muscle 
cells consist largely of strong structural proteins capable of contracting and movement. Bone cells 
secrete a protein mixture that mineralizes with calcium and phosphate to produce solid bone. The 
walls of cells in plants are largely composed of strong cellulose, which makes up the sturdy struc-
ture of wood.

2.3  CARBOHYDRATES

Carbohydrates are biochemicals consisting of carbon, hydrogen, and oxygen with the approximate 
simple formula CH2O. One of the most common carbohydrates is the simple sugar glucose shown in 
Figure 2.2. Units of glucose and other simple sugars called monosaccharides join together in chains 
with the loss of a water molecule for each linkage to produce macromolecular polysaccharides. 
These include starch and cellulose in plants and starch-like glycogen in animals.

Glucose, a carbohydrate and simple sugar, is the biological material generated from water and 
carbon dioxide when solar energy in sunlight is utilized in photosynthesis. The overall reaction is

	 6CO 6H O C 6O2 2 6 12 6 2+ → +Η Ο 	 (2.1)

This is obviously an extremely important reaction because it is the one by which inorganic mol-
ecules are used to synthesize high-energy carbohydrate molecules that are in turn converted to the 
vast number of biomolecules that comprise living systems. There are other simple sugars, includ-
ing fructose, mannose, and galactose, that have the same simple formula as glucose, C6H12O6, but 
which must be converted to glucose before being utilized by organisms for energy. Consisting of a 
molecule of glucose and fructose linked together (with the loss of a water molecule), common table 
sugar, sucrose, C12H22O11, is a disaccharide.

Starch molecules, which may consist of several hundred glucose units joined together, are readily 
broken down by organisms to produce simple sugars used for energy and to produce biomass. For 
example, humans readily digest starch in potatoes or bread to produce glucose used for energy (or 
to make fat tissue).

The chemical formula of starch is (C6H10O5)n, where n may represent a number as large as sev-
eral hundred. What this means is that the very large starch molecule consists of as many as several 
hundred units of C6H10O5 from glucose joined together. For example, if n is 100, there are 6 times 
100 carbon atoms, 10 times 100 hydrogen atoms, and 5 times 100 oxygen atoms in the molecule. 
Its chemical formula is C600H1000O500. The atoms in a starch molecule are actually present as linked 
rings represented by the structural formula shown in Figure 2.2. Starch occurs in many foods such 
as bread, potatoes, and cereals. It is readily digested by animals, including humans.

Photosynthesis

CO2 O2

Carbohydrate

N2

Chemically
bound N

FIGURE 2.1  Cyanobacteria are remarkable organisms that within a single “simple” prokaryotic cell carry 
out all the biochemical processes needed to convert atmospheric carbon dioxide to carbohydrate and biomass 
and that can split the chemically very stable atmospheric nitrogen molecule and convert the nitrogen to chemi-
cally and biochemically bound nitrogen.
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Cellulose is a polysaccharide that is also made up of C6H10O5. Molecules of cellulose are huge, 
with molecular masses of around 400,00 atomic mass units, u. The cellulose structure (Figure 2.3) 
is similar to that of starch. Cellulose is produced by plants and forms the structural material of plant 
cell walls. Wood is about 60% cellulose, and cotton contains over 90% of cellulose. Fibers of cel-
lulose are extracted from wood and pressed together to make paper.

Humans and most other animals cannot digest cellulose because they lack the enzyme needed 
to hydrolyze the oxygen linkages between the glucose molecules. Ruminant animals (cattle, sheep, 
goats, and moose) have bacteria in their stomachs that break down cellulose into products that can 
be used by the animals. Fungi and termites existing synergistically with cellulose-degrading bacte-
ria biodegrade huge quantities of cellulose.

Carbohydrates are potentially very important in green chemistry and sustainable chemical science. 
Firstly, they are a concentrated form of organic energy synthesized and stored by plants as part of the 
process by which plants capture solar energy through photosynthesis. Carbohydrates can be utilized 
directly for energy or fermented to produce ethanol, C2H6O, a combustible alcohol that is added to 
gasoline or can even be used in place of gasoline. Secondly, carbohydrates are a source of organic raw 
material that can be converted to other organic molecules to make plastics and other useful materials.

2.4  PROTEINS

Proteins are macromolecules that are composed of nitrogen, carbon, hydrogen, and oxygen along 
with smaller quantities of sulfur. The small molecules of which proteins are made are composed of 
20 naturally occurring amino acids. The simplest of these, glycine, is shown in the first structure 
in Figure 2.4, along with two other amino acids. As shown in Figure 2.4, amino acids join together 
with the loss of a molecule of H2O for each linkage formed. The three amino acids in Figure 2.4 
are shown linked together as they would be in a protein in the bottom structure in the figure. Many 
hundreds of amino acid units may be present in a protein molecule.
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FIGURE 2.3  A segment of a cellulose molecule. These molecules are biosynthesized from glucose with the 
loss of one H2O for each linkage formed.
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16 Fundamentals of Environmental and Toxicological Chemistry

The three-dimensional structures of protein molecules are of utmost importance and largely 
determine what the proteins do in living systems and how they are recognized by other biomolecules. 
Enzymes, special proteins that act as catalysts to enable biochemical reactions to occur, recognize 
the substrates upon which they act by the complementary shapes of the enzyme molecules and sub-
strate molecules. There are several levels of protein structure. The first of these is determined by the 
order of amino acids in the protein macromolecule. Folding of protein molecules and pairing of two 
different protein molecules further determine structure. The loss of protein structure, called denatur-
ation, can be very damaging to the proteins and the organism in which they are contained.

Two major kinds of proteins are tough fibrous proteins, which compose hair, tendons, muscles, 
feathers, and silk, and spherical or oblong-shaped globular proteins, such as hemoglobin in blood 
or the proteins, which comprise enzymes. Proteins serve many functions. These include nutrient 
proteins, such as casein in milk; structural proteins, such as collagen in tendons; contractile pro-
teins, such as those in muscles; and regulatory proteins, such as insulin, which regulate biochemical 
processes.

Some proteins are very valuable biomaterials for pharmaceutical, nutritional, and other applica-
tions, and their synthesis is an important aspect of green chemistry. The production of specific pro-
teins has been greatly facilitated in recent years by the application of genetic engineering to transfer 
to bacteria the genes that direct the synthesis of specific proteins. The best example is insulin, a 
protein injected into diabetics to control blood sugar. Insulin injected for blood glucose control used 
to be isolated from the pancreas of slaughtered cattle and hogs. Although this enabled many dia-
betics to live normal lives, the process of getting the insulin was cumbersome, supply was limited, 
and the insulin from this source was not exactly the same as that made in the human body, which 
often caused the body to have an allergic response to it as a foreign protein. The transfer through 
recombinant DNA technology of the human gene for insulin production into prolific Escherichia 
coli bacteria has enabled large-scale production of human insulin by the bacteria.

2.5  LIPIDS: FATS, OILS, AND HORMONES

Lipids differ from most other kinds of biomolecules in that they are repelled by water. Lipids can 
be extracted from biological matter by organic solvents such as diethyl ether or toluene. Recall 
that proteins and carbohydrates are distinguished largely by chemically similar characteristics and 
structures. However, lipids have a variety of chemical structures that share the common physi-
cal characteristic of solubility in organic solvents. Many of the commonly encountered lipid fats 
and oils are esters of glycerol alcohol, CH2(OH)CH(OH)CH2(OH), and long-chain carboxylic acids 
(fatty acids) such as stearic acid, CH3(CH2)16CO2H. The glycerol molecule has three −OH groups 
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FIGURE 2.4  Three amino acids. Glycine is the simplest amino acid. All others have the basic glycine 
structure except that different groups are substituted for the H designated in glycine by an arrow. The lower 
structure shows these three amino acids are linked together in a macromolecule chain composing a protein. 
For each linkage, one molecule of H2O is lost. The peptide linkage holding amino acids together in proteins 
is outlined by a dashed rectangle.



17Fundamentals of Biochemistry and Toxicological Chemistry

to each of which a fatty acid molecule may be joined through the carboxylic acid group with the 
loss of a water molecule for each linkage that is formed. Figure 2.5 shows a fat molecule formed 
from three stearic acid molecules and a glycerol molecule. Such a molecule is one of many possible 
triglycerides. Also shown in this figure is cetyl palmitate, the major ingredient of spermaceti wax 
extracted from the sperm of whale blubber and used in some cosmetics and pharmaceutical prepara-
tions. Cholesterol shown in Figure 2.5 is one of several important lipid steroids, which share the ring 
structure composed of rings of 5 and 6 carbon atoms shown in the figure for cholesterol.

Although the structures shown in Figure 2.5 are diverse, they all share a common characteristic. 
This similarity is the preponderance of hydrocarbon chains and rings so that lipid molecules largely 
resemble hydrocarbons. Their hydrocarbon-like molecules make lipids soluble in organic solvents.

Some of the steroid lipids are particularly important because they act as hormones, chemical 
messengers that convey information from one part of an organism to another. Major examples of 
steroid hormones are cholesterol, testosterone (male sex hormone), and estrogens (female sex hor-
mones). Steroid lipids readily penetrate the membranes that enclose cells, which are especially per-
meable to more hydrophobic lipid materials. Hormones start and stop a number of body functions 
and regulate the expression of many genes. In addition to steroid lipids, many hormones including 
insulin and human growth hormone are proteins. Hormones are given off by ductless glands in the 
body called endocrine glands.

Lipids are important in green chemistry and toxicological chemistry for several reasons. Lipids 
are very much involved with toxic substances, the generation and use of which are always impor-
tant in green chemistry. Poorly biodegradable substances, particularly organochlorine compounds, 
that are always an essential consideration in green chemistry, tend to accumulate in lipids in liv-
ing organisms, a process called bioaccumulation. Lipids can be valuable raw materials and fuels. 
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Chapter 20, Section 20.3.
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A major kind of renewable fuel is made by hydrolyzing the long-chain fatty acids from triglycerides 
and attaching methyl groups to produce esters. This liquid product, commonly called biodiesel 
fuel, serves as a substitute for petroleum-derived liquids in diesel engines. The development and 
cultivation of plants that produce oils and other lipids is a major possible route to the production of 
renewable resources.

2.6  NUCLEIC ACIDS

Nucleic acids (Figure 2.6) are biological macromolecules that store and pass on the genetic informa-
tion that organisms need to reproduce and synthesize proteins. The two major kinds of nucleic acids 
are DNA, which basically stays in place in the cell nucleus of an organism, and ribonucleic acid 
(RNA), which is spun off from DNA and functions throughout a cell. Molecules of nucleic acids con-
tain three basic kinds of materials. The first of these is a simple sugar, 2-deoxy-β-D-ribofuranose 
(deoxyribose) contained in DNA and β-D-ribofuranose (ribose) contained in RNA. The second 
major kind of ingredient consists of nitrogen-containing bases: cytosine, adenine, and guanine, 
which occur in both DNA and RNA; thymine, which occurs only in DNA; and uracil, which occurs 
only in RNA. The third constituent of both DNA and RNA is inorganic phosphate, −PO4

3 . These 
three kinds of substances occur as repeating units called nucleotides joined together in astoundingly 
long chains in the nucleic acid polymer as shown in Figure 2.6.

The remarkable way in which DNA operates to pass on genetic information and perform other 
functions essential for life is the result of the structure of the DNA molecule. In 1953, James D. 
Watson and Francis Crick deduced that DNA consisted of two strands of material counterwound 
around each other in a structure known as an α-helix (Figure 2.7), a remarkable bit of insight that 
earned Watson and Crick the Nobel Prize in 1962. These strands are held together by hydrogen 
bonds between complementary nitrogenous bases. Taken apart, the two strands resynthesize 
complementary strands, a process that occurs during reproduction of cells in living organisms. 
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In directing protein synthesis, DNA becomes partially unraveled and generates a complementary 
strand of material in the form of RNA, which in turn directs protein synthesis in the cell.

Consideration of nucleic acids and their function is very important in the development of green 
chemistry and the practice of sustainable chemical science. One aspect of this relationship is that 
the toxicity hazards of many chemical substances result from potential effects of these substances 
on DNA. Of most concern is the ability of some substances to alter DNA and cause the uncontrolled 
cell replication that is cancer. Also of concern is the ability of some chemical substances called 
mutagens to alter DNA such that undesirable characteristics are passed on to offspring.

Another important consideration with DNA as it relates to green chemistry is the ability that 
humans now have to transfer DNA between organisms, popularly called genetic engineering. An 
important example is the development of bacteria that have the DNA transferred from humans 
to make human insulin. This technology of recombinant DNA is discussed in more detail in 
Chapter 13.

2.7  ENZYMES

Catalysts are substances that speed up a chemical reaction without being consumed in the reaction. 
Catalysis is one of the most important aspects of green chemistry because the ability to make reac-
tions go faster as well as more efficiently, safely, and specifically means that less energy and few raw 
materials are used and less waste is produced. Biochemical catalysts called enzymes include some 
of the most sophisticated catalysts. Enzymes speed up biochemical reactions by as much as ten- to 
a hundred-million-fold. They often enable reactions to take place that otherwise would not occur, 
that is, they tend to be very selective in the reactions they promote. One of the greatest advantages 
of enzymes as catalysts is that they have evolved to function under the benign conditions under 
which organisms exist. This optimum temperature range is generally from about the freezing point 
of water (0°C) to slightly above body temperature (up to about 40°C). Chemical reactions go faster 
at higher temperatures, so there is considerable interest in enzymes isolated from microorganisms 
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FIGURE 2.7  Representation of the double-helix structure of DNA showing the allowed base pairs held 
together by hydrogen bonding between the phosphate/sugar polymer “backbones” of the two strands of DNA. 
The letters stand for adenine (A), cytosine (C), guanine (G), and thymine (T). The dashed lines, --- , represent 
hydrogen bonds.
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that thrive at temperatures near the boiling point of water (100°C) in hot water pools heated by 
underground thermal activity such as are found in Yellowstone National Park in the United States.

Enzymes are proteinaceous substances. Their structure is highly specific so that they bind with 
whatever they act upon (a substrate). The basic mechanism of enzyme action is shown in Figure 2.8. 
As indicated in the figure, an enzyme recognizes a substrate by its shape, bonds with the substrate to 
produce an enzyme–substrate complex, causes a change such as splitting a substrate into two prod-
ucts with addition of water (hydrolysis), and then emerges unchanged to do the same thing again. 
The basic process can be represented as follows:

	 enzyme substrate enzyme substrate complex e+ ↔ − ↔ nnzyme product+ 	 (2.2)

Note that the arrows in the formula for enzyme reaction point both ways. This means that the 
reaction is reversible. An enzyme–substrate complex can simply go back to the enzyme and the 
substrate. The products of an enzymatic reaction can react with the enzyme to form the enzyme–
substrate complex again. It, in turn, may again form the enzyme and the substrate. Therefore, the 
same enzyme may act to cause a reaction to go either way.

For some enzymes to work, they must first be attached to coenzymes. Coenzymes normally are 
not protein materials. Some of the vitamins are important coenzymes.

The names of enzymes are based on what they do and where they occur. For example, gastric 
protease, commonly called pepsin, is an enzyme released by the stomach (gastric), which splits 
protein molecules as part of the digestion process (protease). Similarly, the enzyme produced 
by the pancreas that breaks down fats (lipids) is called pancreatic lipase. Its common name is 
steapsin. In general, lipase enzymes cause lipid triglycerides to dissociate and form glycerol and 
fatty acids.

Lipase and protease enzymes are hydrolyzing enzymes, which enable the splitting of molecules 
of high-molecular-mass biological compounds with the addition of water, one of the most important 
types of the reactions involved in digestion of food carbohydrates, proteins, and fats. Recall that the 
higher carbohydrates humans eat are largely disaccharides (sucrose, or table sugar) and polysaccha-
rides (starch). These are formed by the joining of units of simple sugars, C6H12O6, with the elimina-
tion of an H2O molecule at the linkage where they join. Proteins are formed by the condensation 
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FIGURE 2.8  Representation of the “lock-and-key” mode of enzyme action, which enables the very high 
specificity of enzyme-catalyzed reactions.
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of amino acids, again with the elimination of a water molecule at each linkage. Fats are esters that 
are produced when glycerol and fatty acids link together. A water molecule is lost for each of these 
linkages when a protein, fat, or carbohydrate is synthesized. For these substances to be used as a 
food source, the reverse process must be catalyzed by hydrolyzing enzymes to break down large, 
complicated molecules of protein, fat, or carbohydrate to simple, soluble substances that can pen-
etrate a cell membrane and take part in chemical processes in the cell.

An important biochemical process is the shortening of carbon atom chains, such as those in fatty 
acids, commonly by the elimination of CO2 from carboxylic acids. For example, pyruvate decarbox-
ylase enzyme removes CO2 from pyruvic acid

to produce a compound with one less carbon. It is by such carbon-by-carbon breakdown reactions 
that long-chain compounds are eventually degraded to CO2 in the body. Another important conse-
quence of this kind of reaction is the biodegradation of long-chain hydrocarbons by the action of 
microorganisms in the water and soil environments.

Energy is exchanged in living systems largely by oxidation and reduction mediated by oxidore-
ductase enzymes. Cellular respiration is an oxidation reaction in which a carbohydrate, C6H12O6, 
is broken down to carbon dioxide and water with the release of energy:

	 C H O 6O 6CO 6H O energy6 12 6 2 2 2+ → + + 	 (2.3)

Actually, such an overall reaction occurs in living systems by a complicated series of individual 
steps including oxidation. The enzymes that bring about oxidation in the presence of free O2 are 
called oxidases.

In addition to the major types of enzymes discussed above, there are numerous other enzymes 
that perform various functions. Isomerases form isomers of particular compounds. For example, 
isomerases convert several simple sugars with the formula C6H12O6 to glucose, the only sugar that 
can be used directly for cell processes. Transferase enzymes move chemical groups from one mol-
ecule to another, lyase enzymes remove chemical groups without hydrolysis and participate in the 
formation of C=C bonds or addition of species to such bonds, and ligase enzymes work in con-
junction with ATP (a high-energy molecule that plays a crucial role in energy-yielding, glucose-
oxidizing metabolic processes) to link molecules together with the formation of bonds such as 
carbon–carbon or carbon–sulfur bonds.

Enzymes are affected by the conditions and media in which they operate. Among these is the 
hydrogen ion concentration (pH). An interesting example is gastric protease, which requires the 
acid environment of the stomach to work well, but stops working when it passes into the much 
more alkaline medium of the small intestine. This prevents damage to the intestine walls, which 
would occur if the enzyme tried to digest them. Part of the damage to the esophagus from reflux 
esophagitis (acid reflux) is due to the action of gastric protease enzyme that flows back into the 
esophagus from the stomach with the acidic stomach juices. As noted in Section 2.1, temperature is 
critical for enzyme function. Not surprisingly, the enzymes in the human body work best at around 
37°C (98.6°F), which is the normal body temperature. Heating these enzymes to around 60°C per-
manently destroys them. Some bacteria that thrive in hot springs have enzymes that work best at 
temperatures as high as that of boiling water. Other “cold-seeking” bacteria have enzymes adapted 
to temperatures near the freezing point of water.
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2.7.1  Effects of Toxic Substances on Enzymes

Toxic substances may destroy enzymes or alter them so that they function improperly or not at all. 
Among the many toxic substances that act adversely with enzymes are heavy metals, cyanide, and vari-
ous organic compounds such as insecticidal parathion. Many enzyme-active sites through which an 
enzyme recognizes and bonds with a substrate contain −SH groups. Toxic heavy metal ions such as Pb2+ 
or Hg2+ are “sulfur seekers” that bind to the sulfur in the enzyme-active site causing the enzyme not to 
function. A particularly potent class of toxic substances consists of the organophosphate “nerve gases” 
such as sarin, which inhibit the acetylcholinesterase enzyme required to stop nerve impulses. Very small 
doses of sarin stop respiration by binding with acetylcholinesterase and causing it not to work.

2.8  BIOCHEMICAL PROCESSES IN METABOLISM

So far, this chapter has discussed the cells in which biochemical processes occur, the major catego-
ries of biochemicals, and the enzymes that catalyze biochemical reactions. Biochemical processes 
involve the alteration of biomolecules, their synthesis, and their breakdown to provide the raw 
materials for new biomolecules, processes that fall under the category of metabolism. Metabolic 
processes may be divided into two major categories: anabolism (synthesis) and catabolism (degra-
dation of substances). An organism may use metabolic processes to yield energy or to modify the 
constituents of biomolecules. Metabolism is discussed in this chapter as it affects biochemicals and 
in Chapter 12 as it applies to the function of organisms in the biosphere.

Metabolism is a very important consideration in green chemistry and sustainability. Toxic sub-
stances that impair metabolism pose a danger to humans and other organisms and attempts are 
made to avoid such substances in the practice of green chemistry. Exposures to environmental pol-
lutants that impair metabolism endanger humans and other organisms; the control of such pollutants 
is an important aspect of environmental chemistry. Metabolic processes are used to make renewable 
raw materials and to modify substances to give desired materials. The complex metabolic process of 
photosynthesis provides the food that forms the base of essentially all food webs and is increasingly 
being called upon to provide renewable raw materials for manufacturing and fuels (see biofuels, 
Chapter 17, Section 17.17).

2.8.1  Energy-Yielding and Processing Processes

The processing of energy is obviously one of the most important metabolic functions of organisms. 
The metabolic processes by which organisms acquire and utilize energy are complex, generally 
involving numerous steps and various enzymes. Organisms can process and utilize energy by one 
of the following three major processes:

	 1.	Respiration, in which organic compounds undergo catabolism
	 2.	Fermentation, which differs from respiration in not having an electron transport chain
	 3.	Photosynthesis, in which light energy captured by plant and algal chloroplasts is used to 

synthesize sugars from carbon dioxide and water

There are two major pathways in respiration. Oxic respiration (called aerobic respiration in 
the older literature) requires molecular oxygen, whereas anoxic respiration (anaerobic respiration) 
occurs in the absence of molecular oxygen. Oxic respiration uses the Krebs cycle to obtain energy 
from the reaction given above for cellular respiration:

	 C H O 6O 6CO 6H O energy6 12 6 2 2 2+ → + + 	 (2.3)

About half of the energy released is converted to short-term stored chemical energy, particularly 
through the synthesis of ATP shown in Figure 2.9.
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The highly energized ATP molecule is sometimes described as the “molecular unit of currency” 
for the transfer of energy within cells during metabolism. It releases its energy when it loses a phos-
phate group and reverts to ADP and other precursors. ATP is used by enzymes and proteins for cell 
processes, including biosynthetic reactions (anabolism), cell division, and motility (e.g., occurs in 
moving protozoa cells). In so doing, ATP is continually being produced and reconverted back to its 
precursor species in an organism. Some studies have suggested that the human body processes its 
own mass in ATP during a single day! Whereas ATP is used for very short-term energy storage and 
processing, for longer-term energy storage, glycogen or starch polysaccharides are synthesized, and 
for still longer-term energy storage, lipids (fats) are generated and retained by the organism.

As noted above in this section, fermentation differs from respiration in not having an electron 
transport chain, and organic compounds are the final electron acceptors rather than O2 in the energy-
yielding process. Many biochemical processes including some used to make commercial products 
are fermentations. A common example of fermentation is the production of ethanol from sugars by 
yeasts growing in the absence of molecular oxygen:

	 C H O 2CO 2C H OH6 12 6 2 2 5→ + 	 (2.4)

Photosynthesis is an energy-capture process in which light energy (hν) captured by plant and 
algal chloroplasts is used to synthesize sugars from carbon dioxide and water:

	 6CO 6H O C H O 6O2 2 6 12 6 2+ + → +hν 	 (2.5)

When it is dark, plants cannot get the energy that they need from sunlight but still must carry on 
basic metabolic processes using stored food. Plant cells, like animal cells, contain mitochondria in 
which stored food is converted to energy by cellular respiration.

Nonphotosynthetic organisms depend on organic matter produced by plants for their food and 
are said to be heterotrophic. They act as “middlemen” in the chemical reaction between oxygen and 
food material, using the energy from the reaction to carry out their life processes. Plant cells, which 
use sunlight as a source of energy and CO2 as a source of carbon, are classified as autotrophic. In 
contrast, animal cells must depend on organic material manufactured by plants for their food. These 
are called heterotrophic cells.

Biochemical conversions involving energy are very important in the practice of green chemistry 
and sustainability. The most obvious connection is the capture of solar energy as chemical energy by 
photosynthesis. As discussed in Chapter 17, photosynthetically produced biomass can serve as a source 
of chemically fixed carbon for the synthesis of chemical fuels, including synthetic natural gas, gasoline, 
diesel fuel, and ethanol. A tantalizing possibility is to use recombinant DNA techniques to increase 
by several-fold the very low efficiency of photosynthesis by most plants. Fermentation has a strong 
role to play in sustainable energy development. As shown in Reaction 2.4, fermentation of glucose 
produces ethanol, which can be used as fuel. Anoxic fermentation of biomass (abbreviated {CH2O}) 
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from sources such as sewage sludge or food wastes yields methane (natural gas), the cleanest burning 
of all hydrocarbon fuels:

	 2 CH O CH CO2 4 2{ } → + 	 (2.6)

2.9  TOXIC SUBSTANCES, TOXICOLOGY, AND TOXICOLOGICAL CHEMISTRY

Toxicology is the science of poisons or toxicants, substances that damage or destroy living tissue 
or that cause biochemical processes to malfunction. The remainder of this chapter discusses the 
chemical aspects of toxicology, that is, toxicological chemistry.

There are numerous ways in which toxicants may detrimentally affect living organisms, such 
as the examples shown later in the chapter (Figure 2.17). One such effect is inhibition of enzymes, 
the substances in organisms that act as catalysts to enable biochemical processes to occur. Another 
example consists of alterations of the production and function of hormones, biological molecules 
that are produced and distributed in organisms to regulate biochemical processes.

Although many toxic substances are foreign to living systems and are called xenobiotic sub-
stances, others are produced by organisms. Many toxicants, especially xenobiotics, have an affinity 
for lipids, meaning that they undergo bioaccumulation in the fat tissue of animals and cross the 
lipid cell membranes readily. Probably, most substances classified as toxic require activation by 
biochemical processes to have any toxic effects and are properly called protoxicants.

2.9.1  Exposure to Toxic Substances

The modes and routes of exposure to toxic substances (Figure 2.10) are very important in determin-
ing toxic effects. Exposure to toxicants may be either acute or chronic or either local or systemic. 
Acute exposure occurs over a short period of time and normally requires a relatively high level of 
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toxicants. Chronic exposure is exposure to relatively lower levels of substances and takes place over 
long periods of time, for example, exposure of lungs to cigarette smoke through many years of smok-
ing. Local exposure takes place at a specific location such as an acid burn from nitric acid spilled 
on a person’s hand. Systemic exposure is the term applied to poison that is distributed throughout 
an organism. An example would be inhalation of carbon monoxide that does not directly harm the 
lungs where it enters the body, but converts blood hemoglobin to methemoglobin, which is useless for 
carrying oxygen through the bloodstream and deprives the brain of oxygen that it needs to function.

There are several routes by which organisms are exposed to toxicants, as shown for human expo-
sure in Figure 2.10. Inhalation is the most direct route for human exposure because the thickness of 
only one cell in lung alveoli (the innermost air cavities in the lungs) separates air inhaled into the 
lungs from the blood that circulates through the lungs. This pulmonary route of exposure is particu-
larly significant for environmental air pollutants. Humans may absorb toxic substances through the 
skin (percutaneous or dermal route) and ingest them by mouth (oral route), both of which are of par-
ticular concern for exposure of children to environmental pollutants, such as lead from smelter dust 
that gets into the soil. Exposures can occur, though rarely, by the rectal or vaginal routes. Intentional 
exposure to toxic substances, such as in testing substances for toxicity or drugs for their effects, is 
often by intravenous or intramuscular injection.

2.9.2 D istribution of Toxic Substances

The sites of entry of toxicants into the body and their subsequent distribution have a major influence 
on their toxic effects. It was noted in Section 2.9.1 that the pulmonary route affords direct access of 
toxicants to the bloodstream and the effects of a direct-acting toxicant may be manifested very rap-
idly. Absorption through the skin affords similar direct access of toxicants to the blood and lymph 
systems. (Advantage is taken of this route through the use of skin patches worn to continuously 
deliver low doses of pharmaceuticals to the bloodstream, for example, a combination of norelgestro-
min and ethinyl estradiol hormones that function as contraceptives.)

Toxicants that are ingested generally are absorbed through the small intestine walls and are 
transported to the liver. The liver is the main site of toxicant metabolism and is where some poison-
ous substances are converted to less toxic forms more readily eliminated from the body whereas 
other substances are converted to toxic species. Toxic species are distributed around the body by the 
blood and lymph system, which can lead to systemic poisoning at sites remote from the entry of the 
substance into the body. Bone and adipose tissue (fat) are major sites of storage of toxicants. Bone 
accumulates heavy metals including lead and some radioactive materials, especially strontium-90, 
which biochemically behaves like calcium. Radioactive iodine accumulates in the thyroid and can 
cause thyroid cancer. Lipophilic toxicants, such as polychlorinated biphenyls (PCBs), that are poorly 
soluble in water tend to accumulate in adipose tissue.

2.9.3 D ose–Response Relationship

The dose–response plot (Figure 2.11) is one of the most important relationships in toxicology. Such 
a plot can be prepared by dosing a uniform population of test subjects with increasing levels of toxi-
cant and observing response, usually death. For such a curve, the dose corresponding statistically to 
the death of 50% of the test subjects is denoted as the LD50. Most commonly, toxicities of substances 
are expressed as LD50 values where the test subjects are male rats.

2.9.4 T oxicities

As shown by the examples in Figure 2.12, toxicities of different substances vary appreciably. Note 
that in the figure, the estimated LD50 values are on a log scale and that toxicities of substances vary 
over several orders of magnitude. A striking illustration of this variability is shown on the right of 
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Figure 2.12 comparing the toxicities of insecticidal parathion, which is now no longer used because of 
its toxicity to mammals, and nerve gas sarin, a military poison. In this figure, the area of the large cir-
cle represents a lethal dose of parathion and the barely visible area of the smaller circle is proportional 
to the lethal dose of nerve gas sarin, showing the much higher toxicity of sarin compared to parathion.
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2.10  TOXICOLOGICAL CHEMISTRY

As noted in Section 2.1, the relationship between the chemical nature of substances and their 
toxic effects is addressed by the topic of toxicological chemistry (Figure 2.13). In addition 
to their chemical properties, toxicological chemistry addresses the sources and uses of toxic 
substances and the chemical aspects of their exposure, fate, and disposal. The theory of toxi-
cological chemistry is treated by the science of quantitative structure–activity relation-
ships (QSAR), which relates the chemical nature of substances to their reactions in biological 
systems.4

2.10.1 R eactions of Toxicants and Protoxicants in Living Systems

An important aspect of toxicological chemistry is that of the reactions that toxicants and protoxi-
cants undergo in a living system before they even have any toxic effects. These are divided into 
Phase I and Phase II reactions.

Typically, lipid-soluble toxicants and protoxicants are converted by Phase I reactions to spe-
cies that are more polar and water-soluble and more easily eliminated from the body through 
urine (Figure 2.14) compared to the species from which they are made. This usually occurs 
through attachment of an −OH group. A Phase I reaction is generally catalyzed by the cyto-
chrome P-450 enzyme system associated with cellular endoplasmic reticulum, which occurs 
most abundantly in the liver of vertebrates. A typical Phase I reaction is the production of phenol 
from benzene:

	
+  {O} OH

	
(2.7)

Phase II reactions use enzymes to attach an endogenous conjugating agent (one that occurs 
naturally in an organism) to a toxicant, which may be (though not necessarily) a Phase I reac-
tion product. The resulting conjugation product is usually less toxic than the xenobiotic reactant, 
though in some cases it is more toxic. Also, conjugation tends to make a less lipid-soluble product 
that is more soluble in water and therefore more readily eliminated from an organism. There are 
several conjugating agents, the most common of which is glucuronide attached by the action of the 
glucuronyltransferase enzyme (Figure 2.15). Other common conjugating agents include glutathione 
(attached by glutathionetransferase enzyme), sulfate (sulfotransferase enzyme), and acetyl (acetyla-
tion by acetyltransferase enzymes).
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Toxic

response

Toxicology

Toxicological
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FIGURE 2.13  Toxicology is the science dealing with various aspects of the effects of poisonous substances 
on organisms. Toxicological chemistry relates the chemical nature of toxicants and protoxicants to their toxic 
effects on organisms.
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2.11  KINETIC PHASE OF XENOBIOTIC METABOLISM

In an organism, toxicants and protoxicants are ingested, undergo metabolic processes (Phase I and 
Phase II reactions), bind with biochemical species such as blood hemoglobin or DNA, and are excreted. 
Normally, through binding with endogenous biomolecules, toxicants exert some sort of toxic effect. 
These various processes are conveniently divided between the kinetic phase and the dynamic phase.

Figure 2.16 illustrates the kinetic phase during which a toxicant or its metabolite may be 
absorbed, metabolized, stored temporarily (such as in adipose tissue), distributed (typically through 
the bloodstream), and excreted. An active parent compound may pass through the kinetic phase 
unchanged and be excreted. It may also be converted by Phase I and Phase II reactions to a detoxi-
fied metabolite or changed by enzymatic action to an active metabolite capable of having some 
sort of toxic effect. One of the more significant kinetic phase processes is conversion of a nontoxic 
substance to a toxic active metabolite.

2.12  DYNAMIC PHASE OF TOXICANT ACTION

A toxicant or toxic metabolite manifests a toxic effect in the dynamic phase (Figure 2.17). There are 
three major steps in the dynamic phase: (1) a primary reaction in which the toxic substance binds 
with a receptor, generally a biomolecule in a target organ or tissue; (2) a biochemical response 
resulting from the binding of the toxicant; and (3) an observable effect or symptom of poisoning.

Xenobiotic

Glucuronide

HO

O

O
OH

OH

OH

X R

C

FIGURE 2.15  Glucuronide conjugate formed from a xenobiotic, HX-R. For example, if the xenobiotic com-
pound conjugated is phenol, HXR is HOC6H5, X is the O atom, and R represents the phenyl group, C6H5. For 
interpretation of the line formulas in this figure, see Chapter 20.
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A typical primary reaction is the binding of carbon monoxide, CO, with blood hemoglobin des-
ignated Hb:

	
HbO CO HbCO O2 2+ ↔ +

	
(2.8)

Hemoglobin has a much stronger affinity for CO than it has for O2, which it normally carries 
through the bloodstream, so it prevents hemoglobin from transporting O2 through the bloodstream 
from the lungs to the tissues. This chemical reaction is written with a double arrow denoting that it 
is reversible, whereas other primary reactions such as an acid burn to skin by concentrated sulfuric 
acid are irreversible. Treatment of carbon monoxide poisoning with pure or even pressurized oxygen 
can reverse the binding of carbon monoxide to hemoglobin and lead to recovery.

A biochemical response to carbon monoxide exposure is deprivation of tissues of O2 needed 
to carry out metabolic processes. In this case, brain cells are deprived of oxygen, the subject 
may lose consciousness, and permanent brain damage or death may result. An observable effect 
of carbon monoxide poisoning may range from lethargy through unconsciousness and even 
death.

Among the numerous biochemical effects that may result from the binding of a toxicant to a 
receptor, one of the most common is impairment of enzyme function. This may occur as the result 
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FIGURE 2.16  Illustration of the kinetic phase of metabolism for toxicants and protoxicants. In this phase, 
a protoxicant may be metabolically converted to a toxic species. A toxicant may be detoxified and excreted 
without doing harm, remain unchanged as an active parent compound that may have a toxic effect, or con-
verted to another active metabolite that is potentially toxic.
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of direct binding of the toxicant to the active site on the enzyme or binding to enzyme substrates or 
to coenzymes that are required for enzymes to function. Alteration of cell membranes or carriers in 
cell membranes by toxicants may be harmful. Interference with the metabolism of carbohydrates, 
proteins, and lipids may occur, in the case of lipids resulting in excess lipid accumulation, a condi-
tion commonly called “fatty liver.” The production of essential proteins can be impaired by binding 
of toxicants with the DNA in cells that direct protein biosynthesis. Respiration, the overall process 
by which electrons are transferred to molecular oxygen in the biochemical oxidation of energy-
yielding substrates, may be impaired or even stopped by binding of the enzymes and other species 
involved by toxicants. Regulatory processes directed by hormones and enzymes that are essential to 
an organism’s proper function may be impaired by binding with toxicants. Interference with nerve 
function is a common mode of toxicant action. An example is peripheral neuropathy that results 
when organic solvents destroy the sheaths around peripheral nerves, including those in the hands 
and feet.

There are many manifestations of poisoning, and these are useful in determining the kind of 
toxicant. Often, the most immediate of these are alterations in the vital signs of temperature, pulse 
rate, respiratory rate, and blood pressure. The central nervous system is commonly affected by 
toxicants as manifested by convulsions, paralysis, hallucinations, and ataxia (lack of coordina-
tion of voluntary movements of the body). Behavioral abnormalities may result from central nervous 
system damage, and the victim may become agitated, hyperactive, or disoriented as well as suffer 
from delirium. The subject may go into a coma or even die from damage to the central nervous sys-
tem. Other manifestations of poisoning include abnormal skin color, excessively dry or moist skin, 
abnormal appearance or behavior of eyes, strange odors, and gastrointestinal tract effects among 
which are pain, vomiting, or paralytic ileus (stoppage of the normal peristalsis movement of the 
intestines).

The symptoms of poisoning in the preceding discussion are generally manifested shortly after 
exposure. Other often more important effects are chronic effects that are the result of exposure to 
environmental toxicants. These include mutations, birth defects, cancer, effects on the immune 
system (including suppression and hyperactivity effects), gastrointestinal illness, cardiovascular 
disease, hepatic (liver) disease, central and peripheral nervous system effects, and skin abnormali-
ties including rash and dermatitis. Long-term effects of environmental exposure to toxicants are 
often subclinical in nature and may require sophisticated testing for diagnosis. These include some 
kinds of damage to the immune system, chromosomal abnormalities, modification of functions of 
liver enzymes, and slowing of conduction of nerve impulses. Table 2.1 lists some of the major target 

TABLE 2.1
Examples of Target Systems, Toxicants, and Effects of Toxic Substances

System Affected Toxicant Effect

Respiratory system Cigarette smoke and asbestos Emphysema and cancer

Skin Coal tar constituents Skin cancer

Liver Vinyl chloride Hemangiosarcoma (cancer)

Blood Aniline and nitrobenzene Methemoglobinemia

Immune system Allergens such as beryllium Hypersensitivity

Endocrine system Bisphenol-A (plasticizer) Disruption of system function

Nervous system Organophosphates (sarin) Acetylcholinesterase 
inhibition

Kidney Ethylene glycol Calcium oxalate deposits in 
tubules

Bladder Aromatic amines from coal tar Bladder cancer
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systems of toxic substances, important examples of toxicants that affect them, and the effects result-
ing from their exposure to specific toxicants.

2.13 � MUTAGENESIS AND CARCINOGENESIS

Because of the generally similar mechanisms by which they occur, mutagenesis, the process by 
which toxicants cause inheritable mutations, and carcinogenesis, the process by which toxicants 
cause cancer, are considered together. Although other mechanisms can cause these conditions, both 
generally result from alterations in cellular DNA.

2.13.1 �M utations from Chemical Exposure

Mutagens are chemical species that alter DNA to produce traits that can be inherited. Mutation 
is a natural process that occurs randomly, but from an environmental perspective, the mutations 
of concern are those caused by xenobiotic substances in the environment. Because mutagens 
also often cause cancer and birth defects (see Section 2.14), they are of major toxicological 
concern.

The huge molecules of DNA contain the four nitrogenous bases adenine, guanine, cytosine, 
and thymine, the order of which in the DNA macromolecule directs the synthesis of proteins and 
enzymes through the intermediate formation of a substance known as RNA. Vital life processes 
may be affected by exchange, addition, or deletion of any of the bases in DNA. A mutation occurs 
when these changes are passed on to progeny. A xenobiotic compound that causes such changes is 
called a mutagen.

One way in which DNA may be altered to produce mutations is replacement of the −NH2 group 
present in adenine, guanine, and cytosine by the −OH group. Nitrous acid, HNO2, commonly used 
to induce mutations in experimental studies, acts in this manner. As a result of this alteration, DNA 
does not function in the intended manner and a mutation may result. A second kind of mutation 
occurs through alkylation, usually the attachment of a methyl group, −CH3, to an N atom on one 
of the nitrogenous bases on DNA. Figure 2.18 shows some of the xenobiotic compounds that are 
mutagens due to their ability to act as alkylating agents.
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2.13.2 C arcinogenesis

Cancer occurs when the body’s own (somatic) cells undergo uncontrolled replication and growth. 
As with mutations, cancer often results from alterations in cellular DNA. Many cancers occur as 
apparently random events. Study of the human genome has shown genetic characteristics indicative 
of a propensity to certain kinds of cancers. For experimental purposes, animals have been bred that 
have inherited tendencies toward certain kinds of cancers. Some biological agents including hepad-
naviruses or retroviruses are known to cause cancer.

Insofar as environmental and toxicological chemistry are concerned, physical and chemical car-
cinogens are of most concern. The major physical factor is ionizing radiation including x-rays and 
gamma radiation. Before the dangers were realized, people working with radium were poisoned by 
ingestion of this radioactive element, an emitter of alpha particles, a deadly form of ionizing radia-
tion that caused bone cancer when the element accumulated in bones. Another radioactive element 
of toxicological concern is radon, a noble gas and alpha particle emitter that can infiltrate dwellings 
from underground formations and cause lung cancer when inhaled. Some chemical agents including 
nitrosamines, polycyclic aromatic hydrocarbons, and vinyl chloride are known to cause cancer in 
humans, and many more are suspected carcinogens largely based on evidence from animal studies.

The study of chemical agents in causing cancer is called chemical carcinogenesis and is the 
branch of environmental toxicology that receives the most attention. The history of chemical carci-
nogenesis goes back to a classical study published in 1775 by Sir Percival Pott, surgeon general to 
King George III of England, showing that chimney sweeps in England developed cancer of the scro-
tum from exposure to carcinogens released in the burning of coal in stoves and fireplaces. Around 
1900, Ludwig Rehn, a German surgeon, reported elevated levels of bladder cancer in German dye 
workers exposed to 2-naphthylamine.

This and related compounds were extracted from coal tar and used to synthesize dyes. Tobacco 
juice was reported to be carcinogenic in 1915, the carcinogenic properties of tobacco smoke were 
reported in 1939, and those of asbestos in 1960. After about 1920, fatal bone cancers developed 
in young women who ingested radioactive radium from painting watch and instrument dials with 
radium-containing luminescent paint. In the early 1970s, in what is arguably the most clear-cut 
evidence of cancer caused by a chemical agent, vinyl chloride, C2H3Cl, widely used to manufacture 
polyvinylchloride plastic polymer, was shown to cause hemangiosarcoma (liver angiosarcoma) in 
workers exposed to the vapors of this volatile compound.

Probably, most chemicals regarded as carcinogens are actually procarcinogens that require bio-
chemical activation to produce ultimate carcinogens, the agents that actually initiate cancer. Some 
agents are primary or direct-acting carcinogens that do not require bioactivation. Some examples 
of each of them are shown in Figure 2.19.

Figure 2.20 shows the relatively complex process by which a chemical carcinogen or procar-
cinogen causes metastatic cancer. There are two major stages, an initiation stage followed by a 
promotional stage. Genotoxic carcinogens, which are also mutagens, are DNA-reactive species 
that initiate cancer by acting directly on DNA. Most genotoxic carcinogen species are either inher-
ently electrophilic (attracted to electron-rich regions of the DNA molecule) or, more commonly, 
are biochemically activated to produce reactive electrophilic species that form adducts with DNA, 
especially the potent alkylating agent +CH3. These adducts cause gene mutations. Epigenetic car-
cinogens initiate cancer by mechanisms that do not involve reaction with DNA. Most epigenetic 
carcinogens are actually promoters that cause cancer to develop after it is initiated.

NH2

2-Naphthylamine
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A crucial aspect of carcinogenesis is the determination of which materials are carcinogenic, 
especially to humans. It should be emphasized that most cancers are not caused by carcinogenic 
agents, but rather by natural processes in which there is a strong genetic component for many 
types of cancer. Relatively few substances (e.g., vinyl chloride mentioned earlier) are known 
human carcinogens as established by a cause and effect relationship from documented human 
exposures to relatively high levels of the carcinogen. Studies on animals in which cancer devel-
ops from very high exposures over relatively short time periods are used to infer carcinogenic-
ity to humans from much lower exposures over long periods of time, a practice with significant 
uncertainties.
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FIGURE 2.19  Carcinogens may come from natural and synthetic sources. Most require biochemical activa-
tion to cause cancer, although some are direct-acting carcinogens. Safrole is a natural product that requires 
bioactivation; benzo(a)pyrene is a polycyclic aromatic compound made by both natural and synthetic pro-
cesses, which is converted to a carcinogenic form by metabolic processes; and bis(chloromethyl)ether is a 
synthetic compound that is direct-acting as a carcinogen.
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FIGURE 2.20  Outline of the process by which a carcinogen or procarcinogen may cause cancer. There are 
several steps in which the process of causing cancer can be stopped. A procarcinogen can be metabolically 
converted to a carcinogen, but it or a carcinogen may be eliminated without harm. An ultimate carcinogen, 
which may be formed metabolically from a procarcinogen, may be detoxified without ill effect. The ultimate 
carcinogen may exert an epigenetic effect that does not involve binding with DNA or it may alter DNA, which 
can be repaired by repair enzymes. Altered DNA that is not repaired may form neoplastic cancer cells that 
reproduce and spread. These can lead to tumor cell growth and development of tumor tissue. Progression of 
tumor tissue growth can occur, leading to a neoplasm (malignant tumor). Ultimately, metastasis, the spread of 
malignant tumor tissue, may occur.
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The most commonly used alternative to animal tests for carcinogenicity is the Bruce Ames test, 
a test for mutagenicity based on the assumption that mutagens are likely to be carcinogenic. The 
numerous variations of this test make use of a strain of Salmonella bacteria that have been selected 
to require histidine in the media in which they are grown rather than making this amino acid from 
other amino acids as the wild strain may do. Inoculated onto histidine-deficient media in the pres-
ence of a potential mutagen, often along with a homogenate of raw liver that contains enzymes 
capable of converting substances to carcinogenic forms, some of the bacteria revert to the natural 
strain and form colonies, the numbers of which are proportional to the mutagenicity of the test com-
pound. Although it is useful, the Bruce Ames test has been shown to give both false-positive and 
false-negative results for carcinogenicity.

2.14  DEVELOPMENTAL EFFECTS AND TERATOGENESIS

The organisms most vulnerable to toxicants are the very young ranging from the fertilized eggs 
to adulthood. In general, the earlier the stage of development, the more vulnerable the organism. 
Damage to embryonic and fetal cells and to egg or sperm germ cells may result in birth defects. 
Chemical substances that cause such defects are called teratogens.5

A variety of biochemical effects caused by xenobiotics may be responsible for teratogenesis. 
These include enzyme inhibition, interference with energy supply, deprivation of the fetus of vita-
mins and other essential substrates, and altered permeability of the placental membrane.

Fetuses exposed to toxic substances in utero are especially vulnerable to the effects of toxicants 
resulting in retarded fetal growth, birth defects, and maladies such as diabetes and coronary artery 
disease after birth. Exposure occurs when a toxic substance passes through the placental barrier 
and enters the fetal bloodstream. Fetuses are vulnerable to toxicants because they have relatively 
ineffective detoxification enzyme systems and their developing organs are more subject to damage 
than are mature organs.

Children are generally more vulnerable to toxic xenobiotics than are adults. Arguably, the toxic 
substance that has received more attention than any other in this respect is lead. Children may be 
exposed to lead in drinking water (which is why lead is now banned in solder used to connect water 
pipe), from inhalation of polluted air (more common before the 1970s after which lead was banned 
as an octane booster in gasoline), from ingestion of lead-contaminated soil (once common around 
lead smelters), and from ingestion of old paint, which once contained lead-based pigments. Thus, 
there exist vectors from the other environmental spheres by which children may be exposed to lead. 
In addition to detrimental effects on blood and kidneys, lead is suspected of causing mental retarda-
tion in children.

2.15  TOXIC EFFECTS ON THE IMMUNE SYSTEM

The immune system of the body serves a number of valuable functions, mostly related to defense 
against foreign agents. Included among immune system functions are the following: (1) defense 
against viral, bacterial, and protozoal infectious agents; (2) destruction and neutralization of neo-
plastic (cancerous) cells; and (3) resistance to xenobiotic toxicants.

Adverse effects on the immune system are among the more important aspects of toxicologi-
cal chemistry.6 Such effects may be divided into two major categories. One of these is immuno-
suppression, which impairs the immune system’s ability to resist the effects of toxicants, to fight 
disease-causing agents, and to impede the development of cancerous cells, such as those responsible 
for leukemia or lymphoma.

As those who suffer from allergies well know, overstimulation of the immune system can cause 
significant ill effects. Known as allergy or hypersensitivity, the self-destructive overstimulation 
of the immune system can result from xenobiotic substance exposure. Some metals including 
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beryllium, chromium, and nickel can cause hypersensitivity. Organic xenobiotics that cause hyper-
sensitivity include some pesticides, plasticizers, and resins.

2.16  DAMAGE TO THE ENDOCRINE SYSTEM

The endocrine system regulates an organism’s metabolism and reproduction. Some toxic substances 
and pollutants disrupt endocrine system function, commonly manifested by abnormal behavior of 
the reproductive system including general dysfunction, alterations in secondary sexual character-
istics, and abnormal blood serum steroid levels.7 Of particular significance are hormonally active 
agents that exhibit hormonelike behavior. The most significant of these are estrogens that act in a 
manner similar to the female sex hormone estrogen, examples of which are shown in Figure 2.21. 
Among these agents are estrogen, itself, 17α-ethynylestradiol that is an ingredient of oral contracep-
tives, and various industrial and consumer product chemicals, of which bisphenol A, a plasticizer 
widely used to improve the properties of plastics, is one of the most prominent examples. Estrogenic 
agents from nonnatural sources are called xenoestrogens.

Estrogenic agents are present in wastewaters in relatively low concentrations from sources such 
as metabolites excreted in urine and from cleaning agents. As a result, water-dwelling creatures 
including fish, frogs, and alligators get exposed to estrogenic agents. The effects of these substances 
on fish have been studied extensively leading to observations of reproductive dysfunction, altera-
tions in secondary sex characteristics, and abnormal serum steroid levels.8

2.17  HEALTH HAZARDS OF TOXIC SUBSTANCES

Much of what is known about toxicology is based on relatively acute maladies resulting from brief, 
intense exposures to toxicants from readily recognized sources and that have developed over short 
periods of time. Of greater importance, especially with respect to exposure to environmental toxi-
cants, are chronic and often relatively less severe maladies that become manifested long after expo-
sure. These are difficult to assess because they result from long-term exposure to often uncertain 
sources of toxicants with low occurrence above background levels of disease and with generally 
long latency periods. But their overall impact on the affected populations is generally greater than 
that of the more acute cases of disease caused by toxicant exposure.

The key step in assessing the effects of toxic substances is to establish a relationship between toxi-
cant-caused disease and exposure to the toxic agent. In some cases, this is done by determining levels 
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of the toxicant or its metabolites in organisms. The kinds of toxicants for which this is possible include 
heavy metals, radioactive elements, mineral asbestos, and silica (SiO2 dust) responsible for lung silico-
sis. An example of a toxicant metabolite that can be measured is trans-trans muconic acid indicative 
of exposure to benzene. Although relatively unspecific with regard to cause and effect, symptoms 
such as skin rashes or subclinical effects such as chromosomal damage can be used to narrow the 
possibilities of toxicant exposure. Another indicator of exposure is production of substances that do 
not contain the toxicant or its metabolites, but are relatively specific for particular kinds of toxicants. 
For example, the presence of methemoglobin, a derivative of hemoglobin in which the iron is in the 
+3 rather than the +2 oxidation state, is typical of poisoning from nitrite, aniline, or nitrobenzene.

In some cases, epidemiological studies of particular kinds of maladies are indicative of probable 
exposures of populations to environmental pollutants. In cases where a particular agent is suspected, 
evidence can be sought of elevated levels of diseases known to be caused by the agent. Another approach 
that can be employed when a particular agent is not suspected is to look for abnormally large occur-
rences of particular maladies—spontaneous abortions, birth defects, and particular types of cancer—in 
a limited geographic area. After establishing these clusters of disease, the source of an environmental 
toxicant may be sought. Although often cited as evidence of environmental exposure, epidemiological 
studies have some notable shortcomings. One of the main ones of these is the uncertainty of the correla-
tion between an ill effect and a specific toxicant; for example, skin rash may be caused by a large variety 
of toxicants. Often, the long latency periods between exposure and the appearance of symptoms mean 
that the source is gone before symptoms are even noticed. Another complication is the occurrence of 
particular maladies even in the absence of toxicants that may cause them.

2.17.1 H ealth Risk Assessment

An important aspect of toxicological chemistry is the estimation of health risks due to exposure 
to toxicants. Normally, what is needed is an estimate of the occurrence of a toxic effect in a small 
percentage of people after long-term exposure to low levels of a toxicant after a long latency period. 
However, the risks are usually estimated based on exposure to animals, usually rats, to relatively 
high doses of toxicant for relatively short periods of time, necessitated by the short lifetimes of test 
animals. Based on the results of these studies, risks to human populations are made using linear or 
curvilinear projections. Obviously, there is a high degree of uncertainty in this approach.

2.18 � STRUCTURE–ACTIVITY RELATIONSHIPS IN 
TOXICOLOGICAL CHEMISTRY

An important aspect of toxicological chemistry that relates chemical structure to toxic effects is the 
QSAR.9 Increasingly, sophisticated computerized calculations of QSAR are leading to predictions 
of the effects of toxic substances and can play an important role in determining the avoidance of 
exposure to toxic substances in the practice of green chemistry. The following are chemical features 
of substances that may be indicative of toxic effects and that may be taken into consideration in 
doing QSAR calculations:

•	 Corrosive substances that exhibit extremes of acidity, basicity, dehydrating ability, or 
oxidizing power such that they will tend to damage tissue.

•	 Reactive substances that contain functional groups likely to undergo adverse biochemical 
processes. An interesting comparison is that between two 3-carbon alcohols, propyl alco-
hol (CH3CH2CH2OH) and allyl alcohol (H2C=CHCH2OH). Propyl alcohol is only about 
1/100 as toxic as allyl alcohol. The toxicity of allyl alcohol is due to the reactive double 
bond between carbon atoms.

•	 Heavy metals such as lead or mercury may be quite toxic because of their ability to bind 
with proteins and enzymes, especially through the −SH group.
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•	 Binding species bond to biomolecules causing adverse effects. A simple example is the 
strong attraction of carbon monoxide to hemoglobin so that the hemoglobin in blood is pre-
vented from transferring oxygen to tissues. Reversible binding of methyl groups to DNA 
can result in mutations and cancer.

•	 Lipid-soluble compounds, such as PCBs, may readily traverse cell membranes and 
undergo bioaccumulation in the tissue.

•	 Immunotoxicants are toxic because of their chemical structures, which cause adverse 
reactions in an organism’s immune system.

2.19  TOXICOLOGICAL CHEMISTRY AND ECOTOXICOLOGY

As discussed further in Chapter 12, in nature, organisms interact with each other and their sur-
roundings in a generally steady-state and sustainable manner. These interactions are described by 
the science of ecology, and the organisms and their environment constitute ecosystems. Toxic sub-
stances tend to perturb ecosystems so that it is important to consider the combination of ecology 
and toxicology, the discipline of ecotoxicology. Ecotoxicology may be considered at various levels 
ranging all the way from biochemical processes at the molecular level to ecosystems as a whole.

An important aspect of ecotoxicology involves the pathways of toxicants into ecosystems and 
is very much tied with environmental chemistry. Toxic substances are transferred among the five 
environmental spheres as shown in Figure 2.22. The greatest concern is with the transfer of toxic 
substances into the biosphere, which can occur from water, air, the geosphere, and the anthrosphere. 
An important phenomenon is bioaccumulation in which toxic substances accumulate in tissue. The 

Biosphere

Atmosphere

AnthrosphereHydrosphere

Geosphere
and sediments

FIGURE 2.22  Transfers of substances among the various environmental spheres, especially those involving 
the biosphere, are very important in determining their ecotoxicological effects.
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relatively high solubility of some organic toxicants in lipid (fat) fish tissue can lead to bioconcentra-
tion of such substances in organisms and biomagnification as substances are transferred up the food 
chain. These concepts are especially applicable to xenobiotic substances transferring to organisms 
from water as discussed in Chapter 3, Section 3.13.

2.19.1  Effects of Toxicants on Ecosystems

Exposure to toxic substances may adversely affect individual organisms altering their populations 
and ecosystems, leading to disruption of communities of organisms and effects on whole ecosys-
tems. This occurred, for example, where the exposure of birds of prey to dichlorodiphenyltrichloro-
ethane (DDT) resulted in eggs with very weak shells and severely diminished populations of hawks 
and eagles in ecosystems. With reduced populations of predators, rodent populations increased, 
adversely affecting some terrestrial ecosystems.

The Arctic ecosystems impacted by toxic acidic precipitation have been studied extensively. 
From about 1940 to 1970, the normal pH values of 6.5–7.5 in some Scandinavian lakes fell to within 
a range of 5.5–6.0, primarily due to sulfuric acid produced from sulfur dioxide released to the atmo-
sphere during coal combustion. The result was greatly reduced populations of valuable salmon and 
trout. Lakes in which the water had pH values below 5.0 became essentially devoid of fish popula-
tions. There were also adverse effects on phytoplankton and zooplankton populations with a loss of 
population diversity such that only a few species of algae predominated.

2.19.2 B iomarkers of Exposure to Toxic Substances

It is important to have means to assess whether or not organisms have been exposed to toxic materi-
als. This can often be done through biomarkers of exposure exhibited by organisms.10 A biomarker 
of exposure may consist of the presence of a toxic substance itself in an organism, a metabolic 
product of the toxic substance, or an effect that can be directly attributed to a toxicant. Heavy 
metal poisoning is commonly assessed by analyzing for the toxic metal in tissue. The occurrence 
of para-aminophenol in blood or urine may be indicative of aniline poisoning. Changes in sexual 
characteristics of aquatic organisms, such as feminization of juvenile males, may indicate exposure 
to endocrine disruptors.

2.20  TOXIC AGENTS THAT MAY BE USED IN TERRORIST ATTACKS

Many substances pose hazards with respect to the potential for attacks on human beings including 
terrorist attacks. These include the following toxic agents:

•	 Cyanide such as gaseous HCN or salts including KCN. In 1982, 12 people in the Chicago 
area died from cyanide that was placed in Tylenol, a case that remains unsolved.

•	 Nerve gas agents that interfere with the action of acetylcholinesterase enzyme essential for 
nerve function. These are primarily organophosphate compounds, including sarin, VX, 
and Russian VX. A total of 13 people died and about 6000 sought medical help from a 
1995 attack with sarin on the Tokyo subway system.

•	 Toxic substances including sulfur mustard, an extreme irritant and blister agent used as a 
military poison; ricin, a protein poison isolated from the castor bean; rodenticidal tetra-
methylenedisulfotetramine, now banned from commerce; and rodenticide brodifacoum.

An important aspect of dealing with chemical threats is the ability to trace their sources, which 
is addressed by the discipline of chemical forensics.11 With increasingly sophisticated instrumenta-
tion, chemical forensics uses information such as the presence of impurities, ratios of carbon and 
oxygen isotopes, and ratios of stereoisomers (see the discussion of chirality in Chapter 14, Section 
14.11, to trace sources of toxicants such as those that may be used in terrorist attacks).
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QUESTIONS AND PROBLEMS

	 1.	Glucose and fructose are both simple sugars with a formula of C6H12O6, yet they 
are distinct compounds. What distinguishes them? What is a particularly important 
place in the human body in which glucose is found and why are the levels of glucose 
important? Do humans consume fructose and, if so, what may be the source of this 
carbohydrate?

	 2.	Although starch in sources such as flour and potatoes is an important nutrient, the starch 
molecule is too large and insoluble to enter the bloodstream? Considering its chemical 
formula and the monomers of which starch is composed, suggest what happens to starch 
before it can be utilized as a nutrient.

	 3.	What is a peptide linkage? In what kind of biomolecule are peptide linkages found and 
what function do they serve in such a molecule?

	 4.	Although the triglyceride of stearic acid and the cholesterol steroid shown in Figure 2.5 are 
not very similar structurally, both are classified as lipids. Explain.

	 5.	DNA is described in the text as consisting of “astoundingly long” chains. See if you can 
find any “gee whiz” information on the Internet that describes how “astoundingly long” 
molecules of DNA may be.

	 6.	What is recombinant DNA technology? Is it relatively new? For what purposes is it being 
used?

	 7.	Suggest how an isomerase enzyme may be involved in making fructose available for 
human nutrition.

	 8.	What molecule in living organisms is responsible for intermediate energy storage? What 
substance is it converted to when it releases energy?

	 9.	 In a sense, photosynthesis is the reverse of oxic respiration. Explain.
	 10.	Exposure to vinyl chloride is known to cause a specific kind of liver cancer in humans. 

After doing some Internet research on the subject, explain the statement that vinyl chloride 
is a xenobiotic compound and a protoxicant.

	 11.	Classify each of the following toxic effects regarding whether or not exposure to the toxic 
agent is acute or chronic and whether they are local or systemic:

	 a.	 Death from inhaling carbon monoxide from an automobile left running in a garage.
	 b.	 Cancer of the mouth from long-term use of chewing tobacco.
	 c.	 Peripheral neuropathy from working in an atmosphere contaminated with hydrocar-

bon solvents over many decades.
	 d.	 A lesion caused by spilling concentrated nitric acid on the skin.
	 12.	Suggest why the bladder is the organ that is likely to develop cancer from exposure to aro-

matic amines.
	 13.	Look up the structure of lung alveoli and suggest why they are particularly significant sites 

of exposure to toxicants.
	 14.	Suggest explanations for (a) accumulation of PCBs in fat tissue, (b) occurrence of bone 

cancer from exposure to radioactive radium, and (c) which organ is most likely to develop 
cancer from exposure to radioactive iodine.

	 15.	Though highly toxic, botulinum toxin has some important pharmaceutical and cosmetic 
applications. After a search on the Internet, explain what some of these are.

	 16.	What are endogenous conjugating agents? What is their function with respect to toxic 
substances?

	 17.	What was the “thalidomide tragedy”? To what class of toxic substances does thalidomide 
belong?

	 18.	After an Internet search regarding the nature of radium and radon, suggest why areas in 
which there is radon infiltration into dwellings may also have problems with radium 
in water supplies.
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	 19.	The most common effect of carbon monoxide poisoning is damage to the brain, which may 
be fatal. Does carbon monoxide attack brain tissue directly? How does carbon monoxide 
result in brain damage?

	 20.	What is the rationale of using a test for mutagenicity to indicate carcinogenicity? What is 
this test called?

	 21.	What are xenoestrogens? Look up on the Internet the status of research involving at least 
one common plasticizer suspected of being a xenoestrogen.

	 22.	What is the evidence from studies of organisms that live in water, including fish, frogs, and 
alligators, that wastewaters may be contaminated by xenoestrogens?

	 23.	What is biomagnification? How is lipid tissue involved in biomagnification processes?
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3 Environmental and 
Toxicological Chemistry 
of the Hydrosphere

3.1  H2O: SIMPLE FORMULA, REMARKABLE MOLECULE

The chemical formula of water, H2O, is probably the best known of all compounds. This simple 
formula represents a substance that is unique and complex in its behavior.1 These special properties 
are due to the molecular structure of the H2O molecule, which is represented in Figure 3.1. There are 
four pairs of electrons in the outer electron shell of the O atom in the H2O molecule, two of which 
compose the bonds between the H and O atoms and two of which are lone pairs. These pairs are 
located as far apart as possible around an imaginary sphere representing the outer electron shell of 
the O atoms, which results in the two H–O bonds being located at an angle rather than in a straight 
line. The side of the molecule with the two H atoms has a partial positive charge and the side with 
the two nonbonding pairs has a partial negative charge, so the molecule is polar. This polarity and 
the ability of the H atoms on one molecule to form hydrogen bonds in which a hydrogen atom acts 
as a bridge between two O atoms on separate H2O molecules determine the remarkable chemical 
and physical diversity of water.

Especially because of their hydrogen bonding capability, water molecules are strongly attracted 
to each other. This means that a large amount of heat energy must be put into a mass of water to 
enable the molecules to move more rapidly with the rise in temperature. This gives water a very high 
heat capacity. A very large amount of energy must be put into a mass of ice to break the hydrogen 
bonds holding the molecules in place in the solid as it melts, and an equally large amount of heat 
energy is released when liquid water freezes. Thus, water has a very high latent heat of fusion. 
Even more energy per unit mass is required to convert liquid water to vapor (steam), and an equal 
amount of energy is released when water vapor condenses to liquid. This means that water has a 
very high heat of vaporization.

The ability of water to absorb, release, and store heat is crucial to its role in the environment and 
its practical uses. Water’s high heat capacity stabilizes temperatures of organisms and geographical 
areas. Steam produced in a boiler can be transferred through insulated pipes to remote locations 
and condensed to release heat. The heat released when atmospheric water condenses warms the 
surrounding air and is the driving force behind tropical storms. Europe owes its relatively mild 
weather despite its northern latitudes to the heat carried by water across the North Atlantic Ocean 
from the Gulf of Mexico. As the water releases the heat it carries and cools along the European 
coasts, its density increases and it flows at lower ocean depths back to the Gulf of Mexico to repeat 
the cycle. Water’s high latent heat of fusion stabilizes temperatures of bodies of water at water’s 
freezing point (0°C).

Water’s unique properties make it essential to life and determine its behavior in the hydrosphere 
and in interactions with all other environmental spheres, including its many uses in the anthro-
sphere. As noted earlier in this section, these properties are due primarily to water’s molecular 
structure, including its polar character and ability to form hydrogen bonds. The more important 
characteristics of water pertinent to its environmental behavior, uses, and interactions with all the 
environmental spheres are summarized in Table 3.1.
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3.2  HYDROSPHERE

The hydrosphere is composed of water, chemical formula H2O. Water participates in one of the 
great natural cycles of matter, the hydrologic cycle, which is illustrated in Figure 3.2.2 Basically, 
the hydrologic cycle is powered by solar energy that evaporates water as atmospheric water vapor 
from the oceans and bodies of freshwater from where it may be carried by wind currents through the 
atmosphere to fall as rain, snow, or some other forms of precipitation in areas far from the source. 
In addition to carrying water, the hydrologic cycle conveys the energy absorbed as latent heat when 
water is evaporated by solar energy and the energy released as heat when the water condenses to 
form precipitation.

There is a strong connection between the hydrosphere, where water is found, and the geosphere, 
or land: human activities affect both. For example, the disturbance of land by the conversion of 
grasslands or forests to agricultural land or the intensification of agricultural production may reduce 
vegetation cover, decreasing transpiration (loss of water vapor by plants) and affecting the micro-
climate. The result is increased rain runoff, erosion, and accumulation of silt in bodies of water. 

TABLE 3.1
Important Properties of Water

Property Effects and Significance

Excellent solvent Transport of nutrients and waste products, making biological 
processes possible in an aqueous medium

Highest dielectric constant of any common 
liquid

High solubility of ionic substances and their ionization in solution

Higher surface tension than any other liquid Controlling factor in physiology; governs drop and surface 
phenomena

Transparent to visible and longer-wavelength 
fraction of ultraviolet light

Colorless, allowing light required for photosynthesis to reach 
considerable depths in bodies of water

Maximum density as a liquid at 4°C Ice floats; vertical circulation restricted in stratified bodies of water

Higher heat of evaporation than any other 
material

Determines transfer of heat and water molecules between the 
atmosphere and bodies of water

Higher latent heat of fusion than any other 
liquid except ammonia

Temperature stabilized at the freezing point of water

Higher heat capacity than any other liquid 
except ammonia

Stabilization of temperatures of organisms and geographical regions
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FIGURE 3.1  Because of the arrangement of the two bonding pairs and the two nonbonding pairs of electrons 
as far as possible from each other around the sphere of the oxygen atom in the water molecule, the molecule 
is polar. The nonbonding pairs of electrons can form hydrogen bonds with hydrogen atoms in other water 
molecules. This hydrogen bonding capability and the polar nature of the water molecule are responsible for 
the unique solvent behavior, heat/temperature behavior, and other properties of water.
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The nutrient cycles may be accelerated, leading to nutrient enrichment of surface waters. This, in 
turn, can profoundly affect the chemical and biological characteristics of bodies of water.

Earth could have lost most of its water by now except for one very fortunate atmospheric feature: 
the very cold tropopause boundary at the upper part of the atmospheric troposphere. At a tempera-
ture well below the freezing point of water, this region converts water vapor to ice that remains 
in the troposphere and participates in the hydrologic cycle. If this were not the case, the water 
vapor would infiltrate the next higher atmospheric layer, the stratosphere, where highly energetic 
solar ultraviolet radiation would split H atoms off the H2O molecules. These very light atoms and 
the H2 molecules formed from them would have diffused into space, leaving Earth with an arid 
Martian landscape. Instead, there is probably a net influx of water into Earth’s atmosphere from 
meteorites, which are largely composed of water.

Although water is not destroyed on Earth, the hydrosphere can certainly suffer damage by human 
activities as discussed in Chapters 4 and 5. One of the main human activities detrimental to the 
hydrosphere is excessive utilization of water in regions deficient in rainfall. Withdrawal of irrigation 
water from rivers in arid regions has reduced some once-mighty rivers to trickles by the time they 
reach the ocean. The water is not destroyed, but it evaporates and in some cases infiltrates the soil.

3.3  OCCURRENCE OF WATER

Water occurs throughout all the spheres of the environment. To name just a few of these locations, 
water is present in the atmosphere as water vapor, in the geosphere as soil moisture, in the biosphere 
as water in organisms, and in the anthrosphere in storage tanks and water distribution systems. 

Liquid water in the atmosphere
in clouds, fog, rainfall

Ocean
water

Water in the
biosphere

Water in the anthrosphere,
municipal and industrial use

Fresh surface
water

Water wells

Water in the geosphere
Groundwater in aquifers

Ice,
snow

Water vapor
in the atmosphere

Circulation of water in the
hydrologic cycle

FIGURE 3.2  The hydrosphere overlaps strongly with all the other environmental spheres. This illustration 
shows water in bodies of water: underground as groundwater, in a snowpack, in plants in the biosphere, as 
droplets and vapor in the atmosphere, and in water distribution systems and cooling towers in the anthro-
sphere. Water’s cycle in the environment is the hydrologic cycle shown here, in which solar energy evaporates 
water from the oceans, surface bodies of water, soil, and plants (transpiration); and the water in the atmo-
sphere is carried for a distance (sometimes thousands of kilometers), falls back to Earth as precipitation, 
infiltrates in part into groundwater, moves on Earth’s surface as rivers, flows back in part to the oceans, and 
then evaporates to renew the cycle.
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There are several major parts of the hydrosphere where water is accessible and potentially available 
for use. Where water is found in the hydrosphere has a lot to do with its availability, its chemistry, 
biological processes in water, and its pollution by harmful substances. The most important of these 
compartments of the hydrosphere are discussed in Sections 3.3.1 through 3.3.4.

3.3.1 S tanding Bodies of Water

The physical condition of a body of water strongly influences the chemical and biological processes 
that occur in the water. Surface water occurs primarily in streams, lakes, and reservoirs. Lakes 
may be classified as oligotrophic, eutrophic, or dystrophic, an order that often parallels the life 
cycle of lakes. Oligotrophic lakes are deep, generally clear, deficient in nutrients, and do not have 
much biological activity. Eutrophic lakes have more nutrients, support more life, and are more tur-
bid. Dystrophic lakes are shallow and clogged with plant life and normally contain colored water 
of low pH. Wetlands are flooded areas in which the water is shallow enough to enable the growth 
of bottom-rooted plants.

Some constructed reservoirs are very similar to lakes, whereas others differ a great deal from 
lakes. Reservoirs with a large volume relative to their inflow and outflow are called storage reser
voirs. Reservoirs with a large rate of flow-through compared to their volume are called run-of-
the-river reservoirs. The physical, chemical, and biological properties of water in the two types 
of reservoirs may vary appreciably. Water in storage reservoirs more closely resembles lake water, 
whereas water in run-of-the-river reservoirs is much like river water. Impounding water may have 
profound effects on its quality.

Estuaries constitute another type of body of water, consisting of arms of the ocean into which 
streams flow. The mixing of fresh- and saltwater gives estuaries unique chemical and biological 
properties. Because they are the breeding grounds of much marine life, the preservation of estuaries 
is very important for the health of the biosphere.

Water’s unique temperature-density relationship results in the formation of distinct layers within 
nonflowing bodies of water, as shown in Figure 3.3. During summer, a surface layer (epilimnion) 
is heated by solar radiation and, because of its lower density, floats upon the bottom layer, or hypo-
limnion. This phenomenon is called thermal stratification. When an appreciable temperature dif-
ference exists between the two layers, they do not mix but behave independently and have very 
different chemical and biological properties. The epilimnion, which is exposed to light, may have 
a heavy growth of algae. As a result of its exposure to the atmosphere and (during daylight hours) 
because of the photosynthetic activity of algae, the epilimnion contains relatively higher levels of 
dissolved oxygen, and it is said to be oxic or, in older terminology, aerobic. In the hypolimnion, 
bacterial action on biodegradable organic material consumes oxygen and may cause the water to 
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species in reduced forms 

Photosynthesis
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species in oxidized forms

O2 CO2

CO2 + H2O → {CH2O} + O2

FIGURE 3.3  Stratification of a lake.
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become anoxic (anaerobic), that is, essentially free of oxygen. As a consequence, chemical species 
in a relatively reduced form tend to predominate in the hypolimnion.

The shear plane, or layer between epilimnion and hypolimnion, is called the metalimnion. 
During autumn, when the epilimnion cools, a point is reached at which the temperatures of epi-
limnion and hypolimnion are equal. This disappearance of thermal stratification causes the entire 
body of water to behave as a hydrological unit, and the resultant mixing is known as overturn. An 
overturn also generally occurs in the spring. During an overturn, the chemical and physical char-
acteristics of the body of water become much more uniform, and a number of chemical, physical, 
and biological changes may result. Biological activity may increase from the mixing of nutrients. 
Changes in water composition during overturn may cause disruption in water treatment processes.

The chemistry and biology of Earth’s vast oceans are unique because of their high salt content, 
their great depth, and other factors. Oceanographic chemistry is a discipline in its own right. The 
environmental problems of the oceans have increased greatly in recent years because of the release 
of pollutants to oceans, oil spills, and increased utilization of natural resources from oceans.

3.3.2 F lowing Water

Surface water that flows in streams and rivers originates from precipitation that initially falls on areas 
of land called the watershed. Watershed protection has become one of the most important aspects 
of water conservation and management. To a large extent, the quantity and quality of available water 
from a watershed depend on the nature of the watershed. An important characteristic of a good 
watershed is the ability to retain water for a significant length of time. This reduces flooding, allows 
for a steady flow of runoff water, and maximizes the recharge of water into groundwater reservoirs 
(aquifer recharge). Runoff is slowed and stabilized by several means: one method is to minimize 
cultivation and forest cutting on steeply sloping portions of watersheds, and another is to use terraces 
and grass-planted waterways on cultivated land. The preservation of wetlands maximizes aquifer 
recharge, stabilizes runoff, and reduces the turbidity of runoff water. Small impoundments in the 
feeder streams of watersheds have similar beneficial effects.

Rivers in their natural state are free flowing. Unfortunately, the free-flowing characteristics of 
many of the world’s finest rivers have been lost to development for power generation, water supply, 
and other purposes. Many beautiful river valleys have been flooded by reservoirs, and many riv-
ers have been largely spoiled by straightening channels and other measures designed to improve 
navigation. A major adverse effect from dam construction consists of the loss of highly productive 
farmland in river floodplains. Esthetically, an unfortunate case was the flooding in the early 1900s 
of the Hetch-Hetchy Valley in Yosemite National Park in the Sierra Nevada mountains of California 
by a dam designed to produce hydroelectric power and water for San Francisco, California. More 
recently, proposals have been made to drain the valley in an attempt to restore it to some of its 
original beauty.

3.3.3 S edimentation by Flowing Water

The action of flowing water in streams cuts away stream banks and carries sedimentary materi-
als over great distances. Sedimentary materials may be carried by flowing water in streams as the 
following:

•	 Dissolved load from sediment-forming minerals in solution
•	 Suspended load from solid sedimentary materials carried along in suspension
•	 Bed load dragged along the bottom of the stream channel

The transport of calcium carbonate as dissolved calcium bicarbonate provides a straightforward 
example of dissolved load transport. Water with a high dissolved carbon dioxide concentration 
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(usually present as the result of bacterial action) in contact with calcium carbonate formations con-
tains Ca2+ and HCO3

− ions. Flowing water containing calcium in this form may become more basic 
by loss of CO2 to the atmosphere, consumption of CO2 by algal growth, or contact with dissolved 
bases, resulting in the deposition of solid CaCO3:

	 Ca 2HCO CaCO s CO g H O2
3 3 2 2

+ −+ → ( ) + ( ) + 	 (3.1)

Most flowing water that contains dissolved load originates underground, where it dissolves min-
erals from the rock strata that it flows through.

Most sediments are transported by streams as suspended load, which is obvious from the appear-
ance of mud in the flowing water of rivers draining agricultural areas or finely divided rock in 
Alpine streams fed by melting glaciers. Under normal conditions, finely divided silt, clay, or sand 
make up most of the suspended load, although larger particles are transported in rapidly flowing 
water. The degree and rate of movement of suspended sedimentary material in streams are func-
tions of the velocity of water flow and the settling velocity of the particles in suspension.

Bed load is moved along the bottom of a stream by the action of water “pushing” the particles 
along. Particles carried as bed load do not move continuously. The grinding action of such particles 
is an important factor in stream erosion.

Typically, about two-thirds of the sediments carried by a stream are transported in suspension, 
about one-fourth in solution, and the remaining relatively small fraction as bed load. The ability of 
a stream to carry water increases with both the overall rate of flow of the water (mass per unit time) 
and the velocity of the water. Both the velocities are higher under flood conditions, so floods are 
particularly important in the transport of sediments.

Streams mobilize sedimentary materials through erosion, transport materials along with stream 
flow, and release them in a solid form during deposition. Deposits of stream-borne sediments are 
called alluvium. As conditions such as lowered stream velocity begin to favor deposition, larger, 
more settleable particles are released first. This results in sorting such that particles of similar size 
and type tend to occur together in alluvium deposits. Much sediment is deposited in floodplains 
where streams overflow their banks.

3.3.4 G roundwater

Most groundwater originates as meteoritic water from precipitation in the form of rain or snow 
and enters underground aquifers through infiltration (Figure 3.4). The rock and soil layer in which 
all pores are filled with liquid water is called the zone of saturation, the top of which is defined as 
the water table. Water infiltrates into aquifers in areas called recharge zones. Groundwater may 
dissolve minerals from the formations through which it passes. Most microorganisms originally 
present in groundwater are filtered out as it seeps through mineral formations. Occasionally, the 
content of undesirable salts becomes excessively high in groundwater, although it is generally supe-
rior to surface water as a domestic water source. Groundwater is a vital resource in its own right; 
it plays a crucial role in geochemical processes, such as the formation of secondary minerals. The 
nature, quality, and mobility of groundwater are all strongly dependent on the rock formations in 
which the water is held. Physically, an important characteristic of such formations is their porosity, 
which determines the percentage of rock volume available to contain water. A second important 
physical characteristic is permeability, which describes the ease of flow of the water through the 
rock. High permeability is usually associated with high porosity. However, clays, which are com-
mon secondary mineral constituents of soil, tend to have low permeability even when a large per-
centage of their volume is filled with water.

Groundwater that is used for water supply is usually taken from a water well. Poor design and 
mismanagement of water wells can result in problems of water pollution, land subsidence where 
the water is pumped out, and severely decreased production. As an example, when soluble iron and 
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manganese are present in groundwater, exposure to air at the well wall can result in the formation of 
solid deposits of insoluble iron and manganese oxides produced by bacterially catalyzed oxidation 
processes that result from their contact with oxygen in the air. The deposits fill the spaces that water 
must traverse to enter the well. As a result, they can seriously impede the flow of water into the well 
from the water-bearing aquifer. This creates major water source problems for municipalities using 
groundwater for water supply. As a result of this problem, chemical or mechanical cleaning of wells, 
drilling of new wells, or even acquisition of new water sources may be required.

3.4  WATER SUPPLY AND AVAILABILITY

It is interesting to note that, despite what appears to be enormous amounts of water in major rainfall 
and flooding events, 97.5% of Earth’s water remains in the oceans and only 2.5% is freshwater. 
Furthermore, the greater portion of freshwater, 1.7% of Earth’s total water, is held immobilized 
in ice caps in polar regions and in Greenland. This leaves only 0.77% of Earth’s water, commonly 
designated as freshwater, potentially accessible for human use.

As shown in Figure 3.2 and discussed in Section 3.3, freshwater occurs in several places that can 
serve as water sources. Surface water is found on land in natural lakes, in rivers, in impoundments 
or reservoirs produced by damming rivers, and under the ground as groundwater. Groundwater is an 
especially important resource and is susceptible to contamination by human activities.

As discussed in more detail in Chapter 5, water is a key resource in the maintenance of sustainabil-
ity. Shortages of water from climate-induced droughts have been responsible for the declines of major 
civilizations. In some parts of the world, water is in such short supply that the daily per capita con-
sumption is less than the amount of water used by a person in an industrialized country during a single 
tooth brushing with the water left running in the bathroom sink. Variations in water supply cause 
severe problems for humans and other life forms throughout the world. Devastating floods displace 
and even kill large numbers of people throughout the world and destroy homes and other structures. 
At the other extreme of the precipitation scale, severe droughts curtail plant productivity resulting in 
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FIGURE 3.4  Aspects of groundwater in an aquifer: groundwater is contained in underground aquifers 
beneath Earth’s surface. The level that water reaches in a well drilled into the aquifer defines the water table. 
The water table can be lowered by pumping water from an aquifer and raised by pumping water into an aquifer 
or from natural infiltration of water in a spreading basin on the surface.
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food shortages for humans and other animals, often necessitating the slaughter of farm animals. It is 
feared that the severity of both droughts and occasional floods will become much worse as the result 
of global warming brought on by rising carbon dioxide levels in the atmosphere (see Chapter 8).

Both water quality and water quantity are important factors in sustaining healthy and prosperous 
human populations. Water is an important vector for disease. In the past, waterborne cholera and 
typhoid have killed millions of people, and these and other waterborne diseases, especially dysen-
tery, are still problems in less developed areas lacking proper sanitation. The prevention of water 
pollution has been a major objective of the environmental movement, and avoiding the discharge 
of harmful water-polluting chemicals is one of the main objectives of the practice of green technol-
ogy. Water supplies are a concern with respect to terrorism because of their potential for deliberate 
contamination with biological or chemical agents.

The water that humans use is primarily fresh surface water and groundwater, the sources of 
which may differ from each other significantly. In arid regions, a small fraction of the water supply 
comes from the ocean, making use of huge water desalination plants, which is a source that is likely 
to become more important as the world’s supply of freshwater dwindles relative to demand. Saline 
or brackish groundwater may also be utilized in some areas.

In the continental United States, an average of approximately 1.48 × 1013 L of water fall as pre-
cipitation each day, which translates to 76 cm per year. Of that amount, approximately 1.02 × 1013 L 
per day, or 53 cm per year, are lost by evaporation and transpiration. Thus, the water theoretically 
available for use is approximately 4.6 × 1012 L per day, or only 23 cm per year. At present, the United 
States uses 1.6 × 1012 L per day, or 8 cm of the average annual precipitation, an almost tenfold 
increase from the usage of 1.66 × 1011 L per day in 1900. Even more striking is the per capita increase 
from about 40 L per day in 1900 to around 600 L per day by the end of the last century. Much of this 
increase is due to high agricultural and industrial use, each of which accounts for approximately 46% 
of the total consumption. Municipal use consumes the remaining 8%.

For centuries, humans have endeavored to manage water by measures such as building reservoirs 
to store water for future use and dikes and dams to control flooding. The results of these measures 
have been mixed. Typically, construction of reservoirs to provide water for arid regions has been 
successful and has enabled development in these areas, which may occur for many years without 
significant problems. The adverse effects of severe, prolonged droughts are made worse by the fact 
that control of water supplies has enabled excessive growth in water-deficient areas. The Las Vegas 
metropolitan region of the United States and Mexico City in Mexico are examples of metropolitan 
regions that have outgrown the natural water capital available to them. Also, the construction of 
river dikes has enabled agricultural and other development in flood-prone areas. But when a record 
flooding event occurs, such as the 500-year flood that occurred along the Missouri River in 1993, 
failure of the protective systems causes much greater devastation than would otherwise be the case. 
Following this particular event, sensible actions were taken in some areas where farm property 
along the Missouri River was purchased by government agencies and allowed to revert to a wildlife 
habitat in its natural state, which included periodic flooding.

Problems with water supply are illustrated in Figure 3.5, which shows rainfall patterns in the 
continental United States. It is seen that the eastern United States has generally adequate rainfall. 
However, the western United States is water deficient. Furthermore, some of the fastest growing 
areas of the United States are among the most water-deficient areas in the country, including south-
ern California, Arizona, Nevada, and Colorado. Even much more severe water supply problems 
exist in other parts of the world, such as sections of Africa and the area of Palestine and Israel.

The world abounds with examples of groundwater depletion, which is one of the most obvious 
manifestations of water overuse. Water pumped from below the ground in Mexico City, which is 
built on an old lakebed, has caused much of the city to sink, damaging many of its structures. In the 
United States, groundwater has been wastefully depleted from the High Plains Aquifer commonly 
called the Ogallala Aquifer, most of which underlies regions of Nebraska, Kansas, Oklahoma, and 
Texas. Groundwater depletion related to sustainability is discussed in more detail in Chapter 5.
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3.5 � LIFE AND ITS INFLUENCE ON ENVIRONMENTAL 
CHEMISTRY IN THE HYDROSPHERE

Aquatic life is very important because all life forms require water, much of the biosphere exists in 
the hydrosphere, aquatic organisms are a key source of food for humans, and much of the chem-
istry that takes place in natural water (water in the environment) occurs through the biochemical 
processes of organisms. One of the main concerns with respect to sustainability is the reduction of 
seafood production due to overfishing, the effects of climate change, and pollution. As discussed 
further in Chapter 17, aquatic algae, which are prolific producers of biomass, are likely to be called 
upon to produce increasing amounts of renewable fuel and biomass material in the future. The 
role that aquatic organisms play in determining the environmental chemistry of the hydrosphere is 
introduced here. The toxicological chemistry and other aspects of organisms in the hydrosphere, 
including biodegradation and bioaccumulation, are discussed in Sections 3.12 through 3.14.

Figure 3.6 shows the major aspects of aquatic life. Before discussing the living organisms (biota) 
in water, it is useful to define some terms that apply to them. Plankton are small plants, small 
animals, and single-celled organisms that float, drift, or propel themselves weakly in water; phyto-
plankton perform photosynthesis, and animal plankton are called zooplankton. The hydrosphere 
supports a large variety of invertebrate organisms, such as crustaceans, and vertebrate organisms 
including fish. Bottom-rooted water plants grow exposed to sunlight near the surface. Autotrophic 
biota powered by sunlight or chemical energy produce biomass from simple inorganic molecules 
including dissolved CO2. They are called producers. The most important of these organisms are 
photosynthetic algae, which produce biomass (abbreviated as {CH2O}) by the following biochemi-
cal reaction in which hν stands for solar energy:

	 CO H O CH O O g2 2 2 2+ + →{ }+ ( )hν 	 (3.2)

Heterotrophic organisms metabolize organic matter and are important in completing elemen-
tal cycles by breaking down complex biomass back to simple inorganic species, including CO2, 
NH4

+, NO3
−, SO4

2−, and H PO HPO2 4
2

4
− −/ , which are sources of C, N, S, and P for autotrophic organ-

isms. Aquatic microorganisms are very important in the biodegradation of xenobiotic toxicants in 
the hydrosphere (see Section 3.12).

Although relatively high productivity of biomass by photosynthetic organisms is needed to pro-
duce the food that forms the basis of aquatic food chains, excessive productivity can result in too 
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FIGURE 3.5  Water distribution in the continental United States showing water deficiencies in the rapidly 
growing southwestern states: precipitation amounts are in centimeters per year.
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much biomass, which can choke a body of water, decay, and use up the oxygen required by fish. 
Such a condition is called eutrophication. A common water pollution problem, eutrophication is 
the result of excessive nutrients, especially inorganic phosphorus and nitrogen, in the water.

Dissolved oxygen (DO) is a very important constituent of water required by fish and some other 
forms of aquatic life and largely determines the extent and kinds of life in a body of water. An impor-
tant water quality parameter related to oxygen is biochemical oxygen demand (BOD), which is the 
amount of oxygen utilized when the organic matter in a given volume of water is degraded biologi-
cally. Excessive BOD may make water unfit to support fish and other organisms that require water.

3.5.1 A quatic Organisms and Chemical Transitions in the Hydrosphere

Aquatic organisms, especially single-celled microorganisms, are very much involved in chemical 
transitions in the hydrosphere. Most of them are oxidation-reduction reactions (see Section 3.7).

Two very important microbial transitions involve carbon. The first of these is photosynthesis, 
which is powered by solar energy from the sun (represented by light photon energy, hν, in which h 
is Planck’s constant and ν is the frequency of light radiation), in which carbon dioxide, largely from 
the atmosphere, is converted to biomass, represented by the general formula {CH2O}:

	 CO H O CH O O g2 2 2 2+ + →{ }+ ( )hν 	 (3.3)

A second important microbially mediated reaction is the opposite of photosynthesis in which 
biomass is oxidized biochemically by elemental oxygen, converting the carbon in biomass to car-
bon dioxide:

Plants

Phytoplankton

Photosynthesis
biomass

Zooplankton

Fish

Bottom-dwelling organisms

FIGURE 3.6  A variety of life forms exist in a healthy body of water. Free-floating algae (phytoplankton) 
produce biomass that forms the basis of the food chain in the aquatic ecosystem. Very small animals including 
single-celled protozoa (zooplankton) are suspended in the water or move through it. A variety of organisms, 
especially shellfish, dwell largely in the bottom regions of the water. Fishes are higher on the food chain, and 
land animals that feed on aquatic life are even higher.
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	 CH O O g CO H O2 2 2 2{ }+ ( )→ + 	 (3.4)

The same process acts in the biodegradation of pollutant chemicals in the hydrosphere.
Several important microbially mediated elemental transitions in the hydrosphere involve nitro-

gen. Nitrogen fixation is the process in which elemental nitrogen from the atmosphere is converted 
to organic or ammoniacal nitrogen:

	 3 CH O 2N 3H O 4H 3CO 4NH2 2 2 2 4{ } + + + → ++ + 	 (3.5)

It is carried out by Azotobacter, several species of Clostridium, and Cyanobacteria. The chemi-
cal conversion of elemental nitrogen to a chemically combined form in a chemical manufacturing 
operation requires catalysts, extremely high pressures, and high temperatures; in comparison, the 
same conversion by bacteria under very mild conditions is a remarkably green, environmentally 
friendly process.

Nitrification, the bacterial conversion of NH4
+ to NO3

−, is an important process in nature because 
it provides nitrogen in the nitrate form that algae and other plants can utilize:

	 2O NH NO 2H H O2 4 2+ → + ++ − +
3 	 (3.6)

Bacterially mediated denitrification

	 4NO 5 CH O 4H 2N 5CO 7H O2 2 2 23
− ++ { } + → + + 	 (3.7)

is the process by which nitrate is reduced by bacteria to gaseous nitrogen and returned to the atmo-
sphere. In addition to completing the nitrogen cycle, denitrification is important in wastewater 
treatment because it removes fixed nitrogen from wastewater effluent, which, when released to the 
aquatic environment, would cause excessive algal growth and eutrophication.

The microbial transition of inorganic sulfur species is an important process in the hydrosphere. 
An example is the reduction of sulfate to H2S with biomass acting as the reducing agent:

	 SO 2 CH O 2H H S 2CO 2H O4
2

2 2 2 2
− ++ { } + → + + 	 (3.8)

This is a process carried out by Desulfovibrio acting with other bacteria. Because of the presence 
of sulfate in seawater, this process for the formation of hydrogen sulfide is a significant source of 
atmospheric sulfur and a source of the pollutant H2S in coastal areas. In areas where this occurs, the 
sediment is often black in color due to the formation of FeS. In the presence of elemental oxygen, 
Thiobacillus thiooxidans and other bacteria may oxidize hydrogen sulfide to sulfate ion:

	 H S 2O 2H SO2 2+ → ++ −
4
2 	 (3.9)

This is a reaction that produces strong sulfuric acid. Thiobacillus thiooxidans is remarkably acid 
tolerant and can live in solutions containing up to 1 mole of H+ per liter.

Some metals, especially iron, are acted upon by bacteria in water. Ferrobacillus, Gallionella, 
and some forms of Sphaerotilus bacteria obtain energy for their metabolic needs by oxidizing 
iron(II) to iron(III) with molecular oxygen:

	 4FeCO s O 6H O 4Fe OH s 4CO3 2 2 3 2( ) + + → ( ) ( ) + 	 (3.10)

Acid mine drainage (see Chapter 4) is an environmentally important pollutant that results from 
bacterial action on iron compounds from coal mines. Acid mine water, due to the presence of sulfuric 
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acid and acidic hydrated Fe3+  ion, forms when bacteria act upon pyrite, FeS2, a sulfur-containing 
mineral associated with coal. The first step is the oxidation of pyrite:

	 2FeS s 2H O 7O 2Fe 4H 4SO2 2 2
2( ) + + → + ++ + −

4
2 	 (3.11)

The iron(II) ion product of this reaction is oxidized to iron(III) ion:

	 4Fe O 4H 4Fe 2H O2
2

3
2

+ + ++ + → + 	 (3.12)

This is also catalyzed by bacteria. The +Fe3  product of this reaction acts chemically on pyrite:

	 FeS s 14Fe 8H O 15Fe 2SO 16H2
3

2
2

4
2( ) + + → + ++ + − +	 (3.13)

This produces more sulfuric acid, puts additional +Fe2  into solution, and completes the cycle for the 
dissolution of pyrite. The Fe(III) ion exists in solution as the hydrated species Fe(H O)2 6

3+ and forms 
a precipitate of iron(III) hydroxide:

	 Fe H O Fe OH s 3H 3H O2 3 2( ) → ( ) ( ) + ++ +
6

3
	 (3.14)

This releases +H  ion and contributes to the acidity of acid mine water. The Fe(OH)3 precipitate is a 
semigelatinous orange material that remains in and along stream beds as an unsightly deposit. The 
sulfuric acid from acid mine water is toxic to water animal and plant life and tends to leach +Al3  ion 
from the geosphere. This species is phytotoxic (toxic to plants).

3.5.2 M icrobial Action on Organic Matter in the Hydrosphere

An environmentally important function of microorganisms in the hydrosphere is detoxication (also 
called detoxification) and degradation of water contaminants, discussed further in Sections 3.12 
through 3.15. The complete biodegradation of water pollutants is often the result of several kinds of 
microorganisms acting in sequence. For example, Micrococcus, Pseudmonas, Mycobacterium, and 
Nocardia may all be involved in the biodegradation of petroleum.

The main mechanism for the biodegradation of water pollutants is oxidation, which is shown 
in a general sense in Reaction 3.4. For example, bacteria act on octane, an ingredient of gasoline:

	 2 25 16 18 18 2 2C H O COBacterial oxidation+  → + 88 2H O 	
(3.15)

This is an overall reaction that results in the conversion of the hydrocarbon completely to the simple 
inorganic compounds carbon dioxide and water, a process of mineralization. The partial oxidation 
of organic pollutants to intermediate organic compounds also commonly occurs.

Microbially mediated processes other than oxidation may also occur with water pollutants. In 
anoxic regions of water where O2 is absent, reduction may take place. One of the most common bio-
chemical processes mediated by microorganisms and operating on pollutants in water is hydrolysis 
in which a molecule is split in two with the addition of a water molecule. The products of hydrolysis 
are often more amenable to further biodegradation, such as oxidation, than is the parent compound.

3.6  ENVIRONMENTAL CHEMISTRY OF THE HYDROSPHERE

The environmental chemistry of the hydrosphere is rich and complex. It is strongly influenced by 
the unique chemical properties of water, especially the polar nature of the water molecule and 
hydrogen bonding discussed in Section 3.1. It involves a variety of chemical processes, including 
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acid-base, precipitation, oxidation-reduction, and metal chelation. To a large extent, these phenom-
ena are described by chemical equilibrium calculations, such as those involving the ionization of 
weak acids or the dissolution of slightly soluble salts.

As discussed with some examples in Section 3.5, the chemistry of water is strongly influenced 
by biochemical processes largely involving aquatic microorganisms, especially with respect to 
oxidation-reduction phenomena. The chemistry of water depends on where the water is located, 
such as in a turbulent stream exposed to atmospheric oxygen, the bottom regions of a quiescent body 
of water isolated from O2, groundwater in intimate contact with underground formations, or oceanic 
saltwater with its high concentration of ions.

An overview of the environmental chemistry of water may be had by the examination of 
Figure  3.7, which shows a body of water stratified by the temperature/density relationship that 
develops in water, especially in the summer months (see also Figure 3.3). Exposed to atmospheric 
oxygen and light, the top layer, the epilimnion, normally has a significant concentration of dissolved 
oxygen and is oxic. Photosynthetic algae thrive in the epilimnion and during daylight produce O2 by 
photosynthesis. Isolated from atmospheric oxygen, the hypolimnion located in the bottom regions 
of the body of water becomes anoxic as O2 is consumed by bacteria. Chemically oxidized species 
including CO2, NO3

−, and SO2
4
− predominate in the epilimnion, and chemically reduced species such 

as CH4, NH4
+, and H2S are found in the hypolimnion.

A major factor in the chemistry of the aquatic system shown in Figure 3.7 is the biochemical 
photosynthetic production of organic matter represented as {CH2O}. Organic matter is a bio-
chemical reducing agent, and when it sinks into the hypolimnion it is oxidized by microorganism-
mediated processes that, for example, reduce NO3

− and SO2
4
− to NH4

+ and H2S, respectively. Two 
important microbially mediated oxidation-reduction reactions of {CH2O} are reaction with dis-
solved O2

2HCO3  + hν Photosynthesis {CH 2O} + O2 3(g) + CO2–

CO3  + H2O Acid-base HCO3 +OH–

Ca2+ + CO3 CaCO 3(s)Precipitation

2{CH 2O} + SO 4  + 2H+ Microbial
action

H2S(g) + 2H2O + 2CO2(g)
UptakeLeaching

Groundwater
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FIGURE 3.7  Water chemistry as affected by the stratification of a body of water in which a warmer, less 
dense layer of water in the epilimnion resides above a cooler, denser hypolimnion: this stratification prevents 
oxygen from penetrating to lower depths where chemically reduced species (CH4, NH4

+, H2S) predominate. In 
the oxic epilimnion, chemically oxidized species (CO2, NO3

−, SO2
4
−) are present.
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	 { }CH O O CO H O2 2 2 2+ → + 	 (3.16)

which depletes dissolved oxygen in water, making the hypolimnion anoxic, and methane 
fermentation

	 2 CH O CH CO2 4 2{ }→ + 	 (3.17)

which produces combustible methane gas. As noted in Section 3.5, the ability of {CH2O} to react 
with dissolved O2 is a measure of the potential of water to become depleted in the oxygen needed by 
fish and other aquatic organisms and is expressed as BOD.

The photosynthetic biochemical production of biomass results in some important chemical reac-
tions. As illustrated in Figure 3.7, algae performing photosynthesis use dissolved HCO3

− ion as a car-
bon source and in so doing produce carbonate ion, CO2

3
−. Two additional reactions of carbonate ion 

are shown in Figure 3.7. One is its hydrolysis reaction with H2O molecules back to HCO3
− with the pro-

duction of −OH  ion. This makes the water basic, an important aquatic acid-base reaction. The second 
reaction of carbonate is its reaction with dissolved +Ca2  to produce solid CaCO3, an important pre-
cipitation reaction in water that has been responsible for the formation of large deposits of limestone.

An important property of degradable biomass in water is its ability to act as a reducing agent in 
oxidation-reduction reactions mediated by microorganisms, such as the aforementioned reaction 
with dissolved O2. As shown in Figure 3.7, utilization of SO4

2− ion as an alternative to O2 as a source 
of oxygen produces odorous, toxic hydrogen sulfide, H2S.

3.7  ACID-BASE PHENOMENA IN THE HYDROSPHERE

Acid-base phenomena in water involve the exchange of H+ ions. An important water quality 
parameter is the presence of species capable of accepting H+ ions, which is called alkalinity; it is a 
characteristic that is important in the biology, chemistry, and chemical treatment of water. Normally 
due to the presence of bicarbonate ion, HCO3

−, alkalinity serves as a pH buffer and reservoir for 
inorganic carbon required for algal photosynthesis. Most natural waters are somewhat alkaline. The 
following three reactions show water alkalinity in the form of bicarbonate, carbonate, and hydrox-
ide ions accepting H+ ions:

	 HCO H CO H O3 2 2
− ++ → + 	 (3.18)

	 CO H HCO2
33

− + −+ → 	 (3.19)

	 OH H H O2
− ++ → 	 (3.20)

A characteristic that is analogous to alkalinity is acidity, the capability of species in water 
to produce +H  ion or to neutralize −OH  ion. The most common acidic component of water is 
dissolved CO2, which produces weakly acidic water. Relatively more acidic water with a low 
pH generally indicates pollution. Acidity may be due to dissolved hydrated metal ions, such as 

+Fe(H O)2 6
3 , which readily release +H  ion. Strong acids including H2SO4 and HCl in water are 

called free mineral acids. Water containing a substantial concentration of free mineral acid may 
be quite toxic to most forms of aquatic life. The pollutant acid mine water contains an appreciable 
concentration of free mineral acid, and free mineral acid may enter bodies of water from the 
atmosphere as acid rain.
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3.7.1 C arbon Dioxide in Water

An important solute in water that is associated with both acidity and alkalinity is dissolved carbon 
dioxide, CO2, which is almost always present in natural water from contact with atmospheric air or 
as a product of microbial biodegradation of organic matter. Present in the atmosphere at a level of 
about 390 ppm of dry air (and increasing due to release from the anthrosphere at a rate of almost 
2 ppm per year), atmospheric CO2 gas makes rainwater from even a totally unpolluted atmosphere 
slightly acidic. At 25°C, in water in equilibrium with unpolluted air containing 390 ppm carbon 
dioxide, the concentration of dissolved CO2(aq) is 1.276 × 10−5 mol/L (M), a value that is used for 
subsequent calculations in this chapter.

Dissolved carbon dioxide at high levels can be toxic to aquatic life. Three volcanic lakes in 
Africa, Lake Nyos and Lake Monoun in Cameroon and Lake Kivu in Rwanda, are saturated with 
carbon dioxide gas from underground sources. Occasionally, people and livestock are killed by 
exposure to the gas along the lakeshores. In the worst incident by far, 1700 people and several 
thousand livestock were asphyxiated in 1986 by an abrupt release of carbon dioxide from the super-
saturated bottom layer of Lake Nyos.

Most dissolved CO2 in water is present as neutral CO2(aq) and not as H2CO3 as it is often shown. 
The following reactions and equations describe the CO2–HCO3

−–CO2
3
− system in water. Dissolved 

CO2 in water acts as an acid reacting with water as follows:

	 CO H O H HCO2 2+ ↔ ++ −
3 	 (3.21)

This is a chemical equilibrium reaction and the double arrows denote that it is reversible, and it 
lies primarily to the left as shown by the relatively low value of its equilibrium constant at 25°C:
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The bicarbonate ion, HCO3
−, can also ionize to produce H+:

	 HCO H CO3 3
2− ←→ ++ − 	 (3.23)

But it is an extremely weak acid as shown by the very low value of its equilibrium constant 
expression:
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(3.24)

The predominance of the three major species in the CO2–HCO3
−–CO3

2− system is a function of pH 
as shown by the distribution of species diagram in Figure 3.8. At low pH, dissolved CO2 predomi-
nates as is the case with carbonated beverages or any mineral water “with gas.” At relatively basic 
pH values, CO3

2− may predominate. Throughout the normal pH range of natural waters and drinking 
water, −HCO3 is the predominant species and is the species responsible for most of the alkalinity 
in the water. The pH ranges in which various species predominate are shown by a distribution of 
species diagram with pH as a master variable, as illustrated in Figure 3.8. The plots in this diagram 
may be calculated from the aforementioned Ka expressions.
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3.8  SOLUBILITY AND PHASE INTERACTIONS

Rather than occurring homogeneously in solution, most significant chemical and biochemical phenom-
ena in water involve interactions between species in water and another phase (Figure 3.9). Typically, 
solid biomass produced photosynthetically in the hydrosphere is generated within a suspended algal 
cell and the process involves the exchange of dissolved solids and gases between the surrounding 
water and the cell. The biodegradation of organic matter in water (often in the form of small particles 
suspended in water) occurs inside or on the surface of bacterial cells and involves the exchange of mat-
ter with the aqueous phase. Solids and gases are produced by chemical reactions in water. To a large 
extent, iron and other important trace-level substances are transported through the hydrosphere in the 
form of small (colloidal) particles. Some organic pollutants such as petroleum or water-immiscible 
herbicides are often present as a water-immiscible film on the water surface. Sediments are washed 
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2− −− − system as a function of pH: at pH 

values below pKa1, CO2 predominates; when pH = pKa1, the fraction of CO2 equals the fraction of HCO3
−; at 

pH = 1/2(pKa1 + pKa2), the fraction of HCO3
− is at its maximum value; when pH = pKa2, the fraction of HCO3

− 
equals the fraction of CO3

2−; and as pH exceeds pKa2, the fraction of CO3
2− approaches 1.
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FIGURE 3.9  Most important environmental chemical processes in the hydrosphere involve interactions 
between water and another phase. Aquatic biochemical processes take place inside the cells of organisms 
suspended in water, materials are exchanged between water and sediments, gases are emitted to and absorbed 
from the atmosphere, very small colloidal particles are suspended in water and aggregate to form solids that 
settle into sediments, and water-immiscible liquids such as hydrocarbons may be present as films on the water 
surface. The inset shows a phenomenon observed in some sediments in which layers of white CaCO3 precipi-
tated as the result of photosynthesis during the summer alternate with black layers of FeS produced by the 
reaction of Fe2+ and H2S formed by anoxic bacterial processes during the winter.
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from the geosphere surface into bodies of water and may be formed from chemical and biochemical 
processes in water. A body of water typically consists of the water itself, very small particles of colloi-
dal matter suspended in the water, and sediments. Colloidal matter may be in the form of solids, gases, 
or water-immiscible liquids and often is very reactive because of its high surface area to volume ratio. 
An important aspect of phase interactions involves solubilities of gases and solids in water.

3.8.1 G as Solubilities

Dissolved gases—O2 for fish and CO2 for photosynthetic algae—are crucial to the welfare of living 
species in water. Fish require dissolved oxygen, dissolved carbon dioxide supports photosynthesis, 
and supersaturated nitrogen transferred from water to fish blood can cause bubbles that can kill the 
fish. The biodegradation of organic matter in water consumes dissolved oxygen and may reduce its 
levels below those required by fish, resulting in fish kills. Therefore, biodegradable organic matter, 
such as improperly treated sewage, although not particularly toxic in itself, may result in fish kills 
due to oxygen deprivation.

Gas solubilities are calculated with equilibrium calculations using Henry’s law, which states that 
the solubility of a gas in a liquid is proportional to the partial pressure of that gas in contact with 
the liquid. Mathematically, Henry’s law applies to the process of a gas from the atmosphere or some 
other gas phase going into solution without any additional chemical reaction

	 X Xg aq( )←→ ( ) 	 (3.25)

and is expressed mathematically as

	 X KPXaq( )  = 	 (3.26)

where [X(aq)] is the aqueous concentration of the gas in moles per liter, PX is the partial pressure 
of the gas in atmospheres, and K is the Henry’s law constant that applies to a specific gas at a given 
temperature in units of moles per liter per atmosphere. (Other units of concentration and pressure 
are commonly used as well.)

As an example of a gas solubility calculation, consider the concentration of O2 in water in equi-
librium with air at 1 atm total pressure and a temperature of 25°C at which temperature the Henry’s 
law constant for O2 is 1.28 × −10 3mol · −L 1 · −atm 1. It is first necessary to correct for the partial pres-
sure of water at 25°C, which is 0.0313 atm. Making this correction and applying the knowledge that 
dry air is 20.95% by volume of O2 yields the following equation:

	 PO2
1 atm 313 atm 2 95 2 29 a= −( ) × =. . . .0000 0 0 0 0 0 0 ttm 	 (3.27)

	
[ ( )] . .O mol L atmO2

3 1 1
2

1 28 10 0 2029aq = × = × × ×− − −K P aatm
	

(3.28)

	 O aq 2 6 1 mol L4 1
2 0 0( )  = × ⋅− −. 	 (3.29)

Converting to commonly used units of milligrams per liter for concentration shows that at 25°C 
and atmospheric pressure the concentration of dissolved O2 in water is only 8.32 mg/L. The solubil-
ity of O2 decreases with increasing water temperature. Thus, water in equilibrium with air cannot 
contain a high level of dissolved oxygen compared to many other solute species. Oxygen-consuming 
processes in the water may cause the dissolved oxygen level to rapidly approach zero unless some 
efficient mechanism for the reaeration of water is operative, such as turbulent flow in a shallow 
stream or air pumped into the aeration tank of an activated sludge secondary-sewage treatment 
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facility. At higher temperatures, the decreased solubility of O2, combined with the increased respi-
ration rate of aquatic organisms, often results in severe oxygen depletion.

3.8.2 C arbon Dioxide and Carbonate Species in Water

Figure 3.10 illustrates the important relationships among dissolved CO2 in water, dissolved car-
bonate species (HCO3

−, CO3
2−), and solid carbonate minerals, particularly limestone (CaCO3) and 

dolomite (CaCO3 · MgCO3). These species are very important in the chemistry of the hydrosphere. 
As examples, many minerals are deposited as salts of CO3

2− ion and algae in water utilize dissolved 
CO2 and HCO3

− in the synthesis of biomass. The equilibrium relationships among CO2 gas in the 
atmosphere, dissolved CO2 and carbonate species in water, and solid carbonate minerals largely 
determine the pH, alkalinity, and hardness of water.

Since air is only about 0.039% CO2 by volume, the concentration of this gas that dissolves in 
water from the atmosphere is relatively low. Much of the dissolved CO2 in water comes from the 
microbial decay of organic matter in water and in soil. If the concentration of free carbon dioxide in 
water from these or subterranean (volcanic) sources is too high, the respiration and gas exchange of 
aquatic organisms may be adversely affected and fish and other organisms may even die as a result. 
The formation of HCO3

− and CO2
3
− significantly increases the solubility of carbon dioxide in water.

The reaction between dissolved carbon dioxide in water and carbonate minerals such as lime-
stone, CaCO3,

	 CaCO s CO aq H O Ca 2HCO3 2 2
2( ) + ( ) + ↔ ++ −

3	 (3.30)

determines the alkalinity, pH, and dissolved calcium concentration for water in contact with CaCO3 
mineral. From a Henry’s law calculation, it may be shown that the concentration of CO2 in water 
in equilibrium with air, that is, 0.039% CO2, is 1.276 × 10 5−  M. Dissolved carbon dioxide reacts as 
a weak acid

	 CO H O H HCO2 2 3+ ↔ ++ − 	 (3.31)

Rainfall

Infiltrating
water

CO2

CO2

CaCO3

CaCO3 + CO2 + H2O         Ca2+ + 2HCO3
–

HCO3
–

Ca2+

FIGURE 3.10  Carbon dioxide in water reacts with limestone, CaCO3, to produce dissolved +Ca2  (water hard-
ness) and dissolved 3

−HCO  (water alkalinity), a reaction that buffers the water pH at a slightly basic level. The 
carbon dioxide may come from the atmosphere or from decaying organic matter in water or soil.
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with the following acid dissociation constant:
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The reaction of HCO3
− to produce H+ and the equilibrium constant expression for that reaction 

are as follows:

	 HCO H CO3 3
2− ←→ ++ − 	 (3.33)
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The solubility product of calcium carbonate is

	 Ksp
2

3
2 9Ca CO 4 47 1= = ×+ − −[ ][ ] . 0 	 (3.35)

From these reactions and equilibrium constant expressions, it may be shown that the reaction 
between calcium carbonate and dissolved CO2

	 CaCO s CO aq H O Ca 2HCO3 2 2
2

3( ) + ( ) + ←→ ++ −	 (3.36)

has the following equilibrium constant expression:
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The stoichiometry of Reaction 3.30 gives [HCO ]3
−  = 2 +[Ca ]2 , a bicarbonate ion concentration that 

is twice that of calcium. Substitution of the value of CO2 concentration of × −1.276 10 5 M into the 
expression for K′ yields a value of 5.14 × −10 4 M for +[Ca ]2  and a value of × −1.03 10 3 M for [HCO ]3

− . 
Substitution into the expression for Ksp yields a value of × −8.70 0 6 M for [ ]CO2

3
− . Further substitution 

into the product Ka1Ka2
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(3.38)

yields [H+] = 5.54 × 10−9 M (pH 8.26). The value of [HCO ]3
−  is essentially equal to the alkalinity 

and a much higher contribution than either CO2
3
− or OH−. These calculations show that for water in 

equilibrium with CO2 from the atmosphere and with solid CaCO3, the pH should be slightly basic 
and both hardness and alkalinity should be around 1 × 10−3 M, which are values close to those 
observed in many natural waters.

3.8.3 S ediments

Sediments are the layers of solid and semisolid material in the bottom of bodies of water. Varying 
in composition from pure mineral matter to pure organic matter, sediments are typically mixtures 
of clay, silt, sand, organic matter, and various minerals. The most straightforward process for sedi-
ment formation is erosion of geospheric material into bodies of water. Other physical, chemical, 
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and biological processes may result in sediment formation. Typically, as the pH rises in water as the 
result of photosynthetic activity, solid calcium carbonate is precipitated:

	 { } ( )( )+ + ν←→ + ++ − hCa 2HCO CH O CaCO s O g2
3 2 3 2 	 (3.39)

Another biochemical process that produces sedimentary material occurs when anoxic bacteria in 
sediments degrade biomass using sulfate ion, −SO4

2 , as an oxygen source to produce H2S (a biochem-
ically mediated reaction that is shown in Figure 3.7) and other bacteria reduce insoluble iron(III) 
oxides to soluble +Fe2 . The following reaction then occurs to produce black, solid FeS in sediments:

	 ( )+ → ++ +Fe H S FeS s 2H2
2 	 (3.40)

In some lakes, this has resulted in the formation of alternate layers of white CaCO3 formed as 
the result of photosynthesis in the summer and black FeS produced by anoxic processes during the 
winter, as shown in the inset in Figure 3.9.

A beneficial effect of the formation of H2S and FeS produced by anoxic processes in sediments 
is the reaction of both these species with heavy metal ion pollutants to remove heavy metals from 
solution as precipitates such as PbS and CdS.

Sediments can be sources of toxicants and are an important consideration in toxicological chem-
istry. Although heavy metal sulfides such as PbS and CdS are removed from water into sediments, 
when the sediments are stirred up the sulfides can be oxidized to toxic soluble forms. The dense, 
toxic pollutants polychlorinated biphenyls (PCBs) have accumulated in Hudson River sediments as 
discussed in Chapter 4, Section 4.12. As noted in Section 3.11, anoxic bacterial processes in sedi-
ments may convert insoluble inorganic mercury to mobile methylmercury compounds that contami-
nate fish tissue. Bottom-feeding organisms may bioaccumulate metal and organic pollutants that 
have accumulated in sediments.

3.8.4 C olloids in Water

Very small suspended colloidal particles are important constituents of natural waters and sediments. 
Colloidal particles are composed of a variety of materials including minerals (especially clays), 
algae cells, bacteria cells, proteinaceous materials, and water-immiscible pollutants. Colloidal par-
ticles suspended in water (1) range in diameter from about 0.001 µm to about 1 µm; (2) have char-
acteristics intermediate between those of suspended matter and true solutions; (3) tend to be very 
reactive because of their high surface-to-volume ratios; (4) have a high interfacial energy; (5) exhibit 
a high surface/charge density ratio; and (6) scatter white light as a light blue hue observed at right 
angles to the incident light, the Tyndall effect, due to the fact that colloidal particles have about the 
same dimensions as the wavelength of visible light.

Colloidal particles are of three general types, as illustrated in Figure 3.11: hydrophilic colloids 
tend to remain in suspension because of their strong interactions with water; they are generally 
macromolecules such as proteins and some synthetic polymers. Exemplified by clay particles and 
petroleum droplets, hydrophobic colloids are generally repelled by water and remain in suspension 
because of their electrical charges, which tend to keep the particles away from each other. Special 
aggregates of ions and molecules called micelles constitute the third kind of colloidal particles. 
Soap ions, such as sodium stearate,

	 CH CH CH CH CH CH CH CH CH CH CH CH CH CH C3 2 2 2 2 2 2 2 2 2 2 2 2 2 HH CH CH CO Na2 2 2 2
− + 	

form micelles. An examination of the formula of sodium stearate shows that it has a “split personal-
ity” with a long hydrocarbon chain “tail” that tends to impart an oil-like water-repelling character 
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to the compound and a charged ionic “head” that is attracted to water. As a result, the ions form 
spherical micelles in which the hydrocarbon chains cluster together inside the particle and the − −CO2 
ionic groups are on the surface of the sphere, their charges neutralized by random distributions of 
positively charged counter ions +(Na ).

Colloids and their stabilities are very much involved in the environmental and toxicological 
chemistry of the hydrosphere. Many water pollutants are associated with colloids and transported 
by them. Pollutants such as spilled crude oil may be suspended as a colloidal material. The stability 
of colloids is a very important aspect of their behavior. For example, colloidal mineral and organic 
matter carried by river water contacts saltwater when the river is discharged to the sea, neutralizing 
the charge that keeps the particles in suspension and forming sediments. Bacterial cells are largely 
suspended as colloids in water. The bacteria involved in biodegrading sewage are held in suspen-
sion in aeration tanks where the sewage is treated, but the suspended bacterial cells agglomerate to 
produce sewage sludge before the treated water is discharged.

3.9  OXIDATION REDUCTION

Oxidation-reduction (redox) reactions are those in which exchanges of electrons −(e ) occur along 
with changes of oxidation states of reactants (see Chapter 19, Section 19.3). Oxidation originated 
as a term to describe the acquisition of electrons by elemental oxygen atoms from other atoms as 
shown by the following reaction in which each oxygen atom gains two electrons from a calcium 
atom to produce ions:

	 { }+ → + −2Ca O 2 Ca O2
2 2 	 (3.41)

In this process, each calcium atom is oxidized with a loss of two electrons to produce a +Ca2  
cation and each oxygen atom is reduced with a gain of two electrons to produce an oxide anion, 

−O2 . In the calcium oxide product, the oxidation state of calcium is +2 and that of oxygen is –2. 
Although it is easiest to view oxidation-reduction as an exchange of electrons to produce ions, it is 
not necessary for ions to be formed for oxidation-reduction to occur. For example, when elemental 
carbon burns in the presence of O2

	 C O CO2 2+ → 	 (3.42)

the elemental C is oxidized and the elemental oxygen is reduced. Since the oxidation state of each 
of the two O atoms in CO2 is –2, for neutrality the oxidation state of the C atom in CO2 is +4. The 
reaction of elemental H2 with a substance is reduction as shown by the reaction
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FIGURE 3.11  Representations of hydrophilic, hydrophobic, and association colloidal particles: the hydro-
philic colloids are bound to water as indicated by the dashed lines. Positively charged counter ions surround 
negatively charged hydrophobic and association colloidal particles. The micelle of the association colloid may 
be visualized as a cluster of organophilic hydrocarbon chains inside a ball with anionic heads attracted to 
water on the surface of the ball.
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	 C 2H CH2 4+ → 	 (3.43)

in which each H atom changes from its 0 oxidation state in H2 (the oxidation state of all atoms in 
the elemental state is 0) to +1 in CH4 and the oxidation state of C changes from 0 in its elemental 
state to –4 in CH4.

Oxidation-reduction phenomena, usually mediated by microorganisms, are highly significant in 
the microbiology, environmental chemistry, and toxicological chemistry of the hydrosphere. One of 
the most common processes is the microorganism-mediated oxidation of organic matter, {CH2O}:

	 CH O becomes oxidized O becomes reduced2 2{ }( ) (+ ))→ +CO H O2 2 	 (3.44)

Occurring in a body of water, this reaction depletes dissolved oxygen, resulting in fish kills. It 
is an important reaction for the biodegradation of wastes in sewage treatment. Another oxidation-
reduction process that is important in the hydrosphere is

	 Fe OH s 3H e Fe aq 3H O3
2

2( ) ( ) + + → ( ) ++ − + 	 (3.45)

which occurs in anoxic bottom regions in a body of water, such as a reservoir used for municipal 
water supply, and places soluble iron(II) in solution. The soluble iron(II) must be removed prior 
to water use; otherwise, the reverse of the aforementioned reaction can take place in a bathroom 
fixture or washing machine and leave an intractable residue of unsightly brown iron(III) oxide 
(rust).

Oxidation-reduction processes are very important in the nitrogen cycle. The initial product of 
the biodegradation of nitrogen-containing biomass (protein) and the form normally applied to farm 
lands as fertilizer is ammonium ion, NH4

+. To be assimilated as a nutrient by algae or in field crops, 
it normally requires microbial oxidation to NO3

−:

	 NH 2O NO 2H H O2 24 3
+ − ++ → + + 	 (3.46)

Many other examples can be cited of the ways in which the types, rates, and equilibria of redox 
reactions largely determine the nature of important solute species in water.

The degree to which a water solution is oxidizing or reducing depends on the solute species pres-
ent and reflects the activity of the electron, e−. If the electron activity is high the solution is reducing, 
and if it is low the solution is oxidizing. Like H+ ion concentration, the activity of the electron in 
solution may vary over many orders of magnitude. As with pH, which is –log[H+], for which each 
unit change represents a 10-fold change in activity, it is convenient to represent the relative reducing 
and oxidizing tendencies in solution by pE, the negative log of electron activity. A high, relatively 
positive pE value, such as the one encountered in water in equilibrium with atmospheric O2, indi-
cates an oxidizing solution, and a low, relatively negative pE value, such as the one in sediments 
where H2S is produced by anoxic bacteria, indicates a reducing solution. 

The kinds of species that are stable at equilibrium in water are a function of both pE and pH 
as displayed by a pE-pH diagram. Figure 3.12 shows a simplified pE-pH diagram for iron species 
in water where the possible species are Fe2+ ion in solution, Fe3+ ion in solution, solid Fe(OH)3, 
and solid Fe(OH)2. At pE values higher than those along the upper dashed line water is thermody-
namically unstable toward oxidation, and below the lower dashed line water is thermodynamically 
unstable toward reduction. So, above the upper line water decomposes to yield O2 and below the 
lower line water tends to decompose to yield H2. The Fe3+ ion exists in a stable state only in a very 
oxidizing, acidic medium, of which acid mine water in equilibrium with atmospheric oxygen is a 
common example, whereas the region of stability for Fe2+ ion is relatively large as reflected by the 
common occurrence of soluble iron(II), which is a potentially troublesome water contaminant, in 
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oxygen-deficient groundwaters. Highly insoluble Fe(OH)3 is the predominant iron species over a 
very wide pE-pH range, and as a result soluble iron species are usually not a contamination problem 
in oxic waters.

The pE-pH diagram shown in Figure 3.12 can be used to illustrate some aspects of the behavior 
of iron in the hydrosphere. For example, anoxic groundwater at around pH 7 with a relatively high 
concentration of Fe2+ brought to the surface from a well and exposed to atmospheric oxygen enters 
an environment in which solid Fe(OH)3 is the stable iron species, resulting in the precipitation of 
this compound.

3.9.1  pE and Toxicological Chemistry

The degree to which water, sediments, and soil are in an oxidizing environment or a reducing 
environment can have important effects on toxicants. In general, low pE (reducing) media are more 
likely to produce toxic substances or prevent the biodegradation of toxicants. Some of the more 
important influences of pE on potentially toxic substances are the following:

•	 At low pE, highly toxic hydrogen sulfide gas, H2S, may be produced when anoxic bacteria 
use sulfate ion, SO4

2−, as an oxidant in the absence of molecular O2.
•	 At low pE, methane gas, CH4, is produced by the anoxic biodegradation of organic matter 

(see Reaction 3.17) in the absence of molecular O2. Although methane gas is not particu-
larly toxic, it can act as an asphyxiant when it displaces air. Workers digging wells have 
been killed from subterranean methane.

•	 Under low pE conditions, some bacteria produce toxic substances. Although not gener-
ally an environmental problem, Clostridium botulinum bacteria growing anoxically can 
produce deadly botulism toxin. Cases of human poisoning from this source have generally 
been from improperly canned food.

•	 At low pE, biodegradation of toxic substances is generally slower.
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FIGURE 3.12  A simplified pE-pH diagram for iron in water: in this system, the maximum total soluble iron 
concentration is 1.0 × 10−5 mol/L. In acidic, oxidizing water (low pH, high pE), there is a small region where 
Fe3+ is a stable species in solution. At lower pE values, soluble Fe2+ has a relatively large area of stability. Solid 
Fe(OH)3 is the predominant species over a large area. Solid Fe(OH)2 exhibits a small region of stability; in 
most anoxic water systems, solid FeS or FeCO3 tends to predominate in this area. At high pE values above 
the upper dashed line the H2O molecule decomposes giving off O2, and at low pE values the H2O molecule 
decomposes giving off H2.
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3.10  METAL IONS IN WATER

Although metal ions in aqueous solution are usually written as Mn+, they are always bound with 
four to six water molecules as represented by the formula for the hydrated metal cation M(H2O)

x
n+. Metal ions are stabilized in water by binding with water molecules and tend to reach a state of 

higher stability by binding with stronger bases (electron-donor partners) that might be present in the 
solution. This can occur with reactions such as acid-base

	 Fe H O FeOH H O H2 2( ) ←→ ( ) ++ + +
6

3

5

2
	 (3.47)

precipitation

	 Fe H O Fe OH s 3H O 3H2 3 2( ) ←→ ( ) ( ) + ++ +
6

3
	 (3.48)

and oxidation-reduction reactions:

	 Fe H O Fe OH s 3H O 3H e2 3 2( ) ←→ ( ) ( ) + + ++ + −
6

2
	 (3.49)

3.10.1 C alcium and Hardness in Water

The Ca2+ ion is usually the most abundant cation in freshwater systems. Of the cations found in most 
freshwater systems, calcium generally has the highest concentration. The Ca2+ ion is a key species in 
geochemical cycles of matter. Calcium gets into water by its contact with a number of minerals such 
as CaSO4 · 2H2O; anhydrite, CaSO4; dolomite, CaCO3 · MgCO3; and calcite and aragonite, which are 
different mineral forms of CaCO3. The equilibrium between dissolved carbon dioxide and calcium 
carbonate minerals is important in determining several natural water chemistry parameters such as 
alkalinity, pH, and dissolved calcium concentration (Figure 3.10). As illustrated in Figure 3.10, CO2 
in water dissolves calcium from its carbonate minerals:

	 CaCO s CO aq H O Ca 2HCO3 2 2
2

3( ) + ( ) + ←→ ++ − 	 (3.50)

Water with dissolved calcium in which the anion is HCO3
−  is said to contain temporary 

hardness; in general, water hardness is manifested by the presence of Ca2+ and Mg2+ ions, which 
form precipitates with soap. When CO2 is lost from water in which the anion is HCO3

−, solid CaCO3 
is precipitated by the reverse of the aforementioned reaction. This occurs, for example, when such 
water is boiled, resulting in the formation of a cloudy suspension of solid CaCO3.

3.11  COMPLEXATION AND SPECIATION OF METALS

Metal ions in water gain stability by forming metal complexes in which species such as Cl− bind 
reversibly to metal ions and especially metal chelates in which metal ions are bound in two or 
more places by organic substances. The solubilities, transport properties, and biological effects 
of chelated metal species and of organometallic compounds are often vastly different from 
those of the metal ions themselves. The chelating agents that bind with metals may come from 
pollutant sources, such as the nitrilotriacetate anion that is shown to be bound with Zn2+ ion in 
Figure 3.13.

The most common naturally occurring chelating agents are humic substances. These complex 
materials are produced by the partial biodegradation of biomass, especially wood. They are complex 
large organic molecules with numerous aromatic ring structures containing oxygen in functional 
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groups including carboxyl (–CO2H) and phenolic hydroxyl (–OH). These groups can lose H+ to 
produce negatively charged groups capable of bonding with metal ions as shown here for the chela-
tion of Fe2+ ion:

	

C

O

O

Humic substance
molecule

OH

C OH

C

O

O

Humic substance
molecule

O

C O

Fe + 2H++ Fe2+

	

(3.51)

The most important humic substances in water are the lower-molecular-mass fulvic acids. These 
species tend to chelate Fe2+ ion, producing a yellow material called gelbstoffe (German for yellow 
stuff), which is responsible for much of the undesirable color found in some water. Metal ions bound 
with fulvic acid are hard to remove from water and, since iron is a very undesirable water impurity, 
drastic measures such as destruction of the fulvic acid with chlorine may be required to remove the 
chelated iron. Figure 3.14 illustrates a typical fulvic acid molecule.

Chelation is an example of speciation of metals in water, which plays a crucial role in their 
environmental chemistry and toxicological chemistry. Another example of metal species in water 
consists of organometallic compounds containing carbon-to-metal bonds. The most notorious 
examples of organometallic species in water are methylated mercury species, the water-soluble 
monomethylmercury ion, +HgCH3, and soluble and volatile dimethylmercury, Hg(CH3)2. These two 
species were responsible for the surprisingly high levels of mercury found in water and especially 
fish lipid tissue around 1970. Investigators were puzzled by these high levels because under condi-
tions in natural waters, inorganic mercury exists as insoluble species including HgS and mercury 
oxides. It was subsequently shown that anoxic bacteria in sediments were methylating mercury, 
leading to soluble species that could get into water and fish tissue. In addition to methylated organo-
metallic compounds of mercury, tin, selenium, and arsenic produced by the action of anoxic bacte-
ria, organometallic compounds may enter the environment directly as industrial pollutants alright. 
Until its use was banned starting in the 1970s, one of the most common chemicals of this type was 
highly toxic tetraethyllead, Pb(C2H5), which was added to gasoline as an octane booster. More 
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FIGURE 3.13  The nitrilotriacetate anion binding in four places to the Zn2+ metal ion: sodium nitrilotriac-
etate was once strongly advocated as a substitute for phosphates in household detergent builders, but was not 
used in the United States because of concern over its tendency to bind with and transport toxic heavy metal 
ions. (From Manahan, S.E., Environmental Chemistry, Taylor & Francis/CRC Press, Boca Raton, FL, 2009. 
With permission.)
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recently, organotin compounds used in biocidal paints to prevent the growth of organisms on boat 
and ship hulls were found to be common water pollutants are caused toxicity problems in sediment-
dwelling organisms.

3.12  TOXICOLOGICAL CHEMISTRY IN THE HYDROSPHERE

Figure 3.15 shows various aspects of toxicological chemistry in the hydrosphere. Various parts of 
the hydrosphere are involved in the production, movement, storage, and degradation of toxic sub-
stances. As discussed in Chapter 4, pollution of the hydrosphere by toxicants that may harm fish 
that live in water or that may make the water hazardous for humans and other organisms to drink is 
a major consideration in environmental protection. Some important toxic substances are produced 
by biochemical processes in the hydrosphere. An important example shown in Figure 3.7 is toxic 
hydrogen sulfide, H2S, which is generated by bacteria in anoxic bottom regions of bodies of water or 
in sediments by bacteria growing in isolation from atmospheric air and using sulfate ion, −SO4

2 , as a 
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FIGURE 3.14  A hypothetical structural formula of a molecule of fulvic acid: fulvic acid forms soluble com-
plex ions and chelates with metals in water. The molecule contains some aromatic rings, that is, carboxylic 
acid (–CO2H) groups and phenolic (–OH) groups.
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FIGURE 3.15  Some aspects of the toxicological chemistry of the hydrosphere: the aspects included are 
toxicant transport through the hydrosphere; toxicant uptake and bioaccumulation by water-dwelling organ-
isms (fish) and sediment-dwelling organisms (some shellfish); production of toxicants, such as those by anoxic 
bacteria; biodegradation and detoxification by microorganisms; photochemical decomposition of toxicants 
exposed to sunlight on the surface; and toxicant exchange between water and geospheric mineral formations.
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source of oxygen. Water can leach toxic heavy metal ions, such as Cd2+, from geological formations 
and transport them to where they may come in contact with organisms. The prevention of water 
quality degradation resulting from contamination by toxic substances has been a major objective of 
the environmental movement, and avoiding the discharge of toxic water-polluting chemicals is one 
of the main objectives of the practice of green technology.

The hydrosphere is a very important conduit for the transport of agents that are toxic or that 
may cause illness. The potential of water in this respect is illustrated by waterborne diseases that 
have killed millions in the past and still sicken and kill large numbers of people, particularly in 
developing regions. In the past, cholera and typhoid carried by water have been especially deadly 
waterborne diseases. Now the greatest problem is dysentery; waterborne cases of this malady are 
a leading cause of infant death around the world. Water supplies are a concern with respect to ter-
rorism because of their potential for deliberate contamination with biological or chemical agents.

Inadequately regulated industrial development has resulted in pollution of drinking water sources 
by toxic industrial chemicals in the poorer sections of the world. Water supplies are a concern with 
respect to terrorism because of their potential for deliberate contamination with biological or chemi-
cal agents.

3.13 � CHEMICAL INTERACTIONS WITH ORGANISMS 
IN THE HYDROSPHERE

One of the most important aspects of xenobiotic compounds in the hydrosphere is their interactions 
with water-dwelling organisms including fish and sediment-dwelling shellfish. Bioaccumulation 
is the term given to the uptake and concentration of xenobiotic materials by living organisms. 
Bioaccumulation can lead to biomagnification in which xenobiotic substances become successively 
more concentrated in the tissues of organisms higher in the food chain. This usually occurs with 
poorly degradable, lipid-soluble organic compounds. Suppose, for example, that such a compound 
comes in contact with lake water; accumulates in solid detritus in the water; sinks to the sediment; 
and is eaten by small burrowing creatures in the sediment, which are eaten by small fish. The 
small fish may be eaten by larger fish, which in turn are consumed as food by birds. At each step, 
the xenobiotic substance may become more concentrated in the organism and may reach harmful 
concentrations in the birds at the top of the food chain. This is basically what happened with dichlo-
rodiphenyltrichloroethane (DDT), the indiscriminate use of which almost caused the extinction of 
eagles and hawks.

The most straightforward case of bioaccumulation is bioconcentration, which occurs when 
a substance dissolved in water enters the body of a fish or some other aquatic organism by pas-
sive processes (basically, it just dissolves in the organism) and is carried to bodies of lipid in the 
organism in the blood flow (see Figure 3.16). The model of bioconcentration assumes that the 
organism taking up the compound does not metabolize the compound, which is a good assump-
tion for refractory organic compounds such as DDT or PCBs. It also assumes that uptake is by 
nondietary routes, including diffusion through the skin and especially through the gills of fish. 
The model of bioconcentration applies especially to substances that have low water solubilities 
(though they are high enough to make the compound available for uptake) and high lipid solu-
bilities. This model of bioconcentration assumes a dynamic equilibrium between the xenobiotic 
substance dissolved in water and the same substance dissolved in lipid tissue. It is called the 
hydrophobicity model because of the hydrophobic (water-hating) nature of the substance being 
taken up.

Bioconcentration may be expressed by bioconcentration factors; it is defined as follows:

	
Binconcentration factor

Concentrationof xenob
=

iiotic in lipid

Concentrationof xenobiotic in wateer 	
(3.52)



70 Fundamentals of Environmental and Toxicological Chemistry

Typical bioconcentration factors for highly lipid-soluble PCBs and hexachlorobenzene in sun-
fish, trout, and minnows range from somewhat more than 1,000 to around 50,000.

3.14  BIODEGRADATION IN THE HYDROSPHERE

Biodegradation is mentioned as a process mediated by microorganisms in Section 3.5. Biodegradation 
by the action of enzymes in bacteria, fungi, and protozoa is the process by which biomass from 
deceased organisms is broken down, ultimately to simple inorganic constituents, thus completing 
the cycle that begins when atmospheric carbon dioxide is used to produce biomass by photosynthe-
sis. Much biodegradation occurs in the hydrosphere and in sediments in bodies of water.

The first of the two general categories of biodegradation is the utilization by microorganisms of 
organic matter that can be metabolized for energy and as material to synthesize additional biomass. 
This is the route taken by microorganisms in the degradation of biomass from other organisms 
and, to a lesser extent, in the biodegradation of some xenobiotic materials. The second way in 
which microorganisms metabolize environmental chemicals is through cometabolism, a process 
in which an organism’s enzymes act upon the substances as a “sideline” of their normal metabolic 
processes. The substances that are cometabolized are called secondary substrates because they 
are not the main compounds for which the enzymatic processes are designed. As an example of 
cometabolism, Phanerochaete chrysosporium fungi (white rot fungi) biodegrade organochlorine 
compounds, including PCBs and dioxins, using an enzyme system that normally functions to break 
down degradation-resistant lignin in wood.

Biodegradation may involve relatively minor changes such as addition, deletion, or modification 
of a functional group. Complete biodegradation or mineralization converts organic molecules to 
simple inorganic species including CO2 for carbon, NH4

+ or NO3
− for nitrogen, HPO2

4
− for phosphorus, 

and −SO4
2  for sulfur. Mineralization completes elemental cycles in the environment.

Detoxification (or detoxication) is of particular importance with respect to environmental toxico-
logical chemistry. Reaction 3.53 shows the conversion of insecticidal paraoxon, a potent neurotoxin 
(see insecticidal organophosphates in Chapter 4, Section 4.11), to p-nitrophenol, which is only about 
0.005 × as toxic. In some cases, microorganisms actually produce more toxic materials. This occurs 
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FIGURE 3.16  Illustration of the distribution of a hydrophobic xenobiotic between sediment, solution in 
water, and lipid tissue in a water-dwelling organism: the weights of the vertical arrows reflect the relative 
solubilities of a hydrophobic xenobiotic in sediment, aqueous solution, and lipid tissue, showing preference for 
sediment and lipid tissue over aqueous solution.
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in sediments in the hydrosphere when inorganic mercury compounds that are relatively harmless by 
virtue of their low water solubilities are converted by anoxic bacteria to highly toxic, mobile meth-
ylmercury species, Hg(CH3)2 and +HgCH3 (see the discussion on methylmercury water pollutants in 
Chapter 4, Section 4.3).

	 Paraoxon OC2H2

OC2H2

O2N O2NO OP OH + HPO4 , other products2–Enzymatic
biodegradation

	

(3.53)

When considering the environmental and toxicological chemistry of toxicants in the hydro-
sphere, the effectiveness and rate of biodegradation are quite important. Both physical properties 
(e.g., water solubility) and chemical properties (e.g., the presence of functional groups amenable to 
attack) of the substance being degraded are important. The compound in question has to be biode-
gradable. As shown by the following examples, compounds with straight hydrocarbon chains are 
much more amenable to biodegradation than are those with branched chains:
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Phenol, a biocidal compound and the first commonly used disinfectant, is an example of a nor-
mally nonbiodegradable substance that can be degraded under appropriate conditions. Acclimated 
bacteria will break down phenol in dilute water solution. When bacteria are used in waste treatment 
processes to break down substances such as phenol that are normally biorefractory, acclimated 
microorganisms are often gathered from sites where the substances in question have been present 
for some time. For example, sites of crude oil spills serve as sources of bacteria that can biodegrade 
petroleum wastes.

	
OH   Phenol

An important consideration in green chemistry is the biodegradability of substances commonly 
denoted as “consumables” that are likely to be discarded to the environment, especially the hydro-
sphere. A long-standing example is provided by the surfactants that came into widespread use in 
detergents in the mid-1900s. These substances were very popular replacements for soap, which 
works poorly in hard (high Ca2+ content) water because of the formation of precipitates of calcium 
salts of soap anions. Biodegradability of compounds is an important consideration in green chem-
istry. This is especially true of consumable materials that are dissipated to the environment. One of 
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the most common examples of the use of a biodegradable material as a consumable material is the 
substitution in household detergents of biodegradable linear alkyl sulfonate (LAS) surfactant, which 
has a readily biodegradable straight hydrocarbon chain as part of its molecular structure, in place 
of alkyl benzene sulfonate (ABS) surfactant, which has a poorly biodegradable branched chain. As 
shown in Figure 3.17, the first surfactants used were ABS compounds. These performed very well to 
“make water wetter”; but within a few years of their introduction, problems of foaming appeared in 
wastewater treatment plants and in receiving waters and there was some evidence of harm to aquatic 
life traced to the persistence of ABS compounds, which were poorly biodegradable because of their 
branched-chain structures. In an exercise in green chemistry several decades before the term was 
even coined, ABS surfactants were replaced by LAS compounds, which are readily biodegradable 
because of their straight-chain structures.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the chapter. So in 
some cases, there may be several “right” answers. Therefore, if your answer reflects intellectual 
effort and a search for information from available sources, it may be considered to be right.

	 1.	Look up proposals to restore the Hetch-Hetchy Valley in Yosemite National Park to its for-
mer state. How might this affect water supply to parts of California? What might be some 
of the benefits of the restoration of this valley to its former state?

	 2.	Look up and explain the significance of the name Mulholland in relationship to water. How 
did Mulholland affect history?

	 3.	Paradoxically, pollution by a strong acid, such as HCl, of groundwater in contact with 
limestone (CaCO3) can lead to an increase in the alkalinity of the water. Using chemical 
reactions, explain how this may occur.

	 4.	Tests can be performed on water that show the presence of BOD, and other tests that 
chemically oxidize organic matter to produce CO2 can show total organic carbon (TOC). 
When applied to a particular sample of water, these two sets of tests showed relatively high 
TOC and relatively low BOD. What does this say about the nature of the organic pollutants 
in the water?
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fonate surfactant (ABS) originally used did not undergo biodegradation very well and caused problems due 
to its persistence, which is the result of its branched-chain structure. The ABS was replaced by linear alkyl 
sulfonate (LAS), which is biodegradable because of its straight-chain structure.
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	 5.	Agricultural fertilizers normally add nitrogen, phosphorus, and potassium to soil. Explain 
how fertilizer runoff into a body of water can eventually lead to increased BOD pollution.

	 6.	The development of flameless atomic absorption analysis for mercury enabled very sensi-
tive tests for this element around 1970, and they showed surprisingly high levels of this 
toxic element in some fish samples. The inorganic chemistry of mercury suggests that mer-
cury compounds should precipitate and settle into sediments where they are unavailable to 
fish. What then was the explanation for the high mercury levels found in some fish around 
1970?

	 7.	Phosphate in the form of −H PO2 4 and −HPO4
2  ions is the substance that is usually removed 

from secondary sewage effluent to prevent excessive algal growth and eutrophication in 
receiving waters. Of several possible algal nutrients, why is phosphate chosen for this pur-
pose? Show with a chemical reaction the most common means of phosphorous removal.

	 8.	Membrane filtration processes can be very effective in removing residual BOD from sec-
ondary wastewater effluent. What does this suggest regarding the nature of contaminants 
responsible for the BOD?

	 9.	Using the Internet, gather information regarding the use of wastewater for irrigation. Is 
this a practice that is used, and if so where does it usually take place? What are some of its 
benefits? What are some of its risks?

	 10.	Water is used for both its special solvent properties and its ability to absorb, transfer, and 
release heat energy. Explain on the basis of the characteristics of the water molecule how 
these two uses are related.

	 11.	How far back into history does the use of waterpower go? Which civilizations were the first 
to use it? Explain why during the mid-1800s waterpower development slowed, only to start 
growing rapidly around the late 1800s and early 1900s.

	 12.	What is plaster of Paris? Show with a chemical reaction how water is employed as a chemi-
cal reagent in making objects from plaster of Paris.
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4 Pollution of the Hydrosphere

4.1  NATURE AND TYPES OF WATER POLLUTANTS

Throughout history, the quality of drinking water has been a factor in determining human welfare. 
Fecal pollution of drinking water has frequently caused waterborne diseases that have decimated 
the populations of whole cities. Unwholesome water polluted by sewage has caused great hardship 
for people forced to drink it or use it for irrigation. Although waterborne diseases are now well 
controlled in technologically advanced countries, the shortage of safe drinking water is still a major 
problem in regions afflicted by strife and poverty, and dysentery spread by pathogens in drinking 
water takes an especially high death toll of children in impoverished parts of the world.

An ongoing concern with water safety now is the potential presence of chemical pollutants. 
These may include organic chemicals, inorganics, and heavy metals from industrial, urban runoff, 
and agricultural sources. Water pollutants can be divided among some general categories, as sum-
marized in Table 4.1. Most of these categories of pollutants, and several subcategories, are discussed 
in this chapter.

4.1.1 M arkers of Water Pollution

Markers of water pollution show the presence of pollution sources. These include herbicides 
indicative of agricultural runoff, fecal coliform bacteria that are characteristic of pollution from 
sewage, and pharmaceuticals, pharmaceutical metabolites, and even caffeine that show contamina-
tion by domestic wastewater.

Biomarkers of water pollution are organisms that live in or are closely associated with bodies 
of water and that provide evidence of pollution either from accumulation in the organism of water 
pollutants or their metabolites or from effects on the organism owing to pollutant exposure. Fish 
are the most common bioindicators of water pollution, and fish lipid (fat) tissue is commonly ana-
lyzed for persistent organic water pollutants, which tend to become concentrated in lipid tissue. The 
osprey, a large, widely distributed fish-eating bird at the top of the food chain, has proven to be a 
good water pollution indicator species through chemical and biochemical analysis of its feathers, 
eggs, blood, and organs along with observations of behavior, nesting habits, and populations.1

4.2  ELEMENTAL POLLUTANTS

Table 4.2 lists the most important trace elements (those encountered at levels of a few parts per 
million or less) found in natural waters and wastewaters. Typical of the behavior for many sub-
stances in the aquatic environment, some of these elements are essential plant and animal nutrients 
at lower levels but toxic at higher levels. Several of these, such as lead or mercury, have such toxico-
logical and environmental significance that they are discussed in detail in separate sections.

A few of the heavy metals are among the most harmful of the elemental pollutants and are of 
particular concern because of their toxicities to humans. These elements are, in general, the transi-
tion metals and some of the representative elements, such as lead and tin, in the lower right-hand 
corner of the periodic table. Heavy metals include essential elements like iron and toxic metals like 
cadmium and mercury. Most of them have a tremendous affinity for sulfur and disrupt enzyme 
function by forming bonds with sulfur groups in enzymes. Protein carboxylic acid (–CO2H) and 
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TABLE 4.2
Important Trace Elements in Natural Waters and Wastewaters

Element Sources Effects and Significance

Arsenic Mining by-product, chemical 
waste

Toxic, possibly carcinogenic

Beryllium Coal, industrial wastes Toxic

Boron Coal, detergents, wastes Toxic

Chromium Metal plating Essential as Cr(III), toxic as Cr(VI)

Copper Metal plating, mining, industrial 
waste

Essential trace element, toxic to plants and 
algae at higher levels

Fluorine (F−) Natural geological sources, 
wastes, water additive

Prevents tooth decay at around 1 mg/L, toxic 
at higher levels

Iodine (I−) Industrial wastes, natural brines, 
seawater intrusion

Prevents goiter

Iron Industrial wastes, corrosion, acid 
mine water, microbial action

Essential nutrient, damages fixtures by 
staining

Lead Industrial waste, mining, fuels Toxic, harmful to wildlife

Manganese Industrial wastes, acid mine 
water, microbial action

Toxic to plants, damages fixtures by staining

Mercury Industrial waste, mining, coal Toxic, mobilized as methyl mercury 
compounds by anoxic bacteria

Molybdenum Industrial wastes, natural sources Essential to plants, toxic to animals

Selenium Natural sources, coal Essential at lower levels, toxic at higher levels

Zinc Industrial waste, metal plating, 
plumbing

Essential element, toxic to plants at higher 
levels

TABLE 4.1
General Types of Water Pollutants

Class of Pollutant Significance

Trace elements Health, aquatic biota, toxicity

Heavy metals Health, aquatic biota, toxicity

Organically bound metals Metal transport

Radionuclides Toxicity

Inorganic pollutants Toxicity, aquatic biota

Asbestos Human health

Algal nutrients Eutrophication

Acidity, alkalinity, salinity (in excess) Water quality, aquatic life

Trace organic and refractory pollutants Toxicity

Polychlorinated biphenyls Possible biological effects

Pesticides Toxicity, aquatic biota, wildlife

Petroleum wastes Effect on wildlife, esthetics

Sewage, human and animal wastes Water quality, oxygen levels

Biochemical oxygen demand Water quality, oxygen levels

Pathogens Health effects

Detergents Eutrophication, wildlife, esthetics

Chemical carcinogens Incidence of cancer

Sediments Water quality, aquatic biota, wildlife

Taste, odor, and color Esthetics
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amino (–NH2) groups are also chemically bound by heavy metals. Cadmium, copper, lead, and 
mercury ions bind to cell membranes, hindering transport processes through the cell wall. Heavy 
metals may also precipitate phosphate biocompounds or catalyze their decomposition.

Some of the metalloids, elements on the borderline between metals and nonmetals, are signifi-
cant water pollutants. Arsenic, selenium, and antimony are of particular interest.

Inorganic chemicals’ manufacture has the potential to contaminate water with trace elements. 
Among the industries regulated for potential trace element pollution of water are those produc-
ing chlor-alkali, hydrofluoric acid, sodium dichromate (sulfate process and chloride ilmenite pro-
cess), aluminum fluoride, chrome pigments, copper sulfate, nickel sulfate, sodium bisulfate, sodium 
hydrosulfate, sodium bisulfite, titanium dioxide, and hydrogen cyanide.

4.3  HEAVY METALS

4.3.1 C admium

Pollutant cadmium in water may arise from mining wastes and industrial discharges, especially from 
metal plating. Chemically, cadmium is very similar to zinc, and these two metals frequently undergo 
geochemical processes together. Both metals are found in water in the +2 oxidation state. Cadmium 
and zinc are common water and sediment pollutants in harbors surrounded by industrial installations. 
Concentrations of more than 100 ppm dry mass of sediment have been found in harbor sediments.

Cadmium has a long half-life of more than 10 years in the human body, with about 50% of the 
body burden of this heavy metal residing in the kidney. Cadmium causes tubule dysfunction and 
injury in the kidney. Other effects of acute cadmium poisoning in humans include high blood pres-
sure, kidney damage, damage to testicular tissue, and destruction of red blood cells. Much of the 
physiological action of cadmium is due to its chemical similarity to zinc. Cadmium may replace 
zinc in some enzymes, thereby altering the stereostructure of the enzyme and impairing its catalytic 
activity, causing disease symptoms.

Cadmium is alleged to be the cause of itai-itai (in Japanese, literally “ouch-ouch”) disease that was 
first recognized in the 1940s in the Jinzu river basin of Japan. Affecting primarily post-menopausal 
women, itai-itai disease is manifested by skeletal, blood, and kidney disorders. The bones of victims 
become so fragile that even the act of sneezing can cause painful rib fracture, hence the name of 
the malady. Water in the Jinzu basin became contaminated with cadmium from cadmium mining 
activities that began in the 1930s, which resulted in cadmium-contaminated drinking water. Use of 
the contaminated water to irrigate rice fields resulted in cadmium contamination of the rice cereal, 
a staple food in the area, and led to cadmium poisoning of those who consumed the cereal.

4.3.2 L ead

Inorganic lead arising from a number of industrial and mining sources and formerly from leaded 
gasoline occurs in water in the +2 oxidation state. In addition to pollutant sources, lead-bearing 
limestone and galena (PbS) contribute lead to natural waters in some locations. Evidence from hair 
samples and other sources indicates that body burdens of this toxic metal have decreased during 
recent decades, largely the result of less lead used in plumbing and other products that come in 
contact with food or drink.

Acute lead poisoning in humans causes severe dysfunction in the kidneys, reproductive system, 
liver, and the brain and central nervous system, leading to sickness or even death. Lead poisoning 
from environmental exposure is thought to have caused mental retardation in many children. Lead 
poisoning causes multiple hematological (blood) effects including anemia. Peripheral neuropathy 
including symptoms of foot drop and wrist drop has been observed in workers exposed to lead in 
an industrial setting. The victim of lead poisoning may have headaches and sore muscles and feel 
generally fatigued and irritable.
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Except in isolated cases, lead is probably not a major problem in drinking water, although the 
potential exists in cases where old lead pipe is still in use. Lead used to be a constituent of solder and 
some pipe-joint formulations, and so in some cases, household water does have some contact with 
lead. Water that has stood in household plumbing for some time may have elevated levels of lead 
(along with zinc, cadmium, and copper) and should be drained for a while before use.

4.3.3 M ercury

Because of its toxicity, mobilization as methylated (organometallic) forms by anoxic bacteria, and 
other pollution factors, mercury generates a great deal of concern as a heavy-metal pollutant. 
Mercury is found as a trace component of many minerals, with continental rocks containing an 
average of around 80 parts per billion, or slightly less, of this element. Fossil fuel coal and lignite 
contain mercury, often at levels of 100 parts per billion or even higher, and emissions from the 
combustion of these fuels are a major source of environmental mercury. Mercury that enters the 
atmosphere from the combustion of coal and from waste incinerators may end up as a water pollut-
ant, often as methylated organometallic mercury (see Reaction 4.1).

Metallic mercury once was commonly used as an electrode in the electrolytic generation of 
chlorine gas, in laboratory vacuum apparatus, and in other applications, and significant quantities 
of inorganic mercury(I) and mercury(II) compounds were used annually. Organic mercury com-
pounds used to be widely applied as pesticides, particularly fungicides, but these uses have been 
essentially eliminated because of health concerns.

Globally, one of the greatest sources of mercury pollution has been mercury used to extract gold 
from gold-bearing ores. It is estimated that each year 15 million miners in approximately 40 devel-
oping countries use 650–1000 metric tons of mercury to extract gold. This use subjects many local 
areas to mercury contamination and contributes significantly to the global environmental burden of 
mercury and exposes the miners, many of whom are children, to toxic mercury. The problem has 
been made worse in recent years as industrialized countries have reduced mercury use, with the 
result that surplus mercury has been made available on the world market for gold extraction. In rec-
ognition of this problem, in 2008, the European Union adopted a mercury export ban to take effect 
in 2011 and the United States adopted a similar ban to be effective in 2013.

The toxicity of mercury was tragically illustrated in the Minamata Bay area of Japan during 
the period 1953–1960. A total of 111 cases of mercury poisoning and 43 deaths were reported 
among people who had consumed seafood from the bay that had been contaminated with mercury 
waste that drained into Minamata Bay from a chemical plant. Congenital defects were observed in 
19 babies whose mothers had consumed seafood contaminated with mercury. The level of metal in 
the contaminated seafood was 5–20 parts per million.

Among the toxicological effects of mercury are neurological damage, including irritability, 
paralysis, blindness, or insanity; chromosome breakage; and birth defects. The milder symptoms of 
mercury poisoning such as depression and irritability have a psychopathological character. Because 
of the resemblance of these symptoms to common human behavioral problems, mild mercury 
poisoning may escape detection. Some forms of mercury are relatively nontoxic, and they were 
formerly used as medicines, for example, in the treatment of syphilis. Other forms of mercury, par-
ticularly organic compounds, are highly toxic.

Because there are few major natural sources of mercury and since most inorganic compounds of 
this element are relatively insoluble, it was assumed for some time that mercury was not a serious 
water pollutant. However, in 1970, alarming mercury levels were discovered in fish in Lake Saint 
Clair located between Michigan and Ontario, Canada. A subsequent survey by the U.S. Federal 
Water Quality Administration revealed a number of other waters contaminated with mercury. It 
was found that several chemical plants, particularly caustic chemical manufacturing operations for 
the production of chlorine and sodium hydroxide, were each releasing up to 14 or more kilograms 
of mercury in wastewaters each day.
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The unexpectedly high concentrations of mercury found in water and in fish tissues result 
from the formation of soluble monomethylmercury ion, CH3Hg+, and volatile dimethylmercury, 
(CH3)2Hg, by anoxic bacteria in sediments. Mercury from these compounds becomes concentrated 
in fish lipid (fat) tissue, and the concentration factor from water to fish may exceed 103. The meth-
ylating agent by which inorganic mercury is converted to methylmercury compounds is methylco-
balamin, a vitamin B12 analog:

	 HgCl CH HgCl ClMethylcobalamin
2 3 → + −

	  
(4.1)

It is believed that the bacteria that synthesize methane produce methylcobalamin as an interme-
diate in the synthesis. Thus, waters and sediments in which anoxic decay leading to methane forma-
tion is occurring provide the conditions under which methylmercury production occurs. In neutral 
or alkaline waters, volatile dimethylmercury, (CH3)2Hg, may be formed.

4.4  METALLOIDS

The most significant water pollutant metalloid element is arsenic, a toxic element that has been 
the chemical villain of more than a few murder plots. Acute arsenic poisoning can result from the 
ingestion of more than about 100 mg of the element. Chronic poisoning occurs with the ingestion 
of small amounts of arsenic over a long period of time. There is some evidence that this element is 
also carcinogenic.

Arsenic occurs in the Earth’s crust at an average level of 2–5 ppm. The combustion of fossil 
fuels, particularly coal, introduces significant quantities of arsenic into the environment, much of 
which reaches natural waters. Arsenic occurs with phosphate minerals and enters into the envi-
ronment along with some phosphorus compounds. Some formerly used pesticides, particularly 
those from before World War II, contain highly toxic arsenic compounds. The most common of 
these are lead arsenate, Pb3(AsO4)2; sodium arsenite, Na3AsO3; and Paris Green, Cu3(AsO3)2. 
Another major source of arsenic is mine tailings. Arsenic produced as a by-product of copper, 
gold, and lead refining exceeds the commercial demand for arsenic, and it accumulates as waste 
material.

Like mercury, arsenic may be converted to more mobile and toxic methyl derivatives by bacteria, 
first by reduction of H3AsO4 to H3AsO3, then by methylation to produce CH3AsO(OH)2 (methylar-
sinic acid), (CH3)2AsO(OH) (dimethyarsinic acid), and (CH3)2AsH (dimethylarsine).

In what may have been the largest mass poisoning of a human population in history, between 
35 million and 77 million people of the approximately 160 million inhabitants of Bangladesh were 
exposed to potentially toxic levels of arsenic in drinking water. This catastrophic public health prob-
lem has resulted from well-intentioned programs funded initially by the United Nations Children’s 
Fund to install shallow tube wells that provided a source of drinking water free from disease-
causing pathogens. By 1987, numerous cases of arsenic-induced skin lesions characterized by pig-
mentation changes, predominantly on the upper chest, arms, and legs, and keratoses of the palms of 
the hands and soles of the feet were being observed, characteristics of arsenic poisoning, that lead 
to the discovery that arsenic-contaminated drinking water from the tube wells was responsible. 
Since the initial discovery of arsenic poisoning, huge numbers of new cases have been revealed, 
and it is possible that tens of thousands of people in Bangladesh will die prematurely because of 
exposure to arsenic in drinking water. Other countries with acute problems from arsenic in drinking 
water include Vietnam (where large numbers of tube wells were drilled more recently than those in 
Bangladesh) Argentina, Chile, China, Mexico, Taiwan, and Thailand.

The geochemical conditions that result in arsenic contamination of water are often associated 
with the presence of iron, sulfur, and organic matter in (alluvial) deposits produced by water. Iron 
released from rocks eroded by river water forms iron oxide deposits on rock particle surfaces. 
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The iron oxide accumulates arsenic and concentrates it from the river water. These particles then 
become buried along with degradable organic matter in sediments, and the insoluble iron(III) in 
the iron oxides is converted to soluble iron(II) by the anoxic reducing conditions under which the 
organic matter biodegrades. This releases bound arsenic that can get into well water. The oxida-
tion of arsenopyrite, FeAsS, can release arsenic as can the decomposition of arsenic-contaminated 
organic matter (peat) in underground deposits. The pathway for arsenic from underground sources 
to get into drinking water, irrigation water, and food crops is shown in Figure 4.1.

4.5  ORGANICALLY BOUND METALS

The binding of metals including toxic heavy metals by organic entities is discussed in Section 3.11. 
Metal chelates form by the reversible binding of metal ions with organic chelating agents to produce 
metal chelates such as the nitrilotriacetate chelate of zinc shown in Figure 3.13. Another form of 
organically bound metals and metalloids consists of organometallic compounds, such as the meth-
ylmercury compounds discussed in Section 4.3. Organometallic compounds have a carbon–metal 
bond, although compounds with similar properties may involve linking of metal atoms with organic 
groups through other kinds of atoms, especially oxygen.

The interaction of trace metals with organic compounds in natural waters and wastewaters is an 
important aspect of water pollution. It may be noted that metal–organic interactions may involve 
organic species of both pollutant (such as EDTA) and natural (such as fulvic acids, Figure 3.14) 
origin. These interactions are influenced by, and sometimes play a role in, redox equilibria, for-
mation and dissolution of precipitates, colloid formation and stability, acid-base reactions, and 
microorganism-mediated reactions in water. Metal–organic interactions may increase or decrease 
the toxicity of metals in aquatic ecosystems, and they have a strong influence on the growth of 
algae in water.

Arsenic-contaminated soil

Arsenic-contaminated
irrigation water 

Arsenic-contaminated
drinking water 

FeOOH mineral with
bound As Arsenopyrite mineral,

FeAsS 

Arsenic-contaminated
crops 

Arsenic-contaminated aquifer

FeO(OH)(As)(s) + {CH2O}

Well

Peat and humic organic
matter enriched in As 

Fe2+(aq) + As(aq)

FIGURE 4.1  Tube wells sunk into arsenic-containing aquifer formations may yield water contaminated by 
toxic soluble arsenic. Use of the water for irrigation can contaminate soil with arsenic and provide a pathway 
for arsenic to get into food crops such as rice. The problem has been especially acute in Bangladesh, but has 
occurred in other parts of the world as well.



81Pollution of the Hydrosphere

4.5.1 O rganotin Compounds

Of all the metals, tin has had the greatest number of organometallic compounds in commercial use, 
with global production that reached 40,000 metric tons per year before applications were restricted 
because of concerns over water pollution. In addition to synthetic organotin compounds, methylated 
tin species can be produced biologically in the environment. Figure 4.2 gives some examples of the 
many known organotin compounds.

Major industrial uses of organotin compounds in the past included applications of tin compounds 
in fungicides, acaricides, disinfectants, antifouling paints, stabilizers to lessen the effects of heat 
and light in PVC plastics, catalysts, and precursors for the formation of films of SnO2 on glass. 
Tributyl tin (TBT) chloride and related TBT compounds have bactericidal, fungicidal, and insecti-
cidal properties and formerly were of particular environmental significance because of their use as 
industrial biocides. In addition to TBT chloride, other TBT compounds used as biocides included 
the hydroxide, oxide, naphthenate, bis(tributyltin) oxide, and tris(tributylstannyl) phosphate. TBT 
was once widely used in boat and ship hull coatings to prevent the growth of fouling organisms. 
Other applications have included preservation of wood, leather, paper, and textiles. Antifungal TBT 
compounds have been used as slimicides in cooling tower water.

The many applications of organotin compounds for a variety of uses have posed a significant 
potential for environmental pollution. The greatest environmental and toxicological concern with 
organotin compounds has been their uses as antifouling agents, especially TBT compounds used 
as ingredients in coatings on ship hulls and other structures in contact with seawater. Biofouling, 
in which marine organisms produce fouling communities on surfaces in contact with water, is 
a tremendous economic problem, especially in that it adds significantly to the consumption of 
fuel for ship propulsion and slows the movement of ships through water. Such biofouling may be 
divided into the following two categories: (1) microfouling, in which microorganism biofilms form 
on surfaces, and (2) macrofouling, which involves the attachment of larger organisms including 
barnacles, bryozoans, mussels, polychaete worms, and seaweeds.2 Organotin compounds used in 
antifouling agents have been linked to endocrine disruption in shellfish, oysters, and snails. Because 
of such concerns, several countries, including the United States, England, and France, prohibited 
TBT application on vessels smaller than 25 meters in length during the 1980s, and efforts continue 
to ban organotin compounds in antifouling coatings applied to ship hulls.

4.6  INORGANIC SPECIES AS WATER POLLUTANTS

Some important inorganic water pollutants are mentioned earlier as part of the discussion of pol-
lutant trace elements. Inorganic pollutants that contribute acidity, alkalinity, or salinity to water are 
considered separately in this chapter. Still another class is that of algal nutrients. This leaves unclas-
sified, however, some important inorganic pollutant species, of which cyanide ion, CN−, is probably 
the most important. Others include ammonia, carbon dioxide, hydrogen sulfide, nitrite, and sulfite.
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FIGURE 4.2  Examples of organotin compounds.
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4.6.1 C yanide

Cyanide, a deadly poisonous substance, exists in water as HCN, a weak acid, with a Ka of 6 × 10−10. 
The cyanide ion has a strong affinity for many metal ions, forming relatively less-toxic ferrocyanide, 
Fe(CN)6

4− , with iron(II), for example. Volatile HCN is very toxic and has been used in gas chamber 
executions in the United States.

Cyanide has some significant industrial uses, especially for metal cleaning and electroplating. It 
is also one of the main gas and coke scrubber effluent pollutants from gas works and coke ovens. 
Cyanide is also used in some mineral-processing operations, especially in extracting gold from 
low-grade ores. In this application, called “heap leaching,” the gold ore is placed in a pile and a 
solution of sodium cyanide is sprayed over the ore for a prolonged period of time. In the presence of 
atmospheric oxygen, the following reaction occurs to extract the gold:

	 2Au s 8CN aq O g 2H O 2Au CN aq 42 2( ) + ( ) + ( ) + → ( ) ( ) +− −
4
2 OOH aq− ( ) 	  (4.2)

Spraying large piles of gold ore with a toxic cyanide solution in the open is a somewhat dicey 
operation, despite which very few workers have died from accidental cyanide exposure in the pro-
cess. Some significant fish kills have resulted from discharge of cyanide from mineral processing 
operations into waterways.

4.6.2 A mmonia and Other Inorganic Water Pollutants

Excessive levels of ammoniacal nitrogen cause water-quality problems. Ammonia is the initial 
product of the decay of nitrogenous organic wastes, and its presence frequently indicates the pres-
ence of such wastes. It is a normal constituent of low-pE groundwaters and is sometimes added to 
drinking water as an aid to disinfection, where it reacts with chlorine to provide residual chlorine 
(see Section 5.11). Since the pKa of ammonium ion, NH4

+ , is 9.26, most ammonia in water is present 
as NH4

+  rather than as NH3.
Hydrogen sulfide, H2S, is a product of the anoxic decay of organic matter containing sulfur. It 

is also produced in the anoxic reduction of sulfate by microorganisms (see Chapter 3, Reaction 3.8) 
and is evolved as a gaseous pollutant from geothermal waters. Wastes from chemical plants, paper 
mills, textile mills, and tanneries may also contain H2S. Its presence is easily detected by its char-
acteristic rotten-egg odor. In water, H2S is a weak diprotic acid with pKa1 of 6.99 and pKa2 of 12.92; 
S2− is not present in normal natural waters. The sulfide ion has tremendous affinity for many heavy 
metals, and heavy metals present in water containing H2S will precipitate as metal sulfides.

Hydrogen sulfide is a very toxic gas, killing more people on average than hydrogen cyanide, 
usually from releases in natural gas production and in industrial settings. If the geothermally active 
Yellowstone National Park in the United States was an industrial installation, it is likely that authori-
ties would consider placing off-limits some areas in which the geothermal waters are laden with 
hydrogen sulfide because of emissions of the lethal gas, its odor readily detected by visitors.

Free carbon dioxide, CO2, is frequently present in water at high levels as the result of decay of 
organic matter. It is also added to softened water during water treatment as part of a recarbonation 
process (see Chapter 5). Excessive carbon dioxide levels may make water more corrosive and may 
be harmful to aquatic life.

As noted in Section 3.7, in 1986, carbon dioxide of volcanic origin released suddenly from bottom 
regions of Lake Nyos in the central African nation of Cameroon asphyxiated about 1700 people and 
thousands of livestock; 37 people had been killed 2 years before by a similar release from nearby 
Lake Monoun. The physical conditions leading to these releases are interesting, in that under high 
pressure, lake water can dissolve about five times its volume of carbon dioxide gas. Because of the 
high molecular mass of CO2, the presence of so much of the dissolved gas in the bottom regions of 
a lake produces a dense hypolimnion layer (see lake stratification in Figure 3.3) that may be stable 
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for years. However, formation and nucleation of carbon dioxide gas bubbles in this layer produces a 
much less dense mixture of water and gaseous CO2. The result can be a cascading positive feedback 
effect, in which the bottom layer begins to rise abruptly as more gas is released, and a total overturn 
of the lake water can occur very quickly, which is what happened with the two lakes mentioned ear-
lier. Efforts have now been made to immerse pipes into the bottom regions of the lakes, initiating an 
upward flow of water buoyed by the presence of carbon dioxide bubbles, thus resulting in a controlled 
release of dissolved carbon dioxide and preventing a catastrophic release of the gas at a later time.

Nitrite ion, NO2
− , occurs in water as an intermediate oxidation state of nitrogen over a relatively 

narrow pE range. Nitrite is added to some industrial process water as a corrosion inhibitor. However, 
it rarely occurs in drinking water at levels over 0.1 mg/L.

Sulfite ion, SO3
2−, is found in some industrial wastewaters. Sodium sulfite is commonly added to 

boiler feedwaters as an oxygen scavenger:

	 2SO O 2SO3
2

2 4
2− −+ → 	 (4.3)

Since pKa1 of sulfurous acid is 1.76 and pKa2 is 7.20, sulfite exists as either HSO3
− or SO2

3
− in 

natural waters, depending upon the pH. It may be noted that hydrazine, N2H4, also functions as an 
oxygen scavenger:

	 N H O 2H O N g2 4 2 2 2+ → + ( ) 	  (4.4)

Perchlorate ion, CIO4
−, emerged as a water pollution problem in some areas in the 1990s when 

advances in ion chromatography enabled its detection in the low parts per billion range of concen-
trations. Ammonium perchlorate, NH4ClO4, has been widely manufactured as an oxidizer for use in 
solid rocket propellants, and contamination from ammonium perchlorate manufacturing facilities 
has been regarded as the major source of contamination. Perchlorate in water is very unreactive, 
and all common perchlorate salts other than KClO4 are soluble, so it is difficult to remove them. 
Physiologically, it competes with iodide ion and diminishes essential iodide uptake by the thyroid. 
The U.S. Environmental Protection Agency has recommended a drinking water standard for per-
chlorate of 1 part per billion (μg/L).

4.6.3 A sbestos in Water

The toxicity of inhaled asbestos is well established. The fibers scar lung tissue and cancer eventually 
develops, often 20 or 30 years after exposure. It is not known for sure whether asbestos is toxic in 
drinking water. This has been a matter of considerable concern because of the dumping of taconite 
(iron ore tailings) containing asbestos-like fibers into Lake Superior. The fibers have been found in 
drinking waters of cities around the lake. After having dumped the tailings into Lake Superior since 
1952, the Reserve Mining Company at Silver Bay on Lake Superior solved the problem in 1980 by 
constructing a 6-square-mile containment basin inland from the lake. This $370-million facility 
keeps the taconite tailings covered with a 3-meter layer of water to prevent escape of fiber dust.

4.7  ALGAL NUTRIENTS AND EUTROPHICATION

The term eutrophication, derived from the Greek word meaning “well-nourished,” describes a con-
dition of lakes or reservoirs involving excess algal growth. Although some algal productivity is neces-
sary to support the food chain in an aquatic ecosystem, excess growth under eutrophic conditions may 
eventually lead to severe deterioration of the body of water. The first step in eutrophication of a body 
of water is an input of plant nutrients (Table 4.3) from watershed runoff or sewage. The nutrient-rich 
body of water then produces a great deal of plant biomass by photosynthesis, along with a smaller 
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amount of animal biomass. Dead biomass accumulates in the bottom of the lake, where it partially 
decays, recycling nutrient carbon dioxide, phosphorus, nitrogen, and potassium. In more shallow 
regions of the lake, bottom-rooted plants begin to grow, accelerating the accumulation of solid mate-
rial in the basin. Eventually a marsh is formed, which finally fills in to produce a meadow or forest.

Eutrophication is often a natural phenomenon; for instance, it was responsible for much of the 
plant growth that resulted in the formation of huge deposits of coal and peat millions of years ago. 
However, human activity can greatly accelerate the process. To understand why this is so, consider 
that most of the nutrients required for plant and algae growth shown in Table 4.3 are available in 
adequate amounts from natural sources. The nutrients most likely to be limiting are the “fertil-
izer” elements: nitrogen, phosphorus, and potassium. These are all present in sewage and are, of 
course, found in runoff from heavily fertilized fields. They are also constituents of various kinds 
of industrial wastes. Each of these elements can also come from natural sources—phosphorus and 
potassium from mineral formations and nitrogen fixed by bacteria, photosynthetic cyanobacteria, or 
discharge of lightning in the atmosphere.

In some cases, nitrogen or even carbon may be limiting nutrients, the presence of which 
determines the rate of algal growth. This is particularly true of nitrogen in seawater. In seawater, 
micronutrients, particularly iron, may be limiting.

In most cases in freshwaters, the single plant nutrient most likely to be limiting is phosphorus, 
and it is generally named as the culprit in excessive eutrophication. Household detergents were once 
a common source of phosphate in wastewater, and eutrophication control has concentrated upon 
eliminating phosphates from detergents, removing phosphate at the sewage treatment plant, and 
preventing phosphate-laden sewage effluents from entering bodies of water, which would enable the 
excessive growth of algae that can cause eutrophication.

4.8  ACIDITY, ALKALINITY, AND SALINITY

Aquatic biota are sensitive to extremes of pH. Largely because of osmotic effects, they cannot live 
in a medium having a salinity to which they are not adapted. Thus, a freshwater fish soon succumbs 
in the ocean, and sea fish normally cannot live in freshwater, although some fish, most notably 
salmon, can function in both media. Excess salinity soon kills plants not adapted to it. There are, 

TABLE 4.3
Essential Plant Nutrients: Sources and Functions

Nutrient Source Function

Macronutrients

Carbon (CO2) Atmosphere, decay Biomass constituent

Hydrogen Water Biomass constituent

Oxygen Water Biomass constituent

Nitrogen NO3
−( ) Decay, pollutants, 

atmosphere
Protein constituent (from 
nitrogen-fixing organisms)

Phosphorus Decay, minerals, 
(phosphate)

DNA/RNA constituent pollutants

Potassium Minerals, pollutants Metabolic function

Sulfur (sulfate) Minerals Proteins, enzymes

Magnesium Minerals Metabolic function

Calcium Minerals Metabolic function

Micronutrients

B, Cl, Co, Cu, Fe, Mo, Mn,
Na, Si, V, Zn

Minerals, pollutants Metabolic function and 
constituent of enzymes
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of course, ranges in salinity and pH in which organisms live and at the extremes of which they may 
exist without really thriving (see Figure 4.3).

The most common source of pollutant acid in water is acid mine drainage. The sulfuric acid in 
such drainage arises from the microbial oxidation of pyrite or other sulfide minerals as described 
in Section 3.5. The values of pH encountered in acid-polluted water may fall below 3, a condition 
deadly to most forms of aquatic life except the culprit bacteria mediating the pyrite and iron(II) oxi-
dation, which thrive under very low pH conditions. Industrial wastes frequently have the potential 
to contribute strong acid to water. Sulfuric acid produced by the air oxidation of pollutant sulfur 
dioxide (see Chapter 7) enters natural waters as acidic rainfall. In cases where the water does not 
have contact with a basic mineral, such as limestone, the water pH may become dangerously low. 
This condition occurs in some Canadian and Scandinavian lakes, for example.

Excess alkalinity and frequently accompanying high pH generally are not introduced directly 
into water from anthrospheric sources. However, in many geographic areas, the soil and mineral 
strata are alkaline and impart a high alkalinity to water. Human activity can aggravate the situation, 
for example, by exposure of alkaline overburden from strip mining to surface water or groundwater. 
Excess alkalinity in water is manifested by a characteristic fringe of white salts at the edges of a 
body of water or on the banks of a stream.

Water salinity may be increased by a number of human activities. Water passing through a 
municipal water system picks up salt from the process of recharging water softeners with sodium 
chloride. Salts can leach from spoil piles. One of the major environmental constraints on the produc-
tion of shale oil, for example, is the high percentage of leachable sodium sulfate in the piles of spent 
shale. Careful control of these wastes is necessary to prevent further saline pollution of water in 
potential shale oil producing areas where salinity is already a problem. Irrigation adds a great deal 
of salt to water, a phenomenon responsible for the Salton Sea in California, and is a source of conflict 
between the United States and Mexico over saline contamination of the Rio Grande and Colorado 
rivers. Irrigation and intensive agricultural production have caused saline seeps in some of the west-
ern states. These occur when water seeps into a slight depression in tilled, sometimes irrigated, 
fertilized land, carrying salts (particularly sodium, magnesium, and calcium sulfates) along with 
it. The water evaporates in the dry summer heat, leaving behind a salt-laden area, which no longer 
supports much plant growth. With time, these areas spread, destroying the productivity of cropland.

4.9  OXYGEN, OXIDANTS, AND REDUCTANTS

Oxygen is a vitally important species in water (see Chapter 3). In water, oxygen is consumed rapidly 
by the oxidation of organic matter, {CH2O}:

	 { }CH O O CO H OMicroorganisms
2 2 2 2+  → + 	 (4.5)

4 7 10
pH

0

Maximum

FIGURE 4.3  A generalized plot of the growth of an aquatic organism as a function of pH.
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Unless the water is reaerated efficiently, as by turbulent flow in a shallow stream, it rapidly loses 
oxygen and will not support higher forms of aquatic life.

In addition to the microorganism-mediated oxidation of organic matter, oxygen in water may be 
consumed by the biooxidation of nitrogenous material

	 NH 2O 2H NO H O2 24 3
+ + −+ → + + 	 (4.6)

and by the chemical or biochemical oxidation of chemical reducing agents:

	 4Fe O 1 H O 4Fe OH s 8H2
2 2 3

+ ++ + → ( ) ( ) +0 	 (4.7)

	 2SO O 2SO3
2

2 4
2− −+ → 	 (4.8)

All these processes contribute to the deoxygenation of water.
As noted in Section 3.5, the degree of oxygen consumption by microbially mediated oxida-

tion of contaminants in water is called the biochemical oxygen demand (or biological oxygen 
demand), BOD. This parameter is commonly measured by determining the quantity of oxygen 
utilized by suitable aquatic microorganisms during a five-day period. The consumption of O2 by 
microorganisms metabolizing matter responsible for BOD tends to make an aquatic medium more 
reducing (lower pE, see Section 3.9) and has a large influence on the chemistry of natural water and 
wastewater.

The addition of oxidizable pollutants to streams produces a typical oxygen sag curve as shown in 
Figure 4.4. Initially, a well-aerated, unpolluted stream is relatively free of oxidizable material; the 
oxygen level is high; and the bacterial population is relatively low. With the addition of oxidizable 
pollutant (BOD), the oxygen level drops because reaeration cannot keep up with oxygen consump-
tion. In the decomposition zone, the bacterial population rises. The septic zone is characterized by a 
high bacterial population and very low oxygen levels. The septic zone terminates when the oxidiz-
able pollutant is exhausted and then the recovery zone begins. In the recovery zone, the bacterial 
population decreases and the dissolved oxygen level increases until the water regains its original 
condition.

Although BOD is a reasonably realistic measure of water quality insofar as oxygen is concerned, 
the test for determining it is time-consuming and cumbersome to perform. Total organic carbon 
(TOC) is frequently measured by catalytically oxidizing carbon in the water and measuring the CO2 
that is evolved. It has become a popular test in place of BOD because TOC is readily determined 
instrumentally.
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FIGURE 4.4  Oxygen sag curve resulting from the addition of oxidizable pollutant material to a stream.
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4.10  ORGANIC POLLUTANTS

4.10.1 S ewage

As shown in Table 4.4, sewage from domestic, commercial, food-processing, and industrial sources 
contains a wide variety of pollutants, including organic pollutants. Some of these pollutants, par-
ticularly oxygen-demanding substances—oil, grease, and solids—are removed by primary and sec-
ondary sewage treatment processes discussed in Chapter 5. Others, such as salts and refractory 
(degradation-resistant) organics, are not efficiently removed.

Disposal of inadequately treated sewage can cause severe problems. For example, offshore dis-
posal of sewage, once commonly practiced by coastal cities, results in the formation of beds of sew-
age residues. Municipal sewage typically contains about 0.1% solids, even after treatment, and these 
settle out in the ocean in a typical pattern, illustrated in Figure 4.5. The warm sewage water rises in 
the cold hypolimnion and is carried in one direction or another by tides or currents. It does not rise 
above the thermocline (metalimnion); instead, it spreads out as a cloud from which the solids rain 
down on the ocean floor. Aggregation of sewage colloids is aided by dissolved salts in seawater (see 
Section 3.8), thus, promoting the formation of sludge-containing sediment.

Another major disposal problem with sewage is the sludge produced as a product of the sew-
age treatment process (see Chapter 5). This sludge contains organic material, which continues to 
degrade slowly, refractory organics, and heavy metals. The amounts of sludge produced are truly 
staggering. For example, the city of Chicago produces about 3 million tons of sludge each year. 
A major consideration in the safe disposal of such amounts of sludge is the presence of potentially 
dangerous components such as heavy metals.

Careful control of sewage sources is needed to minimize sewage pollution problems. Particularly, 
heavy metals and refractory organic compounds need to be controlled at the source to enable use of sew-
age, or treated sewage effluents, for irrigation, recycling to the water system, or groundwater recharge.

TABLE 4.4
Some of the Primary Constituents of Sewage from a City Sewage System

Constituent Potential Sources Effects in Water

Oxygen-demanding substances Mostly organic materials, 
particularly human feces and 
urine

Consume dissolved oxygen

Refractory organics Industrial wastes, household 
products

Toxic to aquatic life

Viruses Human wastes Cause disease (possibly cancer); major 
deterrent to sewage recycle through water 
systems

Detergents Household detergents Esthetics, prevent grease and oil removal, 
toxic to aquatic life

Phosphates Detergents Algal nutrients

Grease and oil Cooking, food processing, 
industrial wastes

Esthetics, harmful to some aquatic life

Salts Human wastes, water softeners, 
industrial wastes

Increase water salinity

Heavy metals Industrial wastes, chemical 
laboratories

Toxicity

Chelating agents Some detergents, industrial 
wastes

Heavy metal ion solubilization and 
transport

Solids All sources Esthetics, harmful to aquatic life
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Soaps, detergents, and associated chemicals are potential sources of organic pollutants. These pol-
lutants are discussed briefly here.

4.10.2 S oaps and Detergents

Soaps are salts of higher fatty acids, such as sodium stearate, C17H35COO−Na+. The cleaning action 
of soap results largely from its emulsifying power and its ability to lower the surface tension of 
water. This concept may be understood by considering the dual nature of the soap anion. An exami-
nation of its structure shows that the stearate ion consists of an ionic carboxyl “head” and a long 
hydrocarbon “tail”:

	
CO2

–Na+

In the presence of oils, fats, and other water-insoluble organic materials, the tendency is for the 
“tail” of the anion to dissolve in the organic matter, whereas the “head” remains in aquatic solution. 
Thus, the soap emulsifies, or suspends, organic material in water. In the process, the anions form 
micelles, a form of very small colloidal particles discussed in Section 3.8 and shown in Figure 3.11.

The primary disadvantage of soap as a cleaning agent comes from its reaction with divalent cat-
ions to form insoluble salts of fatty acids:

	 2C H COO Na aq Ca aq Ca C H CO s17 35
2

17 35 2 2
− + +( ) + ( )→ ( ) (( ) + ( )+2Na aq 	 (4.9)

These insoluble solids, usually salts of magnesium or calcium, are not at all effective as clean-
ing agents. In addition, the insoluble “curds” form unsightly deposits on clothing and in washing 
machines. If sufficient soap is used, all of the divalent cations may be removed by their reaction with 
soap, and the water containing excess soap will have good cleaning qualities. This is the approach 
commonly used when soap is used with unsoftened water in the bathtub or washbasin, where the 
insoluble calcium and magnesium salts can be tolerated. However, in applications such as washing 
clothing, the water must be softened by the removal of calcium and magnesium or their complex-
ation by substances such as polyphosphates.

	

HO OHP P PO O
�e triphosphate anion, an example of the poly-
phosphates that act as chelating agents for water
hardness ions of calcium and magnesium

O– O– O–

O O O

Outfall
pipe

�ermoclineTreatment
plant

Sediment from sewage Sewage discharge

FIGURE 4.5  Settling of solids from an ocean-floor sewage effluent discharge.
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Although the formation of insoluble calcium and magnesium salts has essentially resulted in the 
elimination of soap as a cleaning agent for clothing, dishes, and most other materials, it has distinct 
advantages from the environmental standpoint. As soon as soap gets into sewage or an aquatic sys-
tem, it generally precipitates as calcium and magnesium salts. Hence, any effects that soap might 
have in solution are eliminated. With eventual biodegradation, the soap is completely eliminated 
from the environment. Therefore, aside from the occasional formation of unsightly scum, soap does 
not cause any substantial pollution problems.

Synthetic detergents have good cleaning properties and do not form insoluble salts with “hard-
ness ions” such as calcium and magnesium. Such synthetic detergents have the additional advantage 
of being the salts of relatively strong acids, and therefore, they do not precipitate out of acidic waters 
as insoluble acids, an undesirable characteristic of soaps. The potential of detergents to contaminate 
water is high because of their heavy use throughout the consumer, institutional, and industrial mar-
kets. Hundreds of millions of kilograms of synthetic detergents are used annually throughout the 
world, most of which is discarded with wastewater.

The key ingredient of detergents is the surfactant or surface-active agent, which acts in effect 
to make water “wetter” and a better cleaning agent. Surfactants concentrate at interfaces of water 
with gases (air), solids (dirt), and immiscible liquids (oil). They do so because of their amphiphilic 
structure, meaning that one part of the molecule is a polar or ionic group (head) with a strong affin-
ity for water and the other part is a hydrocarbon group (tail) with an aversion to water. This kind of 
structure is illustrated below for the structure of alkyl benzene sulfonate (ABS) surfactant:
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Until the early 1960s, ABS was the most common surfactant used in detergent formulations. 
However, it suffered the distinct disadvantage of being only very slowly biodegradable because of 
its branched-chain structure, which microorganisms biodegrade poorly. An objectionable manifes-
tation of the nonbiodegradable detergents was the “head” of foam that began to appear in glasses of 
drinking water in areas where sewage was recycled through the domestic water supply. Spectacular 
beds of foam appeared near sewage outflows and in sewage treatment plants, and at least one fatal-
ity was reported when an individual fell in a bed of foam at a sewage treatment plant and was 
asphyxiated by the gases in the foam. Occasionally, the entire aeration tank of an activated sludge 
plant would be smothered by a blanket of foam. Among the other undesirable effects of persistent 
detergents upon waste treatment processes were lowered surface tension of water, deflocculation 
of colloids, flotation of solids, emulsification of grease and oil, and destruction of useful bacteria. 
Consequently, ABS was replaced by a biodegradable surfactant, linear alkyl sulfonate (LAS).

LAS has the general structural formula illustrated as follows, where the benzene ring may be 
attached at any point on the alkyl chain except at the ends:

	

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

C

H

H

C

H

H

HC

H

O OS

O– +Na

LAS is more biodegradable than ABS because the alkyl portion of LAS is not branched and does 
not contain the tertiary carbon, which is so detrimental to biodegradability. Since LAS has replaced 
ABS in detergents, the problems arising from the surface-active agent in the detergents (such as 
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toxicity to fish fingerlings) have greatly diminished and the levels of surface-active agents found in 
water have decreased markedly. Some detergent surfactants are nonionic. One type that has proven 
troublesome consists of the alkylphenol polyethoxylates:
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The alkylphenol polyethoxylates are very useful as detergents, dispersing agents, emulsifiers, 
solubilizers, and wetting agents, leading to annual use of millions of kilograms in the United States. 
These substances and their degradation products in which the polyethoxylate chains have been 
shortened by microbially mediated hydrolysis tend to survive biological sewage treatment and to 
be discharged with the sewage effluent. They also accumulate in sewage sludge, much of which is 
disposed on agricultural lands. These products are thought to be xenoestrogens (estrogen hormone 
mimickers, see estrogenic substances in Section 4.13), and their potential entry into the food chain 
from sludge-treated soil is of concern. Because of these concerns, the uses of these compounds have 
been severely restricted in some European countries.

Detergent builders added to detergents to bind to hardness ions, making the detergent solution 
alkaline and greatly improving the action of the detergent surfactant, can cause environmental prob-
lems. A commercial solid detergent contains only 10%–30% surfactant. Detergent formulations 
also contain complexing agents added to complex calcium and to function as builders. Other ingre-
dients include ion exchangers, alkalies (sodium carbonate), anticorrosive sodium silicates, amide 
foam stabilizers, soil-suspending carboxymethylcellulose, bleaches, fabric softeners, enzymes, opti-
cal brighteners, fragrances, dyes, and diluent sodium sulfate. The polyphosphates formerly used in 
builders have caused the most concern as environmental pollutants, although these problems have 
largely been resolved as polyphosphates have been phased out.

Increasing demands on the performance of detergents have led to the use of enzymes in detergent 
formulations destined for both domestic and commercial applications. To a degree, enzymes can 
take the place of chlorine bleach and phosphates, both of which can have detrimental environmental 
consequences. Lipases and cellulases are the most useful enzymes for detergent applications.

4.10.3 N aturally Occurring Chlorinated and Brominated Compounds

Although halogenated organic compounds in water, such as those discussed as pesticides in 
Section 4.11, are normally considered to be from anthropogenic sources, more than 2000 such com-
pounds have been identified from natural sources.3 These are produced largely by marine species, 
especially some kinds of red algae, probably as chemical defense agents. Some marine microorgan-
isms, worms, sponges, and tunicates are also known to produce organochlorine and organobromine 
compounds. Various types of these compounds have been detected in samples in Arctic regions, 
including air, fish, seabird eggs, marine mammals, and Eskimo women’s milk. An example of such 
a compound commonly encountered in the marine environment is 1,2'-bi-1H-pyrrole,2,3,3',4,4',5,5'-
heptachloro-1'-methyl (C9H3N2Cl7) and its analogous bromine compound:
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4.10.4 M icrobial Toxins

Bacteria and protozoa in water can produce toxins that can cause illness or even death. Toxins 
produced in rivers, lakes, and reservoirs by cyanobacteria including Anabaena, Microcystis, and 
Nodularia have caused adverse health effects in Australia, Brazil, England, and elsewhere in the 
world. There are about 40 species of cyanobacteria that produce toxins from six chemical groups. 
Cylindrospermopsin toxin (below) produced by cyanobacteria has poisoned people who have con-
sumed water contaminated by the toxin. Surface scums of cyanobacteria are likely to have espe-
cially high levels of cyanobacteria toxins.
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Most of the protozoans that produce toxins belong to the order dinoflagellata, which are pre-
dominantly marine species. The cells of these organisms are enclosed in cellulose envelopes, which 
often have beautiful patterns on them. Among the effects caused by toxins from these organisms are 
gastrointestinal, respiratory, and skin disorders in humans; mass kills of various marine animals; 
and paralytic conditions caused by eating infested shellfish that can afflict humans, sometimes with 
fatal consequences.

The marine growth of dinoflagellates is characterized by occasional incidents in which they 
multiply at such an explosive rate that they color the water yellow, olive-green, or red by their vast 
numbers. In 1946, some sections of the Florida coast became so afflicted by “red tide” that the 
water became viscous, and for many miles, the beaches were littered with the remains of dead fish, 
shellfish, turtles, and other marine organisms. The sea spray in these areas became so irritating that 
coastal schools and resorts were closed.

4.11  PESTICIDES IN WATER

The introduction of DDT during World War II marked the beginning of a period of very rapid growth 
in pesticide use. Pesticides are used for many different purposes. Chemicals used in the control of 
invertebrates include insecticides, molluscicides for the control of snails and slugs, and nemati-
cides for the control of microscopic roundworms. Vertebrates are controlled by rodenticides, which 
kill rodents; avicides used to repel birds; and piscicides used in fish control. Herbicides are used 
to kill plants. Plant growth regulators, defoliants, and plant desiccants are used for various pur-
poses in the cultivation of plants. Fungicides are used against fungi, bactericides against bacteria, 
slimicides against slime-causing organisms in water, and algicides against algae. The quantities 
of pesticides used around the world each year amount to hundreds of millions of kilograms. Large 
quantities of pesticides are used in agricultural applications and for nonagricultural applications 
including forestry, landscaping, gardening, food distribution, and home pest control. Insecticide 
production has remained about level during the last three or four decades. However, insecticides and 
fungicides are the most important pesticides with respect to human exposure in food because they 
are applied shortly before or even after harvesting. Herbicide production has increased as chemicals 
have increasingly replaced cultivation of land in the control of weeds, and herbicides now account 
for the majority of agricultural pesticides. The potential exists for large quantities of pesticides to 
enter water either directly, in applications such as mosquito control, or indirectly, primarily from 
drainage of agricultural lands.
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Several classes of pesticides and other chemicals are of particular concern as water pollutants 
because of their potential effects. These are (1) highly biodegradation-resistant compounds, 
(2)  known or probable carcinogens, (3) toxicants with adverse reproductive or developmental 
effects, (4) neurotoxins including cholinesterase inhibitors, (5) substances with high acute toxicities, 
(6) known groundwater contaminants. Table 4.5 lists some of the most commonly used pesticides 
that may be of concern as water pollutants.

TABLE 4.5
Pesticides That May Be Found as Water Pollutants1

Pesticide Use Compound Type

2,4-D Herbicide Chlorophenoxyacetic acid

Acephate Insecticide Organophosphate

Acetochlor Herbicide Chloroacetanilide

Alachlor Herbicide Chloroacetanilide

Aldicarb Insecticide Carbamate

Allethrin Insecticide Pyrethroid

Atrazine Herbicide Triazine

Azadirachtin Insecticide, nematicide Complex botanical compound

Azoxystrobin Fungicide Strobin

Captan Fungicide Thiophthalimide

Carbaryl Insecticide, plant growth 
regulator, nematicide

Carbamate

Carbofuran Insecticide, nematicide Carbamate

Chlorothalonil Fungicide Substituted benzene

Chloropicrin Fumigant Chloronitromethane

Chlorpyrifos Insecticide, nematicide Organophosphate

Copper hydroxide Fumigant Inorganic compound

Copper sulfate Fumigant Inorganic compound

Cypermethrin Insecticide Pyrethroid

Deltamethrin Insecticide Pyrethroid

Diazinon Insecticide Organophosphorus

Dichloropropene Fumigant Organochlorine compound

Diclofopmethyl Herbicide Chlorophenoxy acid/ester

Dimethenamid Herbicide Organo S, N, O, Cl

Dicamba Herbicide Organochlorine

Dichlorvos Insecticide Organophosphate

Diquat Herbicide Organonitrogen

Diuron Herbicide Urea

EPTC Herbicide Thiocarbamate

Ethephon Plant growth regulator Organophosphate

Fenitrothion Insecticide Organophosphate

Fenvalerate Insecticide Pyrethroid

Glyphosate Herbicide Phosphonoglycine

Imidacloprid Insecticide Nicotine-based neonicotinoid

Iprodione Fungicide Dicarboximide

Kresoxim-methyl Fungicide Strobin

Linuron Herbicide Urea

Malathion Insecticide Organophosphate

Mancozeb Fumigant Dithiocarbamate

MCPA and MCPP Herbicide Chlorophenoxyacetic acid

Mecoprop Herbicide Chlorphenoxy compound
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Degradation (often hydrolysis) products of some pesticides are encountered in water at levels 
similar to, or even higher than, the parent pesticides. In some cases, the degradation products are 
more toxic than the parent pesticides. An example of a pesticide degradation product commonly 
found in water is aminomethyl phosphonic acid produced from glyphosate (brand name Roundup, 
see Figure 4.11 later in the chapter), which is the most widely produced pesticide in the world.

4.11.1 N atural Product Insecticides, Pyrethrins, and Pyrethroids

Plants provide several significant classes of insecticides including nicotine from tobacco, rotenone 
from certain legume roots, and pyrethrins (see structural formulas in Figure 4.6). Pyrethrins and 
their synthetic analogs represent both the oldest and some of the newer insecticides. Extracts of dried 
chrysanthemum or pyrethrum flowers, which contain pyrethrin I and related compounds, have been 
known for their insecticidal properties for a long time and may have even been used as botanical 
insecticides in China almost 2000 years ago. The most important commercial sources of insecti-
cidal pyrethrins are chrysanthemum varieties grown in Kenya. Pyrethrins have several advantages as 

TABLE 4.5 (Continued)
Pesticides That May Be Found as Water Pollutants1

Pesticide Use Compound Type

Metam-sodium, 
Metam-potassium

Fumigant, herbicide, 
microbiocide, algacide

Dithiocarbamate

Methiocarb Insecticide, molluscicide Carbamate

Metolachlor Herbicide Chloroacetanilide

Metribuzin Herbicide Triazinone

MSMA Herbicide, defoliant Organoarsenic

Paraquat Herbicide Organonitrogen

Pelargonic acid Herbicide 9-C carboxylic acid

Pendimethalin Herbicide Organonitrogen

Phosmet Insecticide Organophosphate

Prometon Herbicide Triazine

Propanil Herbicide Anilide

Propiconazole Fungicide Azole

Simazine Herbicide Triazine

Spinosad Insecticide Compound from bacteria Macrocyclic 
lactone

Sulfuryl fluoride Fumigant SO2F2

Tebuconazole Fungicide Azole

Tebuthiuron Herbicide Urea

Terbacil Herbicide Uracil

Terbuthylazine Algicide, herbicide, 
microbiocide

Triazine

Thifensulfuron-
methyl

Herbicide Sulfonylurea

Thiophanate-methyl Fungicide Benzimidazole

Tri-allate Herbicide Thiocarbamate

Triclopyr Herbicide Chloropyridinyl

Trifloxystrobin Fungicide Strobin

Trifluralin Herbicide 2,6-Dinitroaniline

1	 For additional information and structural formulas, see Pesticide Action Network: http://www.pesticideinfo.org/.
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insecticides, including facile enzymatic degradation, which makes them relatively safe for mammals; 
ability to rapidly paralyze (“knock down”) flying insects; and good biodegradability characteristics.

Synthetic analogs of the pyrethrins, pyrethroids, have been widely produced as insecticides dur-
ing recent years. The first of these was allethrin, and another common example is fenvalerate (see 
structural formulas in Figure 4.6). Other examples of insecticidal pyrethroids that have water pollu-
tion potential include cypermethrin and deltamethrin. Because of the ways that they are applied and 
their biodegradabilities, these substances generally are not found to be significant water pollutants.

4.11.2 DDT  and Organochlorine Insecticides

Chlorinated hydrocarbon or organochlorine insecticides are hydrocarbon compounds in which 
various numbers of hydrogen atoms have been replaced by Cl atoms (Figure 4.7). Of the 
organochlorine insecticides, the most notable has been DDT (dichlorodiphenyltrichloroethane or 
1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane), which was used in massive quantities following 
World War II. It has a low acute toxicity to mammals, although there is some evidence that it might 
be carcinogenic. It is a very persistent insecticide and accumulates in food chains. It has been banned 
in the United States since 1972.

Many organochlorine insecticides were widely used in decades past, but are now banned because 
of their toxicities and, particularly, their accumulation and persistence in food chains. Now largely 
of historical interest, these banned insecticides include methoxychlor (once a popular replacement 
for DDT), dieldrin, endrin, chlordane, aldrin, heptachlor, toxaphene, lindane, and endosulfan (one 
of the last to be phased out of general use).

Allethrin

Fenvalerate

Rotenone

Pyrethrin I

Nicotine

N
CH3

N

O

H3CO

OCH3

O

O
O

C
C

H

H3C H

OO
C

CC
H3C

H3C CH3

H3C O

C C C C C
H

H

HHHH

H

H
H3C CH3

CH3C
C

CH3

H3C

H3C
H

C
C

C

O
C

O

O H

H H

H

C

C
C

O

CH3H3C

H

Cl

O
C

C

O

N

O
OCl

Cl C CH3

O C

N

Cypermethrin

Deltamethrin

N

Br

H3C
CH3

C O

C
O

O

Br

CH3

FIGURE 4.6  Common botanical insecticides and synthetic analogs of the pyrethrins.



95Pollution of the Hydrosphere

4.11.3 O rganophosphate Insecticides

Organophosphate insecticides are insecticidal organic compounds that contain phosphorus, some 
of which are organic esters of orthophosphoric acid, such as paraoxon:

	

C2H5O O

O NO2P
C2H5O

More commonly, insecticidal phosphorus compounds are phosphorothionate and phosphorodi-
thioate compounds, such as those shown in Figure 4.8, which have an =S group rather than an =O 
group bonded to P.

The toxicities of organophosphate insecticides vary a great deal. Their major toxic effect is inhi-
bition of acetylcholinesterase, an enzyme essential for nerve function. For example, as little as 
120 mg of parathion has been known to kill an adult human and a dose of 2 mg has killed a child. 
Most accidental poisonings have occurred by absorption through the skin. Since its use began, sev-
eral hundred people have been killed by parathion.

Numerous, mostly neurological symptoms of poisoning by organophosphorus insecticides can 
be observed. Just a few of these include excessive salivation, rhinorrhea (“runny nose”), tremor, 
headache, nausea, respiratory distress, and in severe cases, seizures, respiratory depression, incon-
tinence, loss of consciousness, and even death.

In contrast to the high toxicity of methyl parathion, malathion shows how differences in struc-
tural formula can cause pronounced differences in the properties of organophosphate pesticides. 
Malathion has two carboxyester linkages, which are hydrolyzable by carboxylase enzymes to rela-
tively nontoxic products as shown by the following reaction:
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The enzymes that accomplish malathion hydrolysis are possessed by mammals, but not by 
insects, and so mammals can detoxify malathion and insects cannot. The result is that malathion 
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has selective insecticidal activity. For example, although malathion is a very effective insecticide, 
its LD50 (dose required to kill 50% of test subjects) for adult male rats is about 100 times that of 
parathion, reflecting the much lower mammalian toxicity of malathion compared to some of the 
more toxic organophosphate insecticides, such as parathion.

Unlike the organohalide compounds they largely displaced, the organophosphates readily 
undergo biodegradation and do not bioaccumulate. Because of their high biodegradability and 
restricted use, organophosphates are of comparatively little significance as water pollutants.

4.11.4 C arbamates

Pesticidal organic derivatives of carbamic acid, for which the formula is shown in Figure 4.9, are 
known collectively as carbamates. Carbamate pesticides have been widely used because some are 
more biodegradable than the formerly popular organochlorine insecticides and have lower dermal 
toxicities than most common organophosphate pesticides.

Carbaryl has been widely used as an insecticide on lawns or gardens. It has a low toxicity to 
mammals. Carbofuran has high water solubility and acts as a plant systemic insecticide. As a plant 
systemic insecticide, it is taken up by the roots and leaves of plants so that insects are poisoned by 
the plant material on which they feed.

Carbamates are toxic to animals because they inhibit acetylcholinesterase. Unlike some of the 
organophosphate insecticides, they do so without the need for undergoing a prior biotransformation 
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and are, therefore, classified as direct inhibitors. Their inhibition of acetylcholinesterase is relatively 
reversible. Loss of acetylcholinesterase inhibition activity may result from hydrolysis of the carba-
mate ester, which can occur metabolically.

4.11.5 F ungicides

Fungicides are widely applied to cereal and food crops to prevent fungal infections of these crops. 
Because of this, fungicides have the potential to contaminate water. Structural formulas of four 
commonly used fungicides are shown in Figure 4.10. Of the ones shown, chlorothalonil has been 
used for more than 30 years, with annual applications of more than 5 million kg in the United States. 
It is typically applied at a rate of 1 kg per hectare per application with 4–9 applications per year. 
The strobilurin fungicides exemplified by azoxystrobin and the triazole fungicides exemplified by 
propiconazole came into use during the 1990s and have been effective, although some problems 
with resistance developed by target organisms have been encountered.

4.11.6 H erbicides

Herbicides are substances that kill vegetation, most commonly weeds that interfere with crop growth. 
There are many chemical formulas of herbicidal compounds, representatives of which are shown 
in Figure 4.11. For the structural formulas of other herbicides including those mentioned in this 
chapter, the reader is referred to Internet sources, such as the Pesticide Action Network Database.4

Herbicides are applied over millions of acres of farmland worldwide and are widespread water 
pollutants as a result of this intensive use. Herbicides are commonly found in surface water and 
groundwater. Among those that have been reported in surface water and groundwater are atrazine, 
simazine, and cyanazine, widely used to control weeds on corn and soybeans in the “Corn Belt” 
states of Kansas, Nebraska, Iowa, Illinois, and Missouri as well as agricultural regions throughout 
the world. Other herbicides found in water include prometon, metolachlor, metribuzin, tebuthiuron, 
trifluran, alachlor, and the atrazine metabolites deisopropylatrazine and deethylatrazine. Although 
glyphosate is the most widely used herbicide to control weeds on crops genetically engineered to 
resist its effects, it is rarely found at levels of concern in water because of its very strong affinity for 
soil solids.

Chlorothalonil Propiconazole, a triazole fungicide

Azoxystrobin, a strobilurin fungicide 
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Paraquat, which was registered for use in 1965, was once one of the most widely used herbicides, 
though now largely discontinued in the United States. It is reputed to be one of the most toxic herbicides 
that have ever been in widespread commercial use and may have been responsible for several hundred 
human deaths, primarily in suicides. Exposure to fatal or dangerous levels of paraquat can occur by all 
pathways, including inhalation of spray, skin contact, ingestion, and even suicidal hypodermic injec-
tions. Its toxicity is primarily due to acute systemic effects, with the lung the major target organ and 
secondarily the kidney.5 Fortunately, paraquat is almost never found in drinking water sources.

A number of important herbicides contain three heterocyclic nitrogen atoms in ring structures 
and are, therefore, called triazines, of which atrazine shown in Figure 4.11 is the best known exam-
ple. Triazine herbicides inhibit photosynthesis. Selectivity is gained by the inability of target plants 
to metabolize and detoxify the herbicide. Widely applied to kill weeds in corn, atrazine has been 
commonly encountered as a water pollutant in corn-growing regions. Another member of this class 
is simazine, which has many uses to control annual grasses and broadleaf weeds in a variety of 
crops and orchards and for algae and submerged weed control in bodies of water. The acute toxici-
ties of the commonly used triazine herbicides are relatively low; there is some concern over their 
potential to disrupt endocrines.
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The chlorophenoxy herbicides, including 2,4-dichlorophenoxyacetic acid (2,4-D) shown in 
Figure 4.11 and the related compounds 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and mecoprop, 
were manufactured on a large scale for weed and brush control and as military defoliants. At one 
time, 2,4,5-T (now banned), known as the infamous “Agent Orange,” was used to defoliate vegeta-
tion in the Vietnam War and was of particular concern because of contaminant TCDD (see below) 
present as a manufacturing by-product.

Many herbicides that are environmentally significant do not fall into the classifications described 
earlier. Nitroaniline herbicides are characterized by the presence of –NO2 and a substituted –NH2 
group on a benzene ring as shown for trifluralin in Figure 4.11. This class of herbicides is widely 
represented in agricultural applications and includes benefin (Balan®), oryzalin (Surflan®), and 
pendimethalin (Prowl®). Other types of herbicides include substituted ureas, carbamates, and 
thiocarbamates.

Until about 1960, arsenic trioxide and other inorganic arsenic compounds (see Section 4.4) were 
used to kill weeds. Because of the incredibly high rates of application of up to several hundred kilo-
grams per acre and because arsenic is nonbiodegradable, the potential still exists for arsenic pollu-
tion of surface water and groundwater from fields formerly dosed with inorganic arsenic. In the past, 
organic arsenicals, such as MSMA shown in Figure 4.11 and the related compound cacodylic acid, 
have also been widely applied to kill weeds. Toxicity is a major concern with arsenic-containing 
pesticides. Acute effects include adverse effects to the gastrointestinal tract, the central nervous 
system, muscles, the cardiovascular system, the renal (kidney) system, liver, and blood-forming tis-
sues. Chronic exposure to arsenic compounds also causes a wide variety of adverse health effects 
including muscle weakness, skin hyperpigmentation, peripheral neuropathy, liver toxicity, renal 
toxicity, hematologic (blood) abnormalities, and cancer.

4.11.7 B y-Products of Pesticide Manufacture

A number of water pollution and health problems have been associated with the manufacture of 
organochlorine pesticides. The most notorious by-products of pesticide manufacture are polychlo-
rinated dibenzodioxins. From 1 to 8 Cl atoms may be substituted for H atoms on dibenzo-p-dioxin 
(Figure 4.12), giving a total of 75 possible chlorinated derivatives. Commonly referred to as “diox-
ins,” these species have a high environmental and toxicological significance. Of the dioxins, the most 
notable pollutant and hazardous waste compound is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
often referred to simply as “dioxin.” This compound was produced as a low-level contaminant in 
the manufacture of some aryl, oxygen-containing organohalide compounds such as chlorophenoxy 
herbicides (mentioned previously in this section) synthesized by processes used until the 1960s.

TCDD has a very low vapor pressure, a high melting point of 305°C, and a water solubility 
of only 0.2 μg/L. It is chemically unreactive, stable thermally up to about 700°C, and is poorly 
biodegradable. It is very toxic to some animals, with an LD50 of only about 0.6 μg/kg body 
mass in male guinea pigs. (The type and degree of its toxicity to humans is largely unknown; 
it is known to cause a severe skin condition called chloracne). Because of its properties, TCDD 
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is a stable, persistent environmental pollutant and hazardous waste constituent of considerable 
concern. It has been identified in some municipal incineration emissions, in which it is believed 
to form when chlorine from the combustion of organochlorine compounds reacts with carbon in 
the incinerator.

TCDD contamination has resulted from improper waste disposal, the most notable case of which 
resulted from the spraying of waste oil mixed with TCDD on roads and horse arenas in Missouri 
in the early 1970s. Contamination of the soil in Times Beach, Missouri, resulted in the whole town 
being bought out and its topsoil dug up and incinerated at a cost exceeding $100 million.

One of the greater environmental disasters ever to result from pesticide manufacture involved the 
production of Kepone, with the following structural formula:

	

O

Kepone
(CI)10

This pesticide has been used for the control of banana-root borer, tobacco wireworm, ants, and 
cockroaches. Kepone exhibits acute, delayed, and cumulative toxicity in birds, rodents, and humans, 
and it causes cancer in rodents. It was manufactured in Hopewell, Virginia, during the mid-1970s. 
During this time, workers were exposed to Kepone and are alleged to have suffered health problems 
as a result. As much as 53,000 kg of Kepone may have been dumped through the sewage system of 
Hopewell into the James River. The cost of dredging the river to remove this waste was estimated at 
a prohibitive cost of several billion dollars.

4.12  POLYCHLORINATED BIPHENYLS

First discovered as environmental pollutants in 1966, polychlorinated biphenyls (PCB com-
pounds) have been found throughout the world in water, sediments, bird tissue, and fish tissue. 
These compounds constitute an important class of special wastes. They are made by substituting 
from 1 to 10 Cl atoms onto the biphenyl aryl structure as shown on the left in Figure 4.13. This 
substitution can produce 209 different compounds (congeners), of which one example is shown on 
the right in Figure 4.13.

Polychlorinated biphenyls have very high chemical, thermal, and biological stability; low vapor 
pressure; and high dielectric constants. These properties have led to the use of PCBs as coolant-
insulation fluids in transformers and capacitors; for the impregnation of cotton and asbestos; as 
plasticizers; and as additives to some epoxy paints. The same properties that made extraordinarily 
stable PCBs so useful also contributed to the widespread dispersion and accumulation of these 
substances in the environment. By regulations issued in the United States under the authority of 
the Toxic Substances Control Act passed in 1976, the manufacture of PCBs was discontinued in the 
United States, and their uses and disposal were strictly controlled. Some degree of biodegradation 
of PCBs in the environment does occur.

(Cl)x
Cl

Cl Cl

Cl

Cl

FIGURE 4.13  General formula of polychlorinated biphenyls (left, where X may range from 1 to 10) and a 
specific 5-chlorine congener (right).
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Substitutes for PCBs for electrical applications have been developed. Disposal of PCBs from 
discarded electrical equipment and other sources have caused problems, particularly since PCBs 
can survive ordinary incineration by escaping as vapors through the smokestack. However, they can 
be destroyed by special incineration processes.

PCBs are especially prominent pollutants in the sediments of the Hudson River as a result of 
waste discharges from two capacitor manufacturing plants that operated about 60 km upstream 
from the southernmost dam on the river from 1950 to 1976. The river sediments downstream 
from the plants exhibit PCB levels of about 10 ppm, 1–2 orders of magnitude higher than lev-
els commonly encountered in river and estuary sediments. In 2002, General Electric Co. was 
ordered to dredge and decontaminate sections of the Hudson River polluted with PCBs at a 
cost estimated at the time of around $100 million. In 2009, a trial dredging of a contaminated 
section of the river was tried and the data analyzed in 2010. The trial was judged a success and 
dredging was resumed in 2011 with an estimated completion time of 7 years and a total cost of 
around $1 billion.

An interesting toxicological chemistry aspect of the Hudson River PCBs has been the observa-
tion of PCB resistance in the Atlantic tomcod, a small, rapidly reproducing bottom-feeding fish that 
lives in the PCB-contaminated sections of the Hudson River.6 The Hudson River Atlantic tomcods 
have undergone a natural selection process in which now virtually all of that population have a 
modified gene that produces a protein called the aryl hydrocarbon receptor2 (AHR2) that binds 
poorly to PCBs, thus weakening the toxic effects of the PCBs. The same gene appears in a very 
small percentage of the populations of the same fish species in the Shinnecock Bay on the south 
shore of Long Island and in Connecticut’s Nantic River and has probably long been present in some 
of the Hudson River populations where it came to predominate because of the ability of the fish that 
possess it to resist PCBs. Remarkably, this evolution has taken place within only 20–50 generations 
of the Hudson River tomcods.

4.13 � EMERGING WATER POLLUTANTS, PHARMACEUTICALS, 
AND HOUSEHOLD WASTES

The continued development of new products used for various purposes has led to interest in emerg-
ing pollutants of various kinds, which may be of concern in water.7 A factor in finding emerging 
pollutants has been the development of sophisticated methods of water analysis, including especially 
liquid chromatography combined with high resolution mass spectrometry, which is very effective 
in identifying specific water contaminants at low levels. The materials found are often degradation 
or reaction products of parent compounds. Table 4.6 lists the major categories of emerging water 
contaminants of concern.

Prominent among the emerging water contaminants are nanomaterials consisting of very small 
entities in the 1–100 nm size range. Nanomaterials of various kinds have unique properties among 
which may be high thermal stability, low permeability, high strength, and high conductivity. These 
and other properties lead to rapidly increasing uses in electronics, automobiles, apparel, sunscreens, 
cosmetics, water purification, and other products. Little is known about the potential pollution 
effects and toxicities of nanomaterials, so their potential effects as water pollutants are of signifi-
cant concern.

Another class of emerging pollutants consists of siloxanes (commonly called silicones), 
including octamethylcyclotetrasiloxane, decamethylcyclopentasiloxane, and dodecamethylcy-
clohexasiloxane. Siloxanes are thermally and chemically very stable, leading to their uses 
as coolants in transformers, protective encapsulating materials in semiconductors, lubri-
cants, coatings, and sealants. Siloxanes are widely used in personal care products includ-
ing deodorants, cosmetics, soaps, hair conditioners and hair dyes, and other products such as 
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water repellent windshield coatings, detergent antifoaming agents, and even food additives. 
Siloxanes are resistant to biodegradation and as a result are encountered in water that has 
received wastewater.
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Disinfection by-products are of some concern as water pollutants. These are compounds con-
taining halogens and nitrogen that result from reactions of water disinfectants including chlorine, 
hypochlorite, and chlorine dioxide. In addition to exposure in drinking water, humans may be 
exposed to these substances through skin contact in bathing or swimming and as vapors emit-
ted from water during showers. Brominated and iodated compounds are formed in chlorinated 
water by reactions of bromide or iodide in the water, usually present in areas of seawater or saline 
groundwater intrusion.

The most common disinfection by-products are the trihalomethanes—chloroform (CHCl3), 
dibromochloromethane (CHClBr2), bromodichloromethane (CHCl2Br), and tribromomethane 
(CHBr3). These are all by-products of water chlorination and are Group B carcinogens (shown to 

TABLE 4.6
Classes of Emerging Water Contaminants of Concern as Pollutants

Contaminant Significance

Pharmaceuticals Discarded into wastewaters or from human wastes in sewage

Pharmaceutical metabolites From human wastes in sewage

Hormones From human wastes in sewage

Endocrine disruptors Synthetic compounds that disrupt endocrine function

Nanomaterials A wide variety of inorganic and organic substances in the 1–100 nm size 
range with many developing uses

Sucralose Highly persistent artificial sweetener from chlorinating sucrose

Disinfection by-products By-products from the reaction of chlorine disinfectant with a variety of 
contaminants

Personal care products Cosmetics, sunscreens, ultraviolet filters

Brominated flame retardants Refractory brominated organic compounds

Benzotriazoles Complexing agents and anticorrosive additives

1,4-Dioxane Widely manufactured cyclic ether

Siloxanes Organosilicon compounds with many uses

Naphthenic acids Commonly released in the processing of oil sands

Musks A variety of aromatic substances produced by some animals and plants and 
synthetic analogs and used in perfumes

Perchlorate Used as rocket propellant, interferes with iodide in thyroid function

Pesticide metabolites In some cases potentially more harmful than parent pesticides

Emerging pesticides New classes of herbicides, insecticides, and other pesticides
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cause cancer in laboratory animals). By far, the most abundant of these in water systems is trichlo-
romethane (chloroform). Dibromochloromethane is regarded as posing about 10 times the risk of 
cancer as chloroform, and tribromomethane is thought to pose just a slightly greater cancer risk than 
chloroform. As of 2011, the maximum allowable limit for total trihalomethanes in drinking water 
was 80 μg/L.

Various substances associated with household wastes are found in water, especially in treated 
sewage discharges. These materials include steroids, surfactants, flame retardants, fragrances, 
plasticizers, and pharmaceuticals and their metabolites. It should be noted that, although signifi-
cant numbers of such compounds are found, they are generally at sub-part-per-billion levels and 
are detectable only by the remarkable capability of modern analytical instrumentation. Typical 
of “exotic” organics found in groundwater and water supplies detected are cholesterol, nicotine 
metabolite cotinine, β-sitosterol (a natural plant sterol), 1,7-dimethylxanthine (caffeine metabolite), 
bisphenol-A plasticizer, and fire retardant (2-chloroethyl) phosphate.

Pharmaceutical compounds and their partial degradation products are discharged with sewage 
as wastes from human ingestion and from their being deliberately discarded into wastewater.8 The 
quantities of these substances in sewage in developed countries can reach of the order of 100 met-
ric tons per year. Levels of common pharmaceuticals of around 1 μg/L have been observed in river 
water. Although these are relatively low values, they are of some concern because of the biological 
activity inherent to pharmaceutical products, which are increasingly designed for higher potency, 
bioavailability, and resistance to degradation. Figure 4.14 shows some examples of the most com-
mon pharmaceuticals and their degradation products that have been observed in water. One of the 
greater concerns with pharmaceuticals in water is the possibility that some are endocrine disrup-
tors that may interfere with hormonal function, especially in fish and other aquatic organisms as 
discussed further.

A study of the occurrence of pharmaceuticals and endocrine disrupting chemicals in sources 
of drinking water for more than 28 million people in the United States showed that the most com-
monly detected chemicals were atenolol, atrazine, carbamazepine, estrone, gemfibrozil, mepro-
bamate, naproxen, phenytoin, sulfamethoxazole, TCEP, and trimethoprim, generally occurring at 
levels below 10 ng/L.9 The study suggested that potential contamination by pharmaceuticals and 
endocrine disrupting chemicals and the effectiveness of treatment measures for their removal may 
be shown by the presence and levels of atenolol, atrazine, DEET, estrone, meprobamate, and trim-
ethoprim acting as indicator compounds.
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FIGURE 4.14  Pharmaceuticals that have been found as water pollutants.
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4.13.1 B actericides

Bactericides used in cleaning and consumer products may be encountered in water. One of the most 
common of these is triclosan,

	

OCI CI

Triclosan (methyl triclosan has a –CH3 group
substituted for the H designated H*)

CI

OH*

widely used in antibacterial soaps and other consumer items such as shampoo, deoderants, lotions, 
toothpaste, sportswear, shoes, carpets, and even refuse containers. This compound and its methyl 
derivative commonly occur at low levels in natural waters that receive wastewater.

4.13.2  Estrogenic Substances in Wastewater Effluents

Estrogenic substances compose a class of water pollutants of particular concern commonly found 
in sewage and even treated sewage effluent. These substances can disrupt the crucial endocrine gland 
activities that regulate the metabolism and reproductive functions of organisms. Aquatic organisms 
including fish, frogs, and reptiles such as alligators exposed to such substances may exhibit repro-
ductive dysfunction, alterations in secondary sex characteristics, and abnormal serum steroid levels. 
Such substances include exogenous estrogenic substances, among which are 17α-ethynyl estradiol, 
diethylstilbestrol, mestranol, levonorgestrel, and norethindrone used in oral contraceptives, treat-
ment of hormonal disorders, and cancer treatment. Some synthetic substances other than hormones 
also act as estrogen disruptors. Of prime concern as water pollutants are nonionic surfactant polye-
thoxylates, mentioned in the discussion of detergents in Section 4.10.2, and their major degradation 
product, persistent nonylphenol. Although these substances are orders of magnitude less potent than 
hormonal substances, annual usage of millions of kilograms of nonionic surfactants make them a 
significant factor as water pollutants.

The most obvious effect of pharmaceuticals and their metabolic products in water has been femi-
nization of male fish observed downstream from treated sewage discharges resulting from estro-
genic compounds in wastewater. First noted in England and later in the United States and Europe, 
these male fish have been observed to produce proteins associated with egg production by female 
fish and to produce early-stage eggs in their testes. These effects are largely attributed to residues of 
synthetic 17α-ethinylestradiol and the natural hormone 17β-estradiol, used in oral contraceptives. 
The glucuronide and sulfate conjugates of 17α-ethinylestradiol are excreted with urine and cleaved 
by bacteria in water to regenerate the original compound.

4.13.3 B iorefractory Organic Pollutants

Millions of tons of organic compounds are manufactured globally each year, often taking the place 
of natural products that were formerly used. Significant quantities of several thousand synthetic 
organic compounds appear as water pollutants. Most of these compounds, particularly the less 
biodegradable ones, are substances to which living organisms have not been exposed until recent 
decades. Often, their effects upon organisms are not well known, particularly for long-term expo-
sures at very low levels. The potential exists for synthetic organics to cause genetic damage, cancer, 
or other ill effects. On the positive side, organic pesticides enable a level of agricultural productiv-
ity without which millions would starve. Although synthetic organic chemicals are essential to the 
operation of a modern society, it is very important to know about their environmental harm and 
potential as pollutants.
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Biorefractory organics are the organic compounds of most concern in wastewater, particularly 
when they are found in sources of drinking water. These are poorly biodegradable substances and 
are sometimes referred to as persistent organic pollutants (POP), prominent among which are 
aromatic or chlorinated hydrocarbons. Biorefractory compounds that may be found in water include 
benzene, chloroform, methyl chloride, styrene, tetrachloroethylene, trichloroethane, and toluene. 
In addition to their potential toxicity, biorefractive compounds can cause taste and odor problems 
in water. They are not completely removed by biological treatment, and water contaminated with 
these compounds must be treated by physical and chemical means, including air stripping, solvent 
extraction, ozonation, and carbon adsorption.
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Methyl tert-butyl ether (MTBE) was once used as a gasoline octane booster, but was phased out 
after it appeared as a low-level water pollutant in the United States. Levels of this chemical in recre-
ational lakes and reservoirs were attributed largely to emissions of unburned fuel from recreational 
motorboats and personal watercraft having two-cycle engines that discharge their exhausts directly 
to the water.

Perfluorinated organic compounds constitute a unique class of POP. They occur as completely 
fluorinated hydrocarbon derivatives, such as CF4, in the atmosphere, where they are regarded 
as atmospheric pollutants and potential greenhouse gases (see Chapter 7). Other perfluorinated 
compounds that are organic acids or their salts have been encountered as water pollutants. Most 
commonly cited are salts of perfluorooctane sulfonic acid; others include salts of perfluorinated 
carboxylic acids, such as perfluorohexanoic acid:
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Perfluorocarbons have been used commercially since the 1950s, primarily as coatings to resist 
soil and grease in paper products, fabrics, carpet material, and leather. Scotchgard fabric protector 
once manufactured by 3M Corporation contained perfluorooctane sulfonates, but this use has been 
discontinued. Perfluorocarbons have also been used as surfactants in oil drilling fluids and firefight-
ing foams. Other applications have included alkaline cleaners, floor polish formulations, etching 
baths, and even denture cleaners. Perfluorocarbons have been detected in water, fish blood and liver, 
and human blood.

Brominated compounds have been recognized as significant environmental and water pollutants 
in recent years and have even been found in mothers’ milk in some countries. These compounds 
have been manufactured as flame retardants, largely for use in polymers and textiles. The most 
common of the brominated compounds likely to be encountered as pollutants are polybrominated 
diphenyl ethers and tetrabromobisphenol:
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Benzotriazole and tolyltriazoles (structural formulas as follows) are complexing agents for met-
als that are widely used as anticorrosive additives by forming a thin complexing film on metal 
surfaces, thereby protecting the metal from corrosion. These compounds are used in a variety of 
products including hydraulic fluids, cooling fluids, antifreeze formulations, and aircraft de-icer flu-
ids and for silver protection in dishwasher detergents. Because of these uses, the triazoles are com-
monly encountered as “down-the-drain” chemicals that get into wastewaters. Their widespread use, 
high water solubility, and poor biodegradability make them among the most widely encountered 
chemicals in waters receiving treated wastewater.10
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Naphthenic acid is a complex and variable mixture of carboxylic acids of molar masses 
in the approximate range of 180–350 and typically containing one –CO2H group and one 5- or 
6-membered ring per molecule that is a by-product of petroleum refining, oil sand extraction, and 
coal. Naphthenic acids recovered from petroleum refining are used for solvents, lubricants, corrosion 
inhibitors, metal naphthenate synthesis, fuel additives, de-icing, dust control, wood preservation, and 
road stabilization. Water pollution from naphthenic acids is most severe in the oil sands processing 
area of Alberta, Canada, where caustic hot water is used to wash heavy hydrocarbon crude oil from 
sand, leaving huge quantities of tailings of clay, sand, and water contaminated with 80–120 mg/L 
naphthenic acids. The acids are toxic to aquatic organisms and are endocrine disrupting substances.

4-Methyl-1-cyclohexane carboxylic acid,
a typical low-molar-mass naphthenic acid

H3C CO2H

Two chemically similar synthetic organonitrogen compounds that have been detected in some 
wastewaters are the industrial compounds melamine and cyanuric acid. From their structural formulas 
below, it is seen that these compounds are triazine compounds that have very high nitrogen contents. 
Mixed with resins, melamine has fire retardant properties, because when heated to high temperatures, 
it releases N2 gas, which tends to extinguish flames. Several million kilograms of melamine and 
cyanuric acid are produced worldwide annually as components or precursors in a variety of products 
including bleaches, disinfectants, and herbicides and as by-products in the production of pesticides, 
paints, building materials, textiles, and other products. These compounds were the agents involved in 
some tragic incidents involving pet food and infant formula starting in 2007, when hundreds of pets, 
mostly cats, died of renal failure. In 2008, in China, numerous puzzling incidents of infant illness and 
death were observed. These unfortunate events were found to be due to the presence of melamine and 
cyanuric acid in pet food and infant formula, deliberately added to raise the nitrogen content so that 
the foods would appear to have relatively higher protein contents. In 2009, two individuals in China 
were executed and several others imprisoned for their roles in producing the tainted products.
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4.14  RADIONUCLIDES IN THE AQUATIC ENVIRONMENT

The massive production of radionuclides (radioactive isotopes) by weapons and nuclear reactors 
since World War II has been accompanied by increasing concern about the effects of radioactivity 
upon health and the environment. As illustrated in Figure 4.15 and by the specific examples shown 
in Table 4.7, radionuclides are produced as fission products of heavy nuclei of such elements as 
uranium or plutonium and are also produced by the reaction of neutrons with stable nuclei. The 
ultimate disposition of radionuclides formed in large quantities as waste products in nuclear power 
generation poses challenges with regard to the widespread use of nuclear power. Artificially pro-
duced radionuclides are also widely used in industrial and medical applications, particularly as 
“tracers.” Radionuclides may enter aquatic systems from both artificial and natural sources, and 
their transport, reactions, and biological concentration in aquatic ecosystems can be a water pollu-
tion concern.

Radionuclides differ from other nuclei in that they emit ionizing radiation—alpha particles, 
beta particles, and gamma rays. The most massive of these emissions is the alpha particle, a helium 
nucleus of atomic mass 4, consisting of two neutrons and two protons. The symbol for an alpha 
particle is shown as the product of Reaction 4.10. An example of alpha production is found in the 
radioactive decay of uranium-238:

	 92
238

90
234

2
4U Th alpha particle→ + ( )α 	 (4.10)

This transformation occurs when a uranium nucleus, atomic number 92 and atomic mass 238, 
loses an alpha particle, atomic number 2 and atomic mass 4 (a helium atom nucleus), to yield a tho-
rium nucleus, atomic number 90 and atomic mass 234.

Beta radiation consists of either highly energetic, negative electrons or their positively charged 
counterparts, called positrons:
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A typical beta emitter, chlorine-38, may be produced by irradiating chlorine with neutrons. 
The chlorine-37 nucleus, natural abundance 24.5%, absorbs a neutron to produce chlorine-38 and 
gamma radiation:
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FIGURE 4.15  A heavy nucleus, such as that of 235U, may absorb a neutron and break up (undergo fission), 
yielding lighter radioactive nuclei. A stable nucleus may absorb a neutron to produce a radioactive nucleus.
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The chlorine-38 nucleus is radioactive and loses a negative beta particle to become an argon-38 
nucleus:

	 17
38

18
38

1
0Cl Ar→ + − β 	 (4.12)

Since the negative beta particle has essentially no mass and a–1 charge, the stable product iso-
tope, argon-38, has the same mass and a nuclear charge 1 greater than chlorine-38.

Gamma rays are electromagnetic radiation similar to x-rays, though more energetic. Since the 
energy of gamma radiation is often a well-defined property of the emitting nucleus, it may be used 
in some cases for the qualitative and quantitative analysis of radionuclides.

The primary effect of alpha particles, beta particles, and gamma rays upon materials is the pro-
duction of ions; therefore, they are called ionizing radiation. Because of their large size, alpha par-
ticles do not penetrate matter deeply, but cause an enormous amount of ionization along their short 
path of penetration. Therefore, alpha particles present little hazard outside the body, but are very 
dangerous when ingested. Although beta particles are more penetrating than alpha particles, they 

TABLE 4.7
Radionuclides That May Be Encountered in Water

Radionuclide Half-Life Nuclear Reaction, Description, Source

Naturally Occurring and from Cosmic Reactions
Carbon-14 5730 y1 14N(n,p)14C,2 thermal neutrons from cosmic or nuclear-

weapon sources reacting with N2

Silicon-32 ~300 y 40Ar(p,x)32Si, nuclear spallation (splitting of the nucleus) 
of atmospheric argon by cosmic-ray protons

Potassium-40 ~1.4 × 109 y 0.0119% of natural potassium including potassium in the 
body

Naturally Occurring from 238U Series
Radium-226 1620 y Diffusion from sediments, atmosphere

Lead-210 21 y 226Ra → 6 steps → 210Pb

Thorium-230 75,200 y 238U → 3 steps → 230Th produced in situ

Thorium-234 24 d 238U → 234Th produced in situ

From Reactor and Weapons Fission3

Strontium-90 (28 y) Iodine-131 (8 d) Cesium-137 (30 y)

Barium-140 (13 d) > Zirconium-95 (65 d) > Cerium-141 (33d) > Strontium-89 (51 d) > Ruthenium-103 (40 d) > 
Krypton-85 (10.3 y)

From Nonfission Sources
Cobalt-60 5.25 y From nonfission neutron reactions in reactors

Manganese-54 310 d From nonfission neutron reactions in reactors

Iron-55 2.7 y 56Fe(n,2n)55Fe, from high-energy neutrons acting on iron 
in weapons hardware

Plutonium-239 24,300 y 238U(n,γ)239Pu, neutron capture by uranium

1	 Abbreviations: y, years; d, days
2	 This notation shows the isotope nitrogen-14 reacting with a neutron, n, giving off a proton, p, and forming the carbon-14 

isotope; other nuclear reactions can be deduced from this notation, where x represents nuclear fragments from spallation.
3	 The first three fission-product radioisotopes listed below as products of reactor and weapons fission are of most signifi-

cance because of their high yields and biological activity. The other fission products are listed in generally decreasing order 
of yield.
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produce much less ionization per unit path length. Gamma rays are much more penetrating than 
particulate radiation, but cause much less ionization. Their degree of penetration is proportional to 
their energy.

The decay of a specific radionuclide follows first-order kinetics; that is, the number of nuclei 
disintegrating in a short time interval is directly proportional to the number of radioactive nuclei 
present. The rate of decay, –dN/dt, is given by the equation

	 Decay rate
d

d
= − =N

t
Nλ 	 (4.13)

where N is the number of radioactive nuclei present and λ is the rate constant, which has units of 
reciprocal time. Since the exact number of disintegrations per second is difficult to determine in the 
laboratory, radioactive decay is often described in terms of the measured activity, A, which is pro-
portional to the absolute rate of decay. The first-order decay equation may be expressed in terms of A,

	 A A t= −
0e λ

	 (4.14)

where A is the activity at time t; A0 is the activity when t is zero; and e is the natural logarithm base. 
The half-life, t1/2, is generally used instead of λ to characterize a radionuclide:

	 t1 2
0 693= .

λ 	 (4.15)

As the term implies, a half-life is the period of time during which half of a given number of 
atoms of a specific kind of radionuclide decay. Ten half-lives are required for the loss of 99.9% of 
the activity of a radionuclide.

Radiation damages living organisms by initiating harmful chemical reactions in tissues. For 
example, bonds are broken in the macromolecules that carry out life processes. In cases of acute 
radiation poisoning, bone marrow, which produces red blood cells, is destroyed and the concentra-
tion of red blood cells is diminished. Radiation-induced genetic damage, which may not become 
apparent until many years after exposure, is of great concern. As humans have learned more about 
the effects of ionizing radiation, the dosage level considered to be safe has been steadily lowered 
by regulatory agencies. Although it is possible that even the slightest exposure to ionizing radiation 
entails some damage, some radiation is unavoidably received from natural sources including the 
radioactive 40K found in all humans. For the majority of the population, exposure to natural radia-
tion exceeds that from artificial sources.

The study of the ecological and health effects of radionuclides involves consideration of many 
factors. Among these are the type and energy of radiation emitter and the half-life of the source. In 
addition, the degree to which the particular element is absorbed by living species and the chemical 
interactions and transport of the element in aquatic ecosystems are important factors. Radionuclides 
having very short half-lives may be hazardous when produced, but decay too rapidly to affect the 
environment into which they are introduced. Radionuclides with very long half-lives may be quite 
persistent in the environment, but of such low activity that little environmental damage is caused. 
Therefore, in general, radionuclides with intermediate half-lives are the most dangerous. They per-
sist long enough to enter living systems while still retaining a high activity. Because they may be 
incorporated within living tissue, radionuclides of “life elements” are particularly dangerous. Much 
concern has been expressed over strontium-90, a common waste product of nuclear testing. This ele-
ment is interchangeable with calcium in bone. Strontium-90 fallout drops onto pasture and cropland 
and is ingested by cattle. Eventually, it enters the bodies of infants and children by way of cow’s milk.

Some radionuclides found in water, primarily radium and potassium-40, originate from natural 
sources, particularly leaching from minerals. Others come from pollutant sources, primarily nuclear 
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power plants and testing of nuclear weapons. The levels of radionuclides found in water typically are 
measured in units of picocuries/liter, where a curie is 3.7 × 1010 disintegrations per second and a pico-
curie is 1 × 10−12 that amount or 3.7 × 10−2 disintegrations per second (2.2 disintegrations per minute).

The radionuclide of most concern in drinking water is radium, Ra. Areas in the United States 
where significant radium contamination of water has been observed include the uranium-produc-
ing regions of the western United States, Iowa, Illinois, Wisconsin, Missouri, Minnesota, Florida, 
North Carolina, Virginia, and New England.

The U.S. Environmental Protection Agency specifies maximum contaminant levels (MCL) for 
total radium (226Ra plus 228Ra) in drinking water in units of pCi/L (picocuries per liter). In the past, 
perhaps as many as several hundred municipal water supplies in the United States have exceeded 
permissible levels, which has required finding alternative sources or additional treatment to remove 
radium. Fortunately, conventional water softening processes, which are designed to take out exces-
sive levels of calcium, are relatively efficient in removing radium from water.

If nations continue to refrain from testing nuclear weapons above ground, this source will not 
contribute any more radioactivity to water. The possible contamination of water by fission-product 
radioisotopes from nuclear power production is of some concern. The worst such incident of radio-
active contamination from a nuclear power source was the catastrophic 1986 meltdown and fire at 
the Chernobyl nuclear reactor in the former Soviet Union, which spread large quantities of radioac-
tive materials over a wide area of Europe and contaminated many water supplies. A more recent 
incident was the result of the magnitude 9.0 earthquake that occurred on March 11, 2011, off the 
coast of Honshu, Japan, about 373 km (231 miles) northeast of Tokyo and the devastating tsunami 
that followed, which severely damaged the Fukushima Daiichi Nuclear Power Station. As a result, 
the electrical power infrastructure leading to the plant was damaged so that water could not be 
pumped to cool the reactor core and the spent fuel rods normally stored under water close to the 
core. Zirconium metal alloy cladding the hot fuel rods reacted with water to generate hydrogen gas, 
which exploded destroying structures that sheltered the reactors. Significant amounts of radioactiv-
ity were released, much of it contaminating water in the surrounding areas.

Transuranic elements are also of concern in the oceanic environment. These alpha emitters are 
long-lived and highly toxic. Included among these elements are various isotopes of neptunium, plu-
tonium, americium, and curium. Specific isotopes, with half-lives in years given in parentheses, are 
Np-237 (2.14 × 106); Pu-236 (2.85); Pu-238 (87.8); Pu-239 (2.44 × 104); Pu-240 (6.54 × 103); Pu-241 
(15); Pu-242 (3.87 × 105); Am-241 (433); Am-243 (7.37 × 106); Cm-242 (0.22); and Cm-244 (17.9).

4.15  TOXICOLOGICAL CHEMISTRY AND WATER POLLUTION

The toxicological chemistry aspects of various water pollutants are noted throughout this chapter. 
Toxicological chemistry as related to the hydrosphere was discussed in Section 3.12. As shown in 
Figures 3.15 and 3.16, an important aspect of the toxicological chemistry of water pollutants in the 
hydrosphere is the exchange of toxic substances among sediments, water, and the bodies of fish and 
other aquatic organisms and the metabolism, transport, and storage of toxicants within the organ-
ism. These processes are especially pertinent to lipophilic organic pollutants including hydrocar-
bons and organochlorine compounds, which may undergo bioaccumulation and bioconcentration in 
lipid tissue of fish.11 Fish lipid tissue is frequently analyzed for such substances as a biomarker of 
pollution. An important example is the accumulation of methylmercury species in the lipid tissue 
of some fish, primarily older members of some larger species (see Section 4.3), to the extent that 
human consumption of some species should be limited, especially during pregnancy.

Aquatic organisms may be affected directly by water pollutants. One important example is the 
feminization of some organisms by exposure to estrogenic pollutants. Mussels and other sediment-
dwelling organisms in the hydrosphere have been adversely affected by organotin water pollutants.

Another important aspect of the toxicological chemistry of water pollutants involves biotrans-
formations and biodegradation of pollutants. Some of the compounds found as markers of water 
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pollution are metabolites of parent pollutant species. Such metabolites, including those of some 
pharmaceuticals, are produced by humans and livestock on land, then discharged as wastes to water. 
Microbial metabolites of some widely used herbicides are encountered as water pollutants including 
the atrazine metabolites deisopropylatrazine and deethylatrazine and aminomethyl phosphonic acid 
produced from herbicidal glyphosate (see Section 4.11).

Microorganisms in water and sediments can act to detoxify organic water pollutants. As noted 
in Section 3.14, this most commonly takes place through the process of co-metabolism. In most 
favorable cases, the pollutants are completely mineralized to inorganic forms. As discussed in 
Section 3.9, an indirect pathway to detoxification of toxic heavy metal ions occurs when reducing 
conditions in the bottom regions and sediments in bodies of water convert sulfate ion, SO4

2−, to H2S, 
which precipitates heavy metals as biologically less available metal sulfides.

As discussed in Section 4.10, some aquatic microorganisms produce toxins that can harm or even 
kill fish and other organisms. Photosynthetic cyanobacteria produce a variety of toxins, such as the 
Cylindrospermopsin toxin that can poison humans who drink the water. “Blooms” of cyanobacteria 
in lakes and reservoirs serving as water supplies lead to warnings about the safety of drinking water 
supplies each summer. Also noted in Section 4.10 was the production of toxins by predominantly 
marine single-celled photosynthetic protozoans, which have led to kills of some marine organisms 
and gastrointestinal, respiratory, and skin disorders in humans. The greatest danger to humans from 
dinoflagellata toxins comes from the ingestion of shellfish, such as mussels and clams, that have 
accumulated the protozoa from seawater. In this form, the toxic material is called paralytic shellfish 
poison. As little as 4 mg of this toxin, the amount found in several severely infested mussels or 
clams, can be fatal to a human. The toxin depresses respiration and affects the heart, resulting in 
complete cardiac arrest in extreme cases.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the chapter. So in 
some cases, there may be several “right” answers. Therefore, if your answer reflects intellectual 
effort and a search for information from available sources, it may be considered to be right.

	 1.	Which of the following statements is true regarding chromium in water: (a) chromium(III) 
is suspected of being carcinogenic; (b) chromium(III) is less likely to be found in a soluble 
form than chromium(VI); (c) the toxicity of chromium(III) in electroplating wastewaters is 
decreased by oxidation to chromium(VI); (d) chromium is not an essential trace element; 
(e) chromium is known to form methylated species analogous to methylmercury compounds.

	 2.	What do mercury and arsenic have in common in regard to their interactions with bacteria 
in sediments?

	 3.	What are some characteristics of radionuclides that make them especially hazardous to 
humans?

	 4.	To what class do pesticides containing the following group belong?
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	 5.	Consider the following compound:
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		  Which of the following characteristics is not possessed by the compound: (a) one end of 
the molecule is hydrophilic and the other end is hydrophobic, (b) surface-active qualities, 
(c) the ability to lower surface tension of water, (d) good biodegradability, (e) tendency to 
cause foaming in sewage treatment plants.

	 6.	A certain pesticide is fatal to fish fingerlings at a level of 0.50 parts per million in water. 
A leaking metal can containing 5.00 kg of the pesticide was dumped into a stream with 
a flow of 10.0 L/s moving at 1 km/h. The container leaks pesticide at a constant rate of 
5 mg/s. For what distance (in km) downstream is the water contaminated by fatal levels of 
the pesticide by the time the container is empty?

	 7.	Give a reason that Na3PO4 would not function well as a detergent builder, whereas Na3P3O10 
is satisfactory, though it is a source of pollutant phosphate.

	 8.	Of the compounds CH3(CH2)10CO2H, (CH3)3C(CH2)2CO2H, CH3(CH2)10CH3, and 
ϕ–(CH2)10CH3 (where ϕ represents a benzene ring), which is the most readily biodegradable?

	 9.	A pesticide sprayer got stuck while trying to ford a stream flowing at a rate of 136 L/s. 
Pesticide leaked into the stream for exactly 1 hour and at a rate that contaminated the 
stream at a uniform 0.25 ppm of methoxychlor. How much pesticide was lost from the 
sprayer during this time?

	 10.	A sample of water contaminated by the accidental discharge of a radionuclide used for 
medicinal purposes showed an activity of 12,436 counts per second at the time of sampling 
and 8,966 cps exactly 30 days later. What is the half-life of the radionuclide?

	 11.	What are the two reasons that soap is environmentally less harmful than ABS surfactant 
used in detergents?

	 12.	What is the exact chemical formula of the specific compound designated as PCB?
	 13.	Match each compound designated by a letter with the description corresponding to it des-

ignated by a number.

	

o

(A) CdS (B) (CH3)2AsH (C) (CI)10 (D)
CIx

	 (1)	 Pollutant released to a U.S. stream by a poorly controlled manufacturing process.
	 (2)	 Insoluble form of a toxic trace element likely to be found in anoxic sediments.
	 (3)	 Common environmental pollutant formerly used as a transformer coolant.
	 (4)	 Chemical species thought to be produced by bacterial action.
	 14.	A radioisotope has a nuclear half-life of 24 hours and a biological half-life of 16 hours 

(half of the element is eliminated from the body in 16 hours). A person accidentally swal-
lowed sufficient quantities of this isotope to give an initial “whole body” count rate of 1000 
counts per minute. What was the count rate after 16 hours?

	 15.	What is the primary detrimental effect upon organisms of salinity in water arising from 
dissolved NaCl and Na2SO4?

	 16.	Give a specific example of each of the following general classes of water pollutants: 
(a) trace elements, (b) metal–organic combinations, (c) pesticides.

	 17.	A polluted water sample is suspected of being contaminated with one of the following: 
soap, ABS surfactant, or LAS surfactant. The sample has a very low BOD relative to its 
TOC. Which is the contaminant?

	 18.	Of the following, the one that is not a cause of or associated with eutrophication is (a) even-
tual depletion of oxygen in the water, (b) excessive phosphate, (c) excessive algal growth, 
(d) excessive nutrients, (e) excessive O2.

	 19.	From the formulas below match the following: (a) Lowers surface tension of water, (b) a 
carbamate, (c) a herbicide, (d) a non-carbamate insecticide
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	 20.	Of the following heavy metals, choose the one most likely to have microorganisms involved 
in its mobilization in water and explain why this is so: (a) lead, (b) mercury, (c) cadmium, 
(d) chromium, (e) zinc.

	 21.	Of the following, the true statement is (a) eutrophication results from the direct discharge 
of toxic pollutants into water, (b) treatment of a lake with phosphates is a process used to 
deter eutrophication, (c) alkalinity is the most frequent limiting nutrient in eutrophication, 
(d) eutrophication results from excessive plant or algal growth, (e) eutrophication is gener-
ally a beneficial phenomenon because it produces oxygen.

	 22.	Of the following, the statement that is untrue regarding radionuclides in the aquatic envi-
ronment is (a) they emit ionizing radiation, (b) they invariably come from human activi-
ties, (c) radionuclides of “life elements,” such as iodine-131, are particularly dangerous, 
(d) normally the radionuclide of most concern in drinking water is radium, (e) they may 
originate from the fission of uranium nuclei.

	 23.	Match the following pollutants on the left with effects or other significant aspects on the 
right:

	 24.	After some research on the Internet, suggest three radionuclide pollutants released by 
the 2011 earthquake and tsunami damage to Japan’s Fukushima Daiichi Nuclear Power 
Station and why each poses a health concern.

	 25.	Explain why fish lipid tissue is commonly analyzed as a biomarker of water pollution. For 
which kinds of pollutants is it most useful? Name a class of pollutants for which it probably 
would not be very useful.

	 26.	Cases have been reported in which male fish exhibit early stages of egg develop-
ment and other female characteristics. For which class of water pollutants is this a 
biomarker?

(a) Salinity 1. Excessive productivity

(b) Alkalinity 2. �Can enter water from pyrite 
or from the atmosphere

(c) Acidity 3. �Osmotic effects on 
organisms

(d) Nitrate 4. From soil and mineral strata
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5 Sustaining the Hydrosphere

5.1  MORE IMPORTANT THAN OIL

As Earth’s population reached the 7 billion mark at the end of October 2011, the demands that popula-
tion growth place upon the planet’s finite resources are matters of very serious concern, much of them 
involving energy, especially petroleum resources. But, arguably, a more urgent concern with respect 
to Earth’s natural capital is water and it has become fashionable to say that water is the new petro-
leum. In a sense, the problems posed by shortages of water and deteriorating water quality in many 
areas of the world are much more challenging than those of energy. There are numerous options for 
supplying energy, including renewable resources such as wind energy and solar energy. But, over-
all, there is a finite amount of water on Earth, especially if water in the oceans is regarded as being 
largely off-limits as a source of usable H2O. Although water, like petroleum, can be moved some 
distances, to a large extent, “you have got to use it where you find it,” and the uneven distribution of 
water around the planet makes its utilization in an economical way rather difficult in many areas.

Water is strongly linked to both energy supply and food supply. A number of technologies that 
provide energy use water in areas such as cooling power plants and in hydraulic fracturing of 
methane-bearing tight shale deposits, and the exploitation of some sources of energy has the poten-
tial to harm water quality. Obviously, water is crucial in the production of food in the growing of 
crops and as a medium in which fish grow and are harvested, providing a major source of protein 
for human consumption.

Fortunately, in principle, water is a totally renewable resource and, unlike hydrocarbon fossil 
fuels, for example, water is never totally destroyed, although it may become so contaminated as 
to make its reuse very difficult. Water may accurately be described as “nature’s most renewable 
resource.”1 This chapter discusses sustaining the hydrosphere and its precious content of water, that 
crucial part of Earth’s natural capital. A critical part of this endeavor is the recycling of water, which 
will have to be practiced to a large extent if enough water is to be provided to meet demands for it. 
Much of this chapter deals with treatment processes used to bring water from diverse sources up 
to standards enabling its use, to restore water that has been used back to standards where it can be 
used again, and to provide usable freshwater from impaired sources including brackish groundwater 
and even seawater.

5.2  GREENING OF WATER: PURIFICATION BEFORE AND AFTER USE

For most uses, water requires treatment. The processes used to treat water are generally similar for 
municipal, commercial, or industrial uses although the kinds of treatment used and the degree of 
treatment depend on the end use of the water. This section addresses the major treatment processes 
applied to water supplies.

An important consideration in the treatment of water is the source of the water. Chapter 3 addresses 
the question of where water is found in the hydrosphere and, therefore, the potential sources of water 
to be treated. Generally, there are two main sources of freshwater. Surface water occurs in rivers, 
reservoirs, and lakes. Groundwater is contained in subsurface aquifers. The overexploitation of 
groundwater sources is a matter of great current concern as levels of groundwater (the water table, 
see Chapter 3, Figure 3.4) are being lowered at an alarming rate in many parts of the world. In many 
areas, the natural rate of groundwater recharge from surface infiltration is inadequate to maintain 
groundwater levels. A number of aquifers that are being pumped to exhaustion contain fossil water 
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(in some cases, remaining from the last ice age) that have no means of natural recharge. In the 
future, the provision of adequate water supplies will require greater utilization of wastewater and 
saline water, which will put heavy demands on the treatment processes used.2

A large variety of processes are used to treat water and are discussed in this chapter. Some of 
these are physical processes including filtration, aeration, and adsorption on solids such as activated 
carbon. Chemical processes used include acid-base, precipitation, oxidation-reduction, and com-
plexation. Treatment of drinking water almost always involves physical and chemical processes, 
whereas wastewater treatment usually uses all three processes with a heavy reliance on biological 
treatment.

Most physical and chemical processes used to treat water involve similar phenomena, regardless 
of their application to municipal, commercial, or industrial use. Therefore, after introductions to 
water treatment for municipal use, industrial use, and disposal, each major kind of treatment process 
is discussed as it applies to all of these applications.

5.2.1  Emerging Considerations in Water Treatment

Several aspects of water treatment are becoming more important, especially as pressures increase 
for water reclamation and recycle. These include the emergence of increased amounts of “exotic” 
contaminants, including pharmaceuticals and their metabolites, personal care products, household 
chemicals, disinfection by-products, and nanomaterials, those in a size range of 1–100 nm used 
increasingly in applications such as the delivery of pharmaceuticals.

As water treatment processes become more sophisticated and water shortages necessitate use of 
impaired and recycled water, problems are growing with the treatment and disposal of residuals. 
These include sludge materials and highly contaminated water from the dewatering of sludges and 
a variety of other solid, liquid, and gaseous by-products. Residuals include turbidity-causing inor-
ganic and organic materials removed from raw water used as a municipal source as well as materials 
removed in the treatment of domestic and industrial wastewater. Such residuals may include micro-
bial biomass from algae, bacteria, protozoa, and viruses. The potential presence of pathogens needs 
to be considered in managing residuals. Significant amounts of residuals arise from chemicals used 
to treat water, such as Al(OH)3 and Fe(OH)3, produced when aluminum and iron salts are added to 
water to coagulate colloidal impurities. Membrane water treatment processes produce waste reten-
tates enriched in impurities removed by membranes. As desalination of saline groundwater and 
ocean water becomes more common, the disposal of concentrated brine retentate from reverse 
osmosis treatment will grow in importance.

Another consideration of growing importance in water treatment is the development of new 
technologies. These include special membrane processes for water filtration, alternatives to chlo-
rine for water disinfection, advanced oxidation of impurities, and the use of ultraviolet radiation for 
water disinfection and as an aid to destruction of organic contaminants by oxidants. It is important 
to consider the sustainability of developing techniques including costs and by-product generation.

5.3  MUNICIPAL WATER TREATMENT

The modern treatment plant that produces municipal water is often called upon to perform wonders 
with the water fed to it. The water may have entered the plant as a murky liquid pumped from a 
polluted river laden with mud and swarming with bacteria. Or, its source may have been well water, 
which is much too hard for domestic use because of high levels of Ca2+ ion or the presence of stain-
producing dissolved iron and manganese. But for the most part, the product that comes from a faucet 
is clear, safe, and even tasteful water.

A schematic diagram of a typical municipal water treatment plant is shown in Figure 5.1. This 
particular facility treats water containing excessive hardness and a high level of iron. The raw water 
taken from wells first goes to an aerator. Contact of the water with air removes volatile solutes such 
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as hydrogen sulfide, carbon dioxide, methane, and volatile odorous substances such as methanethiol 
(CH3SH) and bacterial metabolites. Contact with oxygen also aids iron removal by oxidizing soluble 
iron(II) to insoluble iron(III). The addition of lime as CaO or Ca(OH)2 after aeration raises the pH 
and results in the formation of precipitates containing the hardness ions Ca2+ and Mg2+. These pre-
cipitates settle from the water in a primary basin. Much of the solid material remains in suspension 
and requires the addition of coagulants (such as iron(III) and aluminum sulfates, which form gelati-
nous metal hydroxides) to settle the colloidal particles. Activated silica or synthetic polyelectrolytes 
may also be added to stimulate coagulation or flocculation. The settling occurs in a secondary basin 
after the addition of carbon dioxide to lower the pH. Sludge from both the primary and secondary 
basins is pumped to a sludge lagoon. The water is finally chlorinated, filtered, and pumped to the 
city water mains.

5.3.1 C ontamination in Water Distribution Systems

Although water may be pure and clean when it leaves the treatment plant, it may not remain so 
throughout the water distribution system, largely because of materials picked up from the piping 
in the system. Iron and copper piping used to distribute water is subject to corrosion processes that 
may result in the presence of metals in the water. Iron from iron pipe leads to “red water,” and dis-
solved copper from water at a pH below 7 that has stood in copper pipe can produce “blue-green 
water.” Lead-based solder was once widely used in connecting copper pipe; concerns over lead in 
drinking water have led to the replacement of this kind of solder with solder composed of silver and 
tin. The term “plumbing” is based on the Latin word for lead, reflecting the fact that in years past, 
much of the pipe used for water distribution was composed of lead. Although plastic water pipe 
does not corrode, there is a potential for plasticizers and organic additives to leach from the plastic 
into drinking water. Pathogens may get into water distribution systems by accident, and residual 
disinfectants are commonly put into water before it leaves the treatment plant to guard against 
waterborne disease agents.

5.4  TREATMENT OF WATER FOR INDUSTRIAL USE

Water is widely used in various process applications in industry. Other major industrial uses are 
boiler feedwater and cooling water. The kind and degree of treatment of water in these applications 
depend on the end use. As examples, although cooling water may require only minimal treatment, 
removal of corrosive substances and scale-forming solutes is essential for boiler feedwater, and 
water used in food processing must be free of pathogens and toxic substances. Inadequate treatment 
of water for industrial use can cause problems such as corrosion, scale formation, reduced heat 
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FIGURE 5.1  Schematic of a municipal water treatment plant.
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transfer in heat exchangers, reduced water flow, and product contamination. These effects may be 
detrimental to equipment performance or cause equipment failure, increased energy costs due to 
inefficient heat utilization or cooling, increased costs for pumping water, and product deterioration. 
Obviously, the effective treatment of water at minimum cost for industrial use is a very important 
area of water treatment.

Numerous factors must be taken into consideration in designing and operating an industrial 
water treatment facility. These include the following factors:

•	 Water requirement
•	 Quantity and quality of available water sources
•	 Sequential use of water (successive uses for applications requiring progressively lower 

water quality)
•	 Water recycle
•	 Discharge standards

The various specific processes employed to treat water for industrial use are discussed in 
Sections 5.6 through 5.11. External treatment, usually applied to the plant’s entire water supply, 
uses processes such as aeration, filtration, and clarification to remove material that might cause 
problems from water. Such substances include suspended or dissolved solids, hardness, and dis-
solved gases. Following this basic treatment, the water can be divided into different streams, some 
to be used without further treatment and the rest to be treated for specific applications.

Internal treatment is designed to modify the properties of water for specific applications. 
Examples of internal treatment are as follows:

•	 Reaction of dissolved oxygen with hydrazine or sulfite
•	 Addition of chelating agents to react with dissolved Ca2+ and prevent formation of calcium 

deposits
•	 Addition of precipitants, such as phosphate, used for calcium removal
•	 Treatment with dispersants to inhibit scale
•	 Addition of inhibitors to prevent corrosion
•	 Adjustment of pH
•	 Disinfection for food processing uses or to prevent bacterial growth in cooling water

5.5  WASTEWATER TREATMENT

Typical municipal sewage contains oxygen-demanding materials, sediments, grease, oil, scum, 
pathogenic bacteria, viruses, salts, algal nutrients, pesticides, refractory organic compounds, heavy 
metals, and an astonishing variety of flotsam ranging from children’s socks to sponges. It is the job 
of the waste-treatment plant to remove as much of this material as possible.

Several characteristics are used to describe sewage. These include turbidity (international tur-
bidity units), suspended solids (ppm), total dissolved solids (ppm), acidity (H+ ion concentration or 
pH), and dissolved oxygen (in ppm O2). Biochemical oxygen demand (BOD) is used as a measure 
of oxygen-demanding substances.

Current processes for the treatment of wastewater can be divided into three main categories of 
primary treatment, secondary treatment, and tertiary treatment. Wastewater is first subjected to pri-
mary treatment, which is largely a physical process including removal of grit, grease, and scum. 
Secondary wastewater treatment is concentrated on the removal of biodegradable wastes that 
are responsible for a BOD in the water (see Chapter 3, Section 3.5) and is usually accomplished by 
biological treatment with microorganisms. Tertiary waste treatment (sometimes called advanced 
waste treatment) is a term used to describe a variety of processes performed on the effluent from 
secondary waste treatment and is especially important in the treatment of water that may be recycled.
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Waste from a municipal water system is normally treated in a publicly owned treatment works 
(POTW). In the United States, these systems are allowed to discharge only effluents that have 
attained a certain level of treatment, as mandated by federal law. One of the major objectives in the 
treatment of hazardous wastes, which usually have a high content of water, is to bring the water by-
product up to a quality that can be sent to a POTW for treatment and release.

5.5.1 I ndustrial Wastewater Treatment

Industrial wastewater may present special challenges in restoring it to a standard that can be dis-
charged. Before treatment, industrial wastewater should be characterized fully and the biodegrad-
ability of wastewater constituents determined. Biological treatment such as that used to remove 
BOD from municipal wastewater may be employed to remove biodegradable impurities. It may be 
necessary to acclimate microorganisms to the degradation of constituents that are not normally 
biodegradable. Various pollutants may be removed from industrial wastewater by sorption onto 
solids, especially activated carbon. Wastewater can be treated by a variety of chemical processes, 
including acid-base neutralization, precipitation, and oxidation-reduction. Sometimes, these steps 
must precede biological treatment; for example, acidic or alkaline wastewater must be neutralized 
for microorganisms to thrive in it.

An important consideration in industrial wastewater treatment is the fate and disposal of resi-
dues from the treatment processes, which may contain contaminants not normally encountered in 
municipal wastewater. The sludges produced in biological treatment may contain hazardous con-
stituents such as toxic heavy metal ions contained in the sludge. Spent activated carbon from indus-
trial wastewater treatment may contain toxic organic materials and heavy metals. Another potential 
hazard is that from sludges formed by chemical treatment of wastewater.

5.6  REMOVAL OF SOLIDS

Sewage, industrial wastewater, and water to be used for drinking water sources commonly have var-
ious levels of suspended particulate matter, often in the form of small colloidal particles. Inorganic 
particles may include finely divided mineral matter, clay, or silt. Organic particles are often of bio-
logical origin, including bacteria, protozoa, viruses, finely divided leaf litter, and humus. Suspended 
solids can reduce water clarity as measured by water turbidity; consist of pathogenic bacteria, pro-
tozoa, viruses, or harmful organic pollutants; or serve as carriers of toxic substances. Therefore, an 
important process in water and wastewater treatment is the removal of suspended matter.

Relatively large solid particles are removed from water by simple settling and filtration. A special 
type of filtration procedure known as microstraining is especially effective in the removal of the 
very small particles. These filters are woven from extremely fine stainless steel wire. This enables 
preparation of filters with openings only 60–70 μm across. These openings may be reduced to 5–15 
μm by partial clogging with small particles such as bacterial cells. The cost of this treatment is 
likely to be substantially lower than the costs of competing processes. High flow rates at low back 
pressures are normally achieved.

The removal of colloidal solids from water usually requires coagulation. Salts of aluminum and 
iron are the coagulants most often used in water treatment. Of these, alum or filter alum is most 
commonly used. This substance is a hydrated aluminum sulfate, Al2(SO4)3∙18H2O. When this salt 
is added to water, the aluminum ion hydrolyzes by reactions that consume alkalinity in the water, 
such as

	 Al H O 3HCO Al OH s 3CO 6H O2 6

3
3 3 2 2( ) + → ( ) ( ) + ++ −

	 (5.1)

The gelatinous hydroxide thus formed carries suspended material with it as it settles. Further-
more, it is likely that positively charged hydroxyl-bridged dimers such as
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(H2O)4Al Al(H2O)4
4+

O

H

O

H

and higher polymers are formed, which interact specifically with colloidal particles, bringing about 
coagulation. Sodium silicate partially neutralized by acid aids coagulation, particularly when used 
with alum. Metal ions in coagulants also react with virus proteins and destroy viruses in water.

Anhydrous iron(III) sulfate added to water forms iron(III) hydroxide in a reaction analogous to 
Reaction 5.1. An advantage of iron(III) sulfate is that it works over a wide pH range of approximately 
4–11. Hydrated iron(II) sulfate, or copperas, FeSO4∙7H2O, is also commonly used as a coagulant. It 
forms a gelatinous precipitate of hydrated iron(III) oxide when the iron(II) is oxidized to iron(III).

Natural and synthetic polyelectrolytes are used in causing small suspended particles to flocculate 
to larger settleable particles. Among the natural compounds so used are starch and cellulose deriva-
tives, proteinaceous materials, and gums composed of polysaccharides. More recently, selected 
synthetic polymers, including neutral polymers and both anionic and cationic polyelectrolytes that 
are effective flocculants, have come into use.

Coagulation-filtration is a much more effective procedure than filtration alone for the removal 
of suspended material from water. As the term implies, the process consists of the addition of 
coagulants that aggregate the particles into larger-size particles, followed by filtration. Either alum 
or lime, often with added polyelectrolytes, is most commonly employed for coagulation.

The filtration step of coagulation-filtration is usually performed on a medium such as sand or 
anthracite coal. Often, to reduce clogging, several media with progressively smaller interstitial 
spaces are used. One example is the rapid sand filter, which consists of a layer of sand supported 
by layers of gravel particles, the particles becoming progressively larger with increasing depth. 
The substance that actually filters the water is coagulated material that collects in the sand. As 
more material is removed, the buildup of coagulated material eventually clogs the filter and must 
be removed by back-flushing. Filtration of water with special membrane filters is discussed in 
Section 5.10.

An important class of solids that must be removed from wastewater consists of suspended 
solids in secondary sewage effluents that arise primarily from sludge that was not removed in the 
settling process (see Section 5.12). These solids account for a large part of the BOD in the effluent 
and may interfere with other aspects of tertiary waste treatment, such as by clogging membranes 
in reverse osmosis water treatment processes. The quantity of material involved may be rather 
high. Processes designed to remove suspended solids often will remove 10–20 mg/L of organic 
material from secondary sewage effluent. In addition, a small amount of the inorganic material 
is removed.

5.6.1 D issolved Air Flotation

Many of the particles found in water have low densities close to or even less than those of water. 
Particles less dense than water have a tendency to rise to the surface from which they can be 
skimmed off, but this is often a slow and incomplete process. The removal of such particles can 
be aided by dissolved air flotation in which small air bubbles are formed that attach to particles 
causing them to float. As shown in Figure 5.2, flotation of particles with air can be accompanied by 
coagulation of the particles as aided by a coagulant. Water supersaturated with air under pressure is 
released to the bottom of a tank where bubbles are formed in a layer of milky (white) water. Bubble 
formation accompanied by flocculation of the particles entrains bubbles in the floc, which floats to 
the surface where it is skimmed off.
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5.7  REMOVAL OF CALCIUM AND OTHER METALS

Calcium and magnesium salts, which generally are present in water as bicarbonates or sulfates, 
cause water hardness, which may require reduction or removal for municipal use or some com-
mercial applications. One of the most common manifestations of water hardness is the insoluble 
“curd” formed by the reaction of soap with calcium or magnesium ions. The formation of these 
insoluble soap salts is discussed in Chapter 4, Section 4.10. Although ions that cause water hardness 
do not form insoluble products with detergents, they do adversely affect detergent performance. 
Therefore, calcium and magnesium must be complexed or removed from water for detergents to 
function properly.

Another problem caused by hard water is the formation of mineral deposits. For example, when 
water containing calcium and bicarbonate ions is heated, insoluble calcium carbonate is formed:

	 Ca 2HCO CaCO s CO g H O2
3 3 2 2

+ −+ → ( ) + ( ) + 	 (5.2)

This product coats the surfaces of hot water systems, clogging pipes and reducing heating efficiency. 
Dissolved salts such as calcium and magnesium bicarbonates and sulfates can be especially damaging 
in boiler feedwater. Clearly, the removal of water hardness is essential for many uses of water.

Several processes are used for softening water. On a large scale, such as in community water-
softening operations, the lime–soda process is used. This process involves the treatment of water 
with lime, Ca(OH)2, and soda ash, Na2CO3. Calcium is precipitated as CaCO3 and magnesium as 
Mg(OH)2. When the calcium is present primarily as “bicarbonate hardness,” it can be removed by 
the addition of Ca(OH)2 alone:

	 Ca 2HCO Ca OH 2CaCO s 2H O2
3 2 3 2

+ −+ + ( ) → ( ) + 	 (5.3)

Some large-scale lime–soda softening plants make use of the precipitated calcium carbonate 
product as a source of additional lime. The calcium carbonate is first heated to at least 825°C to 
produce quicklime, CaO:

	 CaCO heat CaO CO g3 2+ → + ( ) 	 (5.4)
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FIGURE 5.2  Illustration of dissolved air flotation in which pressurized water supersaturated with air is 
released into the bottom of a tank of water producing an abundance of small bubbles giving the water a white 
or milky appearance. Flocculated particles that entrain air bubbles are buoyant and rise to the top where the 
flocculated material may be skimmed off.
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The quicklime is then slaked with water to produce calcium hydroxide:

	 CaO H O Ca OH2 2+ → ( ) 	 (5.5)

When bicarbonate ion is not present at substantial levels, a source of CO3
2− must be provided at a 

high enough pH to prevent conversion of most of the carbonate to bicarbonate. These conditions are 
obtained by the addition of Na2CO3 (soda ash). For example, calcium present as the chloride can be 
removed from water by the addition of soda ash:

	 Ca 2Cl 2Na CO CaCO s 2Na 2Cl2
3
2

3
+ − + − + −+ + + → ( ) + + 	 (5.6)

Note that the removal of bicarbonate hardness results in a net removal of soluble salts from 
solution, whereas removal of non-bicarbonate hardness involves the addition of at least as many 
equivalents of ionic material as are removed.

The precipitation of magnesium as the hydroxide requires a higher pH than the precipitation of 
calcium as the carbonate:

	 Mg 2OH Mg OH s2
2

+ −+ → ( ) ( )	 (5.7)

The high pH required can be provided by the basic carbonate ion from soda ash:

	 CO H O HCO OH3
2

2 3
− − −+ → + 	 (5.8)

The water softened by lime–soda softening plants usually suffers from two defects. First, because 
of supersaturation effects, some CaCO3 and Mg(OH)2 usually remain in solution. If not removed, 
these compounds will precipitate at a later time and cause harmful deposits or undesirable cloudi-
ness in water. The second problem results from the use of highly basic sodium carbonate, which 
gives the product water an excessively high pH, up to pH 11. To overcome these problems, the water 
is recarbonated by bubbling CO2 into it. The carbon dioxide converts the slightly soluble calcium 
carbonate and magnesium hydroxide to their soluble bicarbonate forms:

	 CaCO s CO H O Ca 2HCO3 2 2
2

3( ) + + → ++ −
	 (5.9)

	 Mg OH s 2CO Mg 2HCO2 2
2

3( ) ( ) + → ++ −
	 (5.10)

The CO2 also neutralizes excess hydroxide ion:

	 OH CO HCO2 3
− −+ → 	 (5.11)

The pH generally is brought within the range 7.5–8.5 by recarbonation, commonly using CO2 
from the combustion of carbonaceous fuel. Scrubbed stack gas from a power plant frequently is 
utilized. Water adjusted to a pH, alkalinity, and Ca2+ concentration very close to CaCO3 saturation 
is labeled chemically stabilized. It neither precipitates CaCO3 in water mains, which can clog the 
pipes, nor dissolves protective CaCO3 coatings from the pipe surfaces. Water with Ca2+ concentra-
tion much below CaCO3 saturation is called aggressive water.

Calcium can be removed from water very efficiently by the addition of orthophosphate:

	 5Ca 3PO OH Ca OH PO s2
4
3

5 4 3
+ − −+ + → ( ) ( )	 (5.12)

It should be pointed out that the chemical formation of a slightly soluble product for the removal 
of undesired solutes such as hardness ions, phosphate, iron, and manganese must be followed by 
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sedimentation in a suitable apparatus. Frequently, coagulants must be added, and filtration employed 
for complete removal of these sediments.

The softening of water by ion exchange does not require the removal of all ionic solutes, just 
those cations responsible for water hardness. Generally, therefore, only a cation exchanger is neces-
sary. Furthermore, the sodium rather than the hydrogen form of the cation exchanger is used, and 
the divalent cations are replaced by sodium ion. Sodium ion at low concentrations is harmless in 
water to be used for most purposes, and sodium chloride is a cheap and convenient substance with 
which to recharge the cation exchangers.

A number of materials have ion-exchanging properties. Among the minerals especially noted 
for their ion-exchange properties are the aluminum silicate minerals, or zeolites. An example 
of a zeolite that has been used commercially in water softening is glauconite, chemical formula 
K2(MgFe)2Al6(Si4O10)3(OH)12. Synthetic zeolites have been prepared by drying and crushing the 
white gel produced by mixing solutions of sodium silicate and sodium aluminate.

Structural formulas of typical synthetic ion exchangers are shown in Figures 5.3 and 5.4. The 
cation exchanger shown in Figure 5.3 is called a strongly acidic cation exchanger because the 
parent –SO3

–H+ group is a strong acid. When the functional group binding the cation is the −C 2O− 
group, the exchange resin is called a weakly acidic cation exchanger, because the –CO2H group is 
a weak acid. Figure 5.4 shows a strongly basic anion exchanger in which the functional group is 
a quaternary ammonium group, –N+(CH3)3. In the hydroxide form, –N+(CH3)3OH−, the hydroxide 
ion is readily released, so the exchanger is classified as strongly basic.

The water-softening capability of a cation exchanger is shown in Figure 5.3, where sodium ion 
on the exchanger is exchanged for calcium ion in solution. The same reaction occurs with magne-
sium ion. Water softening by cation exchange is widely used, effective, and economical. However, it 
does cause some deterioration of wastewater quality arising from the contamination of wastewater by 
sodium chloride. Such contamination results from the periodic need to regenerate a water softener 
with sodium chloride to displace calcium and magnesium ions from the resin and replace these hard-
ness ions with sodium ions:

	
Ca Cat s 2Na 2Cl 2Na Cat s Ca2

2
2+− + − +− +( ){ } + + → ( ){ } + ++ −2Cl

	
(5.13)

During the regeneration process, a large excess of sodium chloride must be used—several pounds 
for a home water softener. Appreciable amounts of dissolved sodium chloride can be introduced into 
sewage by this route.

Whereas strongly acidic cation exchangers are used for the removal of water hardness as shown 
in Figure 5.3, acidic cation exchangers having the –CO2H group as a functional group are useful for 
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FIGURE 5.3  Strongly acidic cation exchanger. Sodium exchange for calcium in water is shown.
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removing alkalinity. Alkalinity generally is manifested by bicarbonate ion, a species that is a suf-
ficiently strong base to neutralize the acid of a weak acid cation exchanger:

	
2R CO H Ca 2HCO R CO Ca 2H O2

2
3 2 2

2
2− + + → −  + ++ − − + 22CO2 	

(5.14)

However, weak bases such as sulfate ion or chloride ion are not strong enough to remove hydro-
gen ion from the carboxylic acid ion exchanger. An additional advantage of these exchangers is 
that they can be regenerated almost stoichiometrically with dilute strong acids, thus avoiding the 
potential pollution problem caused by the use of excess sodium chloride to regenerate strongly 
acidic cation changers.

Chelation, or as it is sometimes known, sequestration, is an effective method of softening water 
without actually having to remove calcium and magnesium from the solution. A complexing agent 
is added, which greatly reduces the concentrations of free hydrated cations. For example, chelating 
hydrated calcium ion (Ca2+) with excess EDTA anion (an organic species that has 6 sites that can 
bind to metals, represented below as Y4−):

	 Ca Y CaY2 4 2+ − −+ → 	 (5.15)

reduces the concentration of hydrated calcium ion, preventing the precipitation of calcium 
carbonate:

	 Ca CO CaCO s2
3
2

3
+ −+ → ( )	 (5.16)

Polyphosphate salts, EDTA, and nitrilotriacetic acid (NTA) (see Chapter 3, Figure 3.13) are 
chelating agents commonly used for water softening. Polysilicates are used to complex iron.

5.7.1 R emoval of Iron and Manganese

Soluble iron and manganese are found in many groundwaters because of reducing conditions that 
favor the soluble +2 oxidation state of these metals. Iron is the more commonly encountered of the 
two metals. In groundwater, the level of iron seldom exceeds 10 mg/L, and that of manganese is 
rarely higher than 2 mg/L. The basic method for removing both of these metals depends on oxida-
tion to higher insoluble oxidation states. The oxidation is generally accomplished by aeration. The 
rate of oxidation is pH-dependent in both cases, with a high pH favoring more rapid oxidation. The 
oxidation of soluble Mn(II) to insoluble MnO2 is a complicated process. It appears to be catalyzed 
by solid MnO2, which can adsorb Mn(II). This adsorbed Mn(II) is slowly oxidized on the MnO2 
surface.

Chlorine and potassium permanganate are sometimes employed as oxidizing agents for iron and 
manganese. There is some evidence that organic chelating agents with reducing properties hold 
iron(II) in a soluble form in water. In such cases, chlorine is effective because it destroys the organic 
compounds and enables the oxidation of iron(II).

N+(CH3)3OH–

CH2     CH      CH2

N+(CH3)3Cl–

+ Cl– + OH–

CH2     CH      CH2

FIGURE 5.4  Strongly basic anion exchanger. Chloride exchange for hydroxide ion is shown.
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In water with a high level of carbonate, FeCO3 and MnCO3 may be precipitated directly by rais-
ing the pH above about 11.5 by the addition of sodium carbonate or lime. However, this approach is 
less popular than oxidation.

Relatively high levels of insoluble iron(III) and manganese(IV) frequently are found in water as 
colloidal material, which is difficult to remove. These metals can be associated with humic colloids 
or “peptizing” organic material that binds to colloidal metal oxides, stabilizing the colloid.

5.7.2 R emoval of Heavy Metals

Heavy metals such as copper, cadmium, mercury, and lead are found in wastewaters from a number 
of industrial processes. Because of the toxicity of many heavy metals, their concentrations must be 
reduced to very low levels before release of the wastewater. Several approaches are used in heavy 
metals removal.

The form of the heavy metal has a strong effect on the efficiency of metal removal. For instance, 
generally soluble chromium(VI) is much more difficult to remove than chromium(III). Chelation 
may prevent metal removal by solubilizing metals.

Even when not specifically designed for the removal of heavy metals, some wastewater treatment 
processes remove appreciable quantities of the more troublesome heavy metals encountered in waste-
water. Biological waste treatment effectively removes metals from water. These metals accumulate 
in the sludge from biological treatment, so sludge disposal must be given careful consideration.

Lime treatment, discussed earlier in this section for calcium removal, precipitates heavy metals 
as insoluble hydroxides, basic salts, or coprecipitated with calcium carbonate or iron(III) hydroxide. 
This process does not completely remove mercury, cadmium, or lead, so their removal is aided by 
addition of sulfide (most heavy metals are sulfide-seekers):

	 Cd S CdS s2 2+ −+ → ( ) 	 (5.17)

Heavy chlorination is frequently necessary to break down metal-solubilizing organic ligands. 
Lime precipitation does not normally permit recovery of metals and is sometimes undesirable from 
the economic viewpoint.

Electrodeposition (reduction of metal ions to metal by electrons at an electrode), reverse osmo-
sis (see Section 5.10), and ion exchange are frequently employed for metal removal. Solvent extrac-
tion using organic-soluble chelating substances can be used to remove many metals. Cementation, 
a process by which a metal deposits by reaction of its ion with a more readily oxidized metal, can 
be employed:

	 Cu Fe iron scrap Fe Cu2 2+ ++ ( ) → + 	 (5.18)

Activated carbon adsorption effectively removes some metals from water at the part per million 
level. Sometimes a chelating agent is sorbed to the charcoal to increase metal removal.

Various physical–chemical treatment processes effectively remove heavy metals from waste-
waters. One such treatment is lime precipitation followed by activated-carbon filtration. Activated-
carbon filtration may also be preceded by treatment with iron(III) chloride to form an iron(III) 
hydroxide floc, which is an effective heavy metals scavenger. Similarly, alum, which forms alumi-
num hydroxide, may be added before activated-carbon filtration.

5.7.3 A rsenic Removal

In the United States and many other countries, the toxic metalloid arsenic is not allowed in drink-
ing water at levels greater than 10 µg/L, a level that has been exceeded by some water supplies 
used in the past. Arsenic usually is present in water as arsenic(V), primarily H AsO2 4

– and HAsO4
2–. 

Groundwater supplies containing the more toxic As(III) form have to be treated with chlorine, ozone, 
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or permanganate oxidants to convert the arsenic to the +5 oxidation state before arsenic removal. 
Coagulation with aluminum sulfate, iron(III) salts that produce Fe(OH)3, and lime effectively 
removes arsenic. Sorption onto granular iron(III) or aluminum oxide/hydroxides is also effective 
in removing arsenic. Arsenic can also be removed from water with anion exchange resins that bind 
with the anionic arsenic.

5.8  REMOVAL OF DISSOLVED ORGANICS

Very low levels of exotic organic compounds in drinking water are suspected of contributing to 
cancer and other maladies. Water disinfection processes, which by their nature involve chemically 
rather severe conditions, particularly of oxidation, have a tendency to produce disinfection by-
products. Some of these are chlorinated organic compounds produced by chlorination of organics 
in water, especially humic substances. Removal of organics to very low levels before chlorination 
has been found to be effective in preventing formation of trihalomethane compounds (see Chapter 4, 
Section 4.13). Another major class of disinfection by-products consists of organooxygen compounds 
such as aldehydes, carboxylic acids, and oxoacids.

A variety of organic compounds survive, or are produced by, secondary wastewater treatment 
and should be considered as factors in discharge or reuse of the treated water. Almost half of these 
are humic substances (see Chapter 3, Section 3.11) with a molecular mass range of 1000–5000 amu. 
Among the remainder are found ether-extractable materials, carbohydrates, proteins, detergents, tan-
nins, and lignins. The humic compounds, because of their high molecular mass and anionic charac-
ter, influence some of the physical and chemical aspects of waste treatment. The ether-extractables 
contain many of the compounds that are resistant to biodegradation and are of particular concern 
regarding potential toxicity, carcinogenicity, and mutagenicity. In the ether extract are found many 
fatty acids, hydrocarbons of the n-alkane class, naphthalene, diphenylmethane, diphenyl, methyl-
naphthalene, isopropylbenzene, dodecylbenzene, phenol, phthalates, and triethylphosphate.

The standard method for the removal of dissolved organic material is adsorption on activated 
carbon, a product that is produced from a variety of carbonaceous materials including wood, 
pulp mill char, peat, and lignite. The carbon is produced by charring the raw material anoxically 
below 600°C, followed by an activation step consisting of partial oxidation. Carbon dioxide can be 
employed as an oxidizing agent at 600–700°C:

	 CO C 2CO2 + → 	 (5.19)

Or, the carbon can be oxidized by superheated steam at 800–900°C:

	 H O C H CO2 2+ → + 	 (5.20)

These processes develop porosity, increase the surface area, and leave the C atoms in bonding 
orientations that have affinities for organic compounds.

The exact mechanism by which activated carbon holds organic materials is still a subject of 
research. However, one reason for the effectiveness of this material as an adsorbent is its tremen-
dous surface area. A solid cubic foot of carbon particles can have a combined pore and surface area 
of approximately 10 square miles!

Activated carbon comes in two general types: granulated activated carbon, consisting of par-
ticles 0.1–1 mm in diameter, and powdered activated carbon, in which most of the particles are 
50–100 μm in diameter. Both forms are used to treat water.

Granular activated carbon can be employed in a fixed bed, through which water flows down-
ward. Accumulation of particulate matter requires periodic backwashing. An expanded bed in 
which particles are kept slightly separated by water flowing upward can be used with less chance 
of clogging.
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Powdered activated carbon can be added to water as needed, then removed by settling and filtra-
tion. The increased use of membrane filters that are effective in removing very small particles from 
water has made the use of activated carbon adsorbent more attractive.

Microorganisms tend to grow on activated carbon. This can be a problem with granular activated 
carbon filters that become fouled by microbial growth. However, systems have been developed in 
which microorganisms held on granular activated carbon are used to degrade water pollutants. 
Pretreatment with ozone to partially oxidize complex organic substances, such as biorefractory 
humic substances, can be used before treatment with microorganisms on granular activated carbon.

Regeneration of spent activated carbon can be accomplished by heating carbon to 950°C in a 
steam-air atmosphere. This process oxidizes adsorbed organics and regenerates the carbon surface, 
with an approximately 10% loss of carbon.

Removal of organics can also be accomplished by adsorbent synthetic polymers. Such polymers 
as Amberlite XAD-4, a copolymer of polystyrene and divinylbenzene, have hydrophobic surfaces 
and strongly attract relatively insoluble organic compounds such as chlorinated pesticides. The 
porosity of these polymers is up to 50% by volume, and the surface area may be as high as 850 m2/g. 
They are readily regenerated by solvents such as isopropanol and acetone. Under appropriate oper-
ating conditions, these polymers remove virtually all nonionic organic solutes; for example, phenol 
at 250 mg/L is reduced to less than 0.1 mg/L by appropriate treatment with Amberlite XAD-4. 
However, the use of adsorbent polymers is more expensive than that of activated carbon.

Oxidation of dissolved organics can be used for their removal from water. Ozone, hydrogen per-
oxide, molecular oxygen (with or without catalysts), chlorine and its derivatives, permanganate, or 
ferrate [iron(VI)] can be used as oxidants. Electrochemical oxidation may be possible in some cases. 
High-energy electron beams produced by high-voltage electron accelerators also have the potential 
to destroy organic compounds. Oxidation can be augmented by the application of ultraviolet radia-
tion. Partial oxidation with chemical and photochemical agents can be helpful in making organic 
pollutants more amenable to other treatment processes, especially biodegradation.

5.8.1 R emoval of Herbicides

Because of their widespread application and persistence, herbicides have proven to be particularly 
troublesome in some drinking water sources. Herbicide levels vary with season, related to times that 
they are applied to control weeds. The more soluble ones, such as chlorophenoxy esters, are most 
likely to enter drinking water sources. One of the most troublesome is atrazine, which is often mani-
fested by its metabolite desethylatrazine. Activated carbon treatment is the best means of removing 
herbicides and their metabolites from drinking water sources. A problem with activated carbon is 
that of preloading, in which natural organic matter in the water loads up the carbon and hinders 
uptake of pollutant organics such as herbicides. Pretreatment to remove organic matter, such as floc-
culation and precipitation of humic substances, can significantly increase the efficacy of activated 
carbon for the removal of herbicides and other organics.

5.8.2 R emoval of Taste, Odor, and Color

Substances that cause taste, odor, and color in water are usually organic and must be removed 
to bring drinking water up to acceptable standards. Taste, odor, and color agents can come from 
microorganisms in the water, from microorganisms degrading organic matter in soil, and from 
chemical pollutant sources. Organically bound iron is a common cause of undesirable color. Very 
low levels of some agents can cause taste, odor, and color problems and are often hard to identify. 
Groundwater is often afflicted with bad odors and tastes as the consequence of anoxic processes 
that occur underground in the absence of air. Various tastes and odors have been described sub-
jectively as musty, swampy, grassy, fishy, sweet, septic, medicinal, and phenolic. One of the most 
common causes of taste and odor in water is geosmin, a metabolite of cyanobacteria that grow in 
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water, especially in reservoirs under hot weather conditions (see Chapter 4, Section 4.10). A variety 
of species of algae, flagellates, diatoms, and other organisms in water produce taste and odor agents 
either directly or when they biodegrade.

Various processes are used to remove agents that cause taste, odor, and color. Simple aeration 
can remove volatile materials such as odorous hydrogen sulfide. Oxidation that destroys organics 
usually removes taste, odor, and color as does adsorption of organics onto activated carbon.

5.8.3  Photolysis

Photolysis is a process in which energetic photons of ultraviolet electromagnetic radiation are used 
to transfer energy to chemical species. This can result in direct destruction of contaminant com-
pounds, or reactive intermediates produced by photolysis may react with contaminants. Photolysis 
usually results in oxidation of organic compounds in water and is often used in conjunction with 
oxidants. One of the most reactive intermediates produced by photolysis is the hydroxyl radical, 
HO⋅, which can be generated by several photolysis reactions including the action of ultraviolet radia-
tion on hydrogen peroxide, H2O2:

	 H O HO HO2 2 + → ⋅+hν 	 (5.21)

The hydroxyl radical reacts with organic species, usually by removing H atoms and produc-
ing unstable free radicals that undergo chain reactions that ultimately result in the destruction of 
organic molecules.

The ultraviolet radiation source used in water treatment by photolysis is a lamp in which mer-
cury vapor energized by an electrical discharge or microwaves is electronically excited, giving off 
ultraviolet radiation at a wavelength predominantly of 254 nm. The lamp is contained in a fused 
silica (SiO2) tube that is transparent to ultraviolet radiation. The ability of ultraviolet radiation in the 
200–400-nm range to break chemical bonds is responsible for its uses in water treatment. Although,  
ultraviolet radiation can be used to destroy organic constituents, usually by augmenting oxidation, 
its greatest use in water treatment is in destroying microorganisms by destroying the structures of 
their nucleic acid (DNA, RNA) molecules so that they cannot reproduce. Photolysis is a very green 
process in that the photons are without mass so that no extraneous material or residues are intro-
duced into the water. Ultraviolet irradiation is a very efficient means of delivering into molecules 
high energy sufficient to break chemical bonds.

5.8.4 S onolysis

Sonolysis is a relatively new technique for water treatment that is somewhat analogous to photolysis. 
Sonolysis occurs when ultrasound waves are generated in water generating microscopic bubbles by 
cavitation, which then collapse, producing extremely high localized temperatures and pressures. 
Water contaminants are destroyed in sonolysis by pyrolysis at the high temperatures generated by 
the bubbles and by the formation of reactive free radicals, especially H⋅ and HO⋅ from splitting apart 
water molecules. As is the case with photolysis, these radicals can initiate chain reactions resulting 
in the destruction of organics. Like photolysis, sonolysis is most effective when used with oxidants 
such as ozone. Sonolysis is a very green technology because it is without mass and enables putting 
large amounts of energy into molecules without significantly heating the water that is being treated.

5.9  REMOVAL OF DISSOLVED INORGANICS

The effluent from secondary wastewater treatment generally contains 300–400 mg/L more dis-
solved inorganic material than does the municipal water supply. Therefore, complete water recy-
cling requires inorganic solute removal. Even when water is not destined for immediate reuse, the 
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removal of the inorganic nutrients phosphorus and nitrogen is highly desirable to reduce eutrophica-
tion downstream. In some cases, the removal of toxic trace metals is needed.

Methods for the removal of inorganics from water may be general, removing essentially all 
inorganics, or they may be specific to particular kinds of inorganic solutes. One of the most obvious 
methods for removing inorganics from water is distillation. However, the energy required for distil-
lation is generally quite high, so that distillation is often not economically desirable. Distillation 
may require special measures to prevent volatile materials such as ammonia and odorous com-
pounds being carried over to the distilled water product. Freezing produces very pure water, but is 
considered uneconomical with present technology, although there have been serious proposals to 
tow large icebergs to warmer regions where water would be collected as they melt (potentially a 
green approach). Several means of removing inorganic substances from water are discussed in this 
section. Membrane processes, which are generally the most cost-effective in removing inorganics 
from water, are discussed separately in Section 5.10.

5.9.1 I on Exchange

Dissolved salts can be removed from water by ion exchange, the reversible transfer of ions between 
aquatic solution and a solid material capable of bonding ions, discussed as a means of softening 
water in Section 5.7. The removal of NaCl from solution by two ion exchange reactions is a good 
illustration of this process. First, the water is passed over a solid cation exchanger in the hydrogen 
form, represented by H+−{Cat(s)}:

	 H Cat s Na Cl Na Cat s H Cl+− + − +− + −( ){ } + + → ( ){ } + + 	 (5.22)

Next, the water is passed over an anion exchanger in the hydroxide ion form, represented by 
OH−+{An(s)}:

	 OH An s H Cl Cl An s H O2
+− + − −+( ){ } + + → ( ){ } + 	 (5.23)

Thus, the cations in solution are replaced by hydrogen ion and the anions by hydroxide ion, yield-
ing water as the product.

Demineralization by ion exchange generally produces water of a very high quality. Unfortunately, 
some organic compounds in wastewater foul ion exchangers, and microbial growth on the exchang-
ers can diminish their efficiency. In addition, regeneration of the resins is expensive, and the concen-
trated wastes from regeneration require disposal in a manner that will not damage the environment.

5.9.2  Phosphorus Removal

Advanced wastewater treatment normally requires removal of phosphorus to reduce algal growth. 
Algae may grow at PO4

3– levels as low as 0.05 mg/L. Growth inhibition requires levels well below 
0.5 mg/L. Since municipal wastes typically contain approximately 25 mg/L of phosphate (as ortho-
phosphates, polyphosphates, and insoluble phosphates), the efficiency of phosphate removal must 
be quite high to prevent algal growth. This removal may occur in the sewage treatment process 
(1) in the primary settler, (2) in the aeration chamber of the activated sludge unit, or (3) after sec-
ondary waste treatment.

Activated sludge treatment removes about 20% of the phosphorus from sewage where it ends up 
in the sewage sludge (biosolids). Thus, an appreciable fraction of largely biological phosphorus is 
removed with the sludge. Although municipal wastewater contains excess phosphorus, some wastes, 
such as carbohydrate wastes from sugar refineries, are so deficient in phosphorus that supplementa-
tion of the waste with inorganic phosphorus is required for proper growth of the microorganisms 
degrading the wastes.
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Activated sludge sewage treatment plants operated under conditions of high dissolved oxygen 
and high pH levels in the aeration tank can remove 60–90% of the phosphorus in the sewage. At a 
relatively high rate of aeration in hard water, the CO2 produced by biodegradation of wastes is swept 
out, the pH rises, and reactions such as the following occur:

	 5Ca 3HPO H O Ca OH PO s 4H2
4
2

2 5 4 3
+ − ++ + → ( ) ( ) + 	 (5.24)

The precipitated hydroxyapatite or other form of calcium phosphate is incorporated in the 
sludge floc.

Chemically, 90–95% phosphate removal is accomplished by precipitation with lime as shown by 
the following reaction:

	 5Ca OH 3HPO Ca OH PO s 3H O 6OH2 4
2

5 4 3 2( ) + → ( ) ( ) + +− − 	 (5.25)

Salts of Al3+, Fe3+, and Mg2+ are also capable of forming precipitates with phosphate. Phosphate 
can be removed from solution by adsorption on some solids, particularly activated alumina, Al2O3. 
Removals of up to 99.9% of orthophosphate have been achieved with this method.

5.9.3 N itrogen Removal

Next to phosphorus, nitrogen is the algal nutrient most commonly removed as part of advanced 
wastewater treatment. Nitrogen in municipal wastewater generally is present as organic nitrogen or 
ammoniacal nitrogen, NH4

+. Nitrification followed by denitrification is the most effective technique 
for the removal of nitrogen from wastewater. The first step is an essentially complete conversion of 
ammonia and organic nitrogen to nitrate under strongly anoxic conditions, achieved by more exten-
sive than normal aeration of the sewage:

	 NH 2O Nitrifying bacteria NO 2H H O4 2 3 2
+ − ++ ( ) → + + 	 (5.26)

The second step is the reduction of nitrate to nitrogen gas. This reaction is also bacterially cata-
lyzed, in this case by denitrifying bacteria, and requires a carbon source and a reducing agent such 
as methanol, CH3OH, or an organic carbon source, {CH2O}:

	 4NO 5 CH O 4H 2N g 5CO g 7H O3 2 2 2 2
− ++ { } + → ( ) + ( ) + 	 (5.27)

Typically, denitrification is carried out in an anoxic column with added methanol as a food source 
(microbial reducing agent). Methanol is a synthetic chemical that poses some toxicity and flammabil-
ity hazards. A greener option is the use of biomass, such as carbohydrates from plants as the micro-
bial reducing agent. One of the best organic reductants for this purpose is high-fructose corn syrup.

5.10 � MEMBRANE PROCESSES AND REVERSE OSMOSIS FOR 
WATER PURIFICATION

Advances in materials have enabled the relatively recent development of membrane filtration 
processes for the purification of water. Increasingly applied to treatment of drinking water, spe-
cialized membrane processes are an important advance in water treatment. There are four general 
categories of membrane processes classified generally on the basis of the sizes and nature of 
substances removed (Table 5.1). Membranes are thin, typically less than 1 mm thick, and vary in 
their composition and the sizes of the pores through which water flows. The first three processes 
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listed in Table 5.1 vary according to pore size, whereas reverse osmosis, discussed in detail in 
Section 5.10.1, depends on the specific permeability of the membrane for water and its ability to 
exclude ions. Membranes are made from a variety of materials, including organic polymers, such 
as cellulose acetate, and inorganic ceramics composed of silicon and metal oxides fired at high 
temperatures.

Membrane filtration uses high pressures, which increase with decreasing pore size. Microfiltration 
is usually conducted at pressures below 5 atm, ultrafiltration at 2–8 atm, nanofiltration at 5–15 atm, 
and reverse osmosis or hyperfiltration at 15–100 atm. To accommodate high pressures, membranes 
are usually configured as hollow fibers. Typically, contaminated water flows through the inside of 
the fiber, purified water (permeate) flows to the outside of the fiber, and water concentrated in con-
taminants (retentate) exits from the downstream end of the fiber. This configuration also enables 
continuous flushing of the internal membrane surface to aid in removal of retained impurities. Some 
systems in which the filtration device is immersed in the wastewater operate with the water flowing 
from the outside to the inside of the hollow fibers.

A problem common to all membrane processes is that posed by the retentate in which impurities 
are concentrated. In some cases, retentate can be discharged with wastewater. Other options include 
evaporation of the water followed by disposal or incineration of the residue, reclamation of chemi-
cals from industrial wastewater, and disposal in deep saline water aquifers. For the special case of 
desalination of seawater by reverse osmosis, the retentate is returned to the ocean, which has the 
potential to cause problems due to excess salinity.

5.10.1 R everse Osmosis

In its most general sense, reverse osmosis describes any pressure-driven process that depends on 
preferential diffusion of a liquid through a membrane that is selectively permeable to the liquid. 
Illustrated in Figures 5.5 and 5.6, reverse osmosis is a very useful and well-developed technique for 
the purification of water. Basically, it consists of forcing pure water through a semipermeable mem-
brane that allows the passage of water but not of other material. This process, which is not simply 
sieve separation or ultrafiltration, depends on the preferential sorption of water on the surface of a 
porous cellulose acetate or polyamide membrane. Pure water from the sorbed layer is forced through 
pores in the membrane under pressure. If the thickness of the sorbed water layer is d, the pore diame-
ter for optimum separation should be 2d. The optimum pore diameter depends on the thickness of the 
sorbed pure water layer and may be several times the diameters of the solute and solvent molecules.

Fouling caused by various materials can cause problems with reverse osmosis treatment of water. 
Although the relatively small ions constituting the salts dissolved in wastewater readily pass through 
the membranes, large organic ions (e.g., proteins) and charged colloids migrate to the membrane 
surfaces, often fouling or plugging the membranes and reducing efficiency. In addition, growth of 
microorganisms on the membranes can cause fouling.

TABLE 5.1
Membrane Filtration Processes for Water Purification

Name Approximate Pore Sizea Materials Removed

Microfiltration 100 nm Particles, single-cell microorganisms

Ultrafiltration 10 nm Small colloids, viruses

Nanofiltration 1 nm Dissolved organics, divalent ions

(Ca2+, Mg2+, SO4
2–)

Reverse osmosis — Monovalent ions (Na+, Cl−)

a	 In nanometers (nm, 10−9 m).
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5.10.2  Electrodialysis

Electrodialysis consists of applying a direct current across a body of water separated into vertical 
layers by membranes alternately permeable to cations and anions. Cations migrate toward the cath-
ode and anions toward the anode. Cations and anions both enter one layer of water, and both leave 
the adjacent layer. Thus, layers of water enriched in salts alternate with those from which salts have 
been removed. The water in the brine-enriched layers is recirculated to a certain extent to prevent 
excessive accumulation of brine.

5.11  WATER DISINFECTION

5.11.1  Pathogens Treated by Disinfection

Water disinfection to kill or remove disease-causing organisms in water is discussed in this sec-
tion. The most common waterborne diseases treated by disinfection are those in which pathogenic 
microorganisms of several types are ingested with drinking water, causing gastroenteritis, the irri-
tation and inflammation of the digestive tract that usually is manifested by diarrhea and/or vomit-
ing. In especially severe cases of dysentery, the form of diarrhea characterized by bloody stools, 
there can be a massive loss of water and electrolytes from the body resulting in death of the victim. 
Invasive gastroenteritis occurs when pathogens penetrate the epithelial layer of the gastrointestinal 
tract and afflict organs in the body. In such cases, there may be little or no diarrhea or vomiting, but 
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organs, such as the kidneys, may be so badly affected that the results are fatal. The removal or kill-
ing of organisms in water responsible for gastroenteritis, or the prevention of their entry into water 
supplies, is one of the most important aspects of drinking water supply and treatment and arguably 
has been responsible for saving more lives since 1900 than any other public health measure. Even 
so, the number of children who die of diarrhea, much of it carried by impure drinking water, in 
predominantly tropical regions of Africa, Asia, and Latin America may number in the millions 
annually. Numerous species of microorganisms can be responsible for waterborne diseases, the 
main ones of which are discussed in the following paragraph.

Among bacteria that cause waterborne gastroenteritis, the most notorious is Vibrio cholerae, 
which grows in the small intestine producing an enterotoxin that causes explosive diarrhea and 
vomiting. Waves of eight cholera pandemics starting in India in the early 1800s and lasting into 
the 1900s killed millions of people. Several kinds of Salmonella bacteria are waterborne and cause 
gastrointestinal disease and other maladies. The most notorious of these is Salmonella typhi, which 
causes typhoid fever. Waterborne Salmonella paratyphii causes paratyphoid fever, which is similar 
to typhoid fever, though generally milder. Several kinds of Shigella bacteria can be waterborne. One 
of these that causes the most health problems is Shigella dysenteriae, which can cause dysentery. 
S. dysenteriae infections are especially common in Africa and may cause up to 600,000 deaths 
worldwide annually. Escherichia coli bacteria are normal residents of the intestinal tracts of animals 
where they can perform a useful function in synthesizing vitamins. Despite the generally benign 
and even beneficial nature of intestinal E. coli bacteria, there are pathogenic strains that can be car-
ried by water and that can cause severe dysentery, loss of kidney function, and other effects that can 
be fatal. The most notable such strain is E. coli, 0157:H7, which has caused fatalities.3 Other bacteria 
that can cause waterborne disease include Yersinia enterocolitica and Campylobacter jejuni.

Protozoa are unicellular animallike microorganisms that move about by means of flagella 
(“tails”), cilia (“hairs” on the cell walls), or by amoeboid locomotion in which the cell “oozes” its 
way about. Waterborne protozoa are responsible for several serious human diseases. Entamoeba 
histolytica is an amoeboid protozoan that can cause dysentery, sometimes with serious conse-
quences. Entamoeba dispar causes a mild form of diarrhea. Giardia lamblia is a flagellated proto-
zoan that invades the upper small intestine causing gastrointestinal maladies that usually go on for 
1 or 2 weeks, but which may persist for months or even years if untreated. Animals, such as dogs, 
beavers, and bears, are reservoirs of this protozoan. Another important kind of waterborne patho-
genic protozoa is Cryptosporidium parvum, a cause of diarrhea and other gastrointestinal misery. 
A fatal, though fortunately rare form of ameba that attacks human brain tissue is Naegleria fowleri, 
an organism that can be found in warmer water during summer months. Exposure to N. fowleri 
occurs when the victim inhales water through the nose from where it spreads to brain tissue that 
it destroys. Three deaths from this malady were reported in the United States during the hot, dry 
summer of 2011.

Viruses are much smaller than bacteria and protozoa. They do not have a cell structure, but con-
sist of bundles of nucleic acid surrounded by a coat of protein. To reproduce, they must infect cells 
of other organisms and use the metabolic machinery of these cells to increase their own numbers. 
Viruses responsible for a number of diseases are thought to be spread by water. It is believed that 
poliomyelitis and viral hepatitis (inflammation of the liver accompanied by jaundice) can be spread 
by waterborne virus. Viruses of the rotavirus group are probably responsible for most waterborne 
viral gastroenteritis ailments.

5.11.2 D isinfection Agents

The agents that can be used to disinfect water include (1) chlorine, (2) chloramines, (3) ozone, 
(4) chlorine dioxide, (5) ultraviolet radiation, (6) membrane filtration to remove pathogens, and 
(7) miscellaneous agents including the evolving use of ferrate (iron(VI)). Of these, chlorine and 
chloramines have been the most popular, but are becoming less so because of the by-products 
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they produce. Chlorine dioxide produces fewer by-products. Ozone is arguably the greenest of the 
disinfection agents because it can be made on-site with air as the raw material and produces few 
undesirable by-products.

The physical process of filtration is rather effective in removing pathogens from water. During 
the 1800s, before chlorine came into widespread use, filtration with simple sand filters employed 
in just a few cities cut down significantly on the incidence of waterborne cholera in those cities. 
With modern membrane technology (see Section 5.10), ultrafiltration can remove even viruses from 
water. Small amounts of chlorine or chloramines (see Section 5.11.3) can be added to maintain ster-
ile water in distribution systems, but much less of these agents are required for membrane-filtered 
water than are required for total disinfection.

5.11.3 D isinfection with Chlorine and Chloramines

Chlorine is the most commonly used disinfectant employed for killing bacteria in water. When 
chlorine is added to water, it rapidly hydrolyzes

	 Cl H O H Cl HOCl2 2+ → + ++ − 	 (5.28)

to produce weakly acidic hypochlorous acid, HOCl. Salts of hypochlorite including calcium hypo-
chlorite, Ca(OCl)2, can be used as disinfectants and are safer to handle than gaseous chlorine.

The two chemical species formed by chlorine in water, HOCl and OCl−, are known as free 
available chlorine and are very effective in killing bacteria and other pathogens. In the pres-
ence of ammonia, HOCl reacts with ammonium ion to produce monochloramine (NH2Cl), dichlo-
ramine (NHCl2), and trichloramine (NCl3), three species collectively called combined available 
chlorine. Although weaker disinfectants than chlorine and hypochlorite, the chloramines persist in 
water distribution systems to provide residual disinfection.

A major problem with the use of chlorine as a disinfection agent is by-product production from 
the reaction of chlorine or bromine generated from chlorine with organics in water. The most com-
mon such by-products are the trihalomethanes including chloroform, HCCl3, and dibromochlo-
romethane, HCBr2Cl, noted as water pollutants in Chapter 4, Section 4.13. Humic substances are 
common precursors to chlorinated by-products; their removal before water chlorination prevents the 
formation of organochlorine by-products.

Chlorine is used to treat water other than drinking water. It is employed to disinfect effluent from 
sewage treatment plants, as an additive to the water in electric power plant cooling towers, and to 
control microorganisms in food processing.

5.11.4 C hlorine Dioxide

Chlorine dioxide, ClO2, is an effective water disinfectant that is of particular interest because, in the 
absence of impurity Cl2, it does not produce impurity trihalomethanes in water treatment. In the neu-
tral pH range, chlorine dioxide in water remains largely as molecular ClO2 until it contacts a reducing 
agent with which to react. Chlorine dioxide is a gas that is violently reactive with organic matter and 
is explosive when exposed to light. For these reasons, it is not shipped, but is generated on-site by pro-
cesses such as the reaction of chlorine gas with solid sodium chlorite:

	
2NaClO Cl g 2ClO g 2NaCl s2 2 2s( ) + ( ) ↔ ( ) + ( )

	
(5.29)

A high content of elemental chlorine in the product may require its purification to prevent 
unwanted side reactions from Cl2. As a water disinfectant, chlorine dioxide does not chlorinate or 
oxidize ammonia or other nitrogen-containing compounds.
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5.11.5 T oxicities of Chlorine and Chlorine Dioxide

The toxicity of chlorine is a significant factor regarding its use for water disinfection. Chlorine is so 
toxic when it is inhaled that it was the first poison gas used in World War I. Elemental chlorine can 
be stored and transported as a liquid under pressure. Released to the atmosphere, it forms a dense 
layer of choking gas that reacts in moist respiratory tract tissue to produce acid and tissue-damaging 
oxidants. Levels of 10–20 ppm in air can cause immediate damage to the respiratory tract and a 
brief exposure to air containing 1000 ppm of chlorine can be fatal.

Like elemental chlorine, chlorine dioxide is a severe irritant to the respiratory tract and eye. It 
hydrolyzes in the body to produce chlorite ion, ClO2

−, which is known to form methemoglobin, a 
product of hemoglobin in which the iron is in the +3 oxidation state and that cannot carry oxygen 
in the bloodstream. Chronic exposure to chlorine dioxide in workers has caused eye and throat 
irritation, respiratory symptoms, and bronchitis. At least one death has been reported of a worker 
exposed to 19 ppm of chlorine dioxide. Therefore, potentially dangerous chlorine dioxide is pre-
pared only when needed, in the quantities needed, and where needed, which is in keeping with the 
best practice of green chemistry and technology. Several methods are available for the synthesis 
of chlorine dioxide without using toxic elemental chlorine as a reagent. One such method uses the 
reaction of sodium chlorite with hydrochloric acid:

	 5NaClO 4HCl 4ClO 5NaCl 2H O2 2 2+ → + + 	  (5.30)

5.11.6 G reen Ozone for Water Disinfection

A greener alternative to chlorine-based water disinfectants in many respects is ozone, O3. Pumped 
into water, this form of oxygen kills pathogens without producing the undesirable by-products made 
by chlorine, and it is actually more effective than chlorine in killing viruses. Ozone is produced from 
oxygen in air by a high-voltage electrical discharge through dried air as illustrated in Figure 5.7. The 
lifetime of ozone in water is short, so a small amount of chlorine must usually be added to ozonated 
water to maintain disinfection in the water distribution system.

A major consideration with ozone is the rate at which it decomposes spontaneously in water, 
according to the overall reaction,

	 2O 3O g3 2→ ( ) 	 (5.31)

Because of the decomposition of ozone in water, some chlorine must be added to maintain disin-
fectant throughout the water distribution system. Although ozone does not produce the undesirable 
halogenated organics that cause problems with the use of chlorine, it does produce some oxygenated 
by-products. These include aldehydes (acetaldehyde, H3CC(O)H) and carboxylic acids and their 
salts (oxalic acid, HO2CCO2H).

With the caveat that release of toxic ozone to the ambient atmosphere must be avoided (see 
Section 5.11.7), disinfection of water by ozonation is a virtually ideal example of green chemical 
practice. The only raw material is universally available air, which is free. Ozone is produced only 
where it is needed as it is needed, without by-products. The ozone does not persist in water, where it 
decomposes to elemental oxygen, and there is very little likelihood of producing harmful disinfec-
tion by-products with ozone.

5.11.7 O zone Toxicity

The disinfection of water by ozone requires careful control of this gas because of its toxicity. 
Inhalation of ozone can be fatal. Ozone is a deep lung irritant and causes pulmonary edema, the 
accumulation of fluid in the lungs. Ozone is strongly irritating to the eyes and upper respiratory 
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tract. Ozone’s toxic effects appear to be tied with its ability to produce reactive oxidant free radi-
cals in an organism, which can lead to lipid peroxidation or reaction with sulfhydryl (–SH) groups. 
Ozone is also noted for being phytotoxic (toxic to plants). Because of ozone’s toxicity, it is essential 
to avoid its release in applications such as water disinfection. Fortunately, it is relatively easy to 
contain ozone during water disinfection.

5.11.8 M iscellaneous Disinfection Agents

Several miscellaneous agents are used to disinfect water, especially in small quantities. One of these 
is elemental iodine, which is often carried by campers to disinfect small quantities of water taken 
from streams for drinking.

Iron(VI) in the form of ferrate ion, FeO4
2−, is a strong oxidizing agent with excellent disinfectant 

properties. When it reacts in water, it produces a gelatinous precipitate of Fe(OH)3, which acts as 
a coagulant that removes colloidal matter from water. It has the additional advantage of removing 
heavy metals, viruses, and phosphate. In a sense, ferrate is a universal water treatment chemical that 
disinfects, oxidizes organics, removes humic substances, and precipitates colloidal solid impurities.4 
Ferrate has commonly been used as the potassium salt prepared by reaction of a strong oxidant, such 
as Cl2 or NaClO, with an iron(III) salt in KOH solution, from which K2FeO4 precipitates. This is 
a rather expensive process and the ferrate product does not store well, so efforts are under way to 
develop greener ferrate synthesis processes including electrochemical syntheses and solventless 
syntheses. At least one type of commercial unit is available for making ferrate on site as needed.
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5.12  RESTORATION OF WASTEWATER QUALITY

One of the most important activities in water treatment is the treatment of wastewater from 
municipal sewage. This has generally been carried out to reduce the BOD in the wastewater effluent 
so that it does not deplete oxygen levels in receiving waters, to eliminate pathogens, and to remove 
nutrients that can promote algal growth and eutrophication in receiving waters. Increasingly, 
however, wastewater treatment is directed toward water recycling including even to the point of use 
as a drinking water source. Wastewater treatment is addressed here with emphasis on biological 
treatment processes.

5.12.1  Primary Wastewater Treatment

Primary treatment of wastewater consists of the removal of insoluble matter such as grit, grease, 
and scum by processes such as skimming, screening, and grinding. Primary sedimentation 
removes both settleable and floatable solids and semisolids. Primary sedimentation is aided by 
aggregation of flocculent particles, a process that may be promoted by the addition of chemicals. 
The material that floats in the primary settling basin is collectively called grease and consists of 
fatty substances, oils, waxes, free fatty acids, and insoluble soaps containing calcium and magne-
sium. Primary sedimentation removes up to half of the contaminants in wastewater. These materi-
als are commonly conveyed to an anoxic digester (see Figure 5.9 later in the chapter) where they 
degrade in the absence of air and produce combustible methane gas.

5.12.2 S econdary Waste Treatment by Biological Processes

The most obvious harmful effect of biodegradable organic matter in wastewater is BOD, consisting 
of depletion of dissolved oxygen by microorganism-mediated degradation of the organic matter (see 
Chapter 3, Section 3.5). Secondary wastewater treatment is designed to remove BOD, usually by 
taking advantage of the same kind of biological processes that would otherwise consume oxygen in 
water receiving the wastewater. Secondary treatment by biological processes takes many forms, but 
consists basically of the action of microorganisms provided with added oxygen degrading organic 
material in solution or in suspension until the BOD of the waste has been reduced to acceptable 
levels. The waste is oxidized biologically under conditions controlled for optimum bacterial growth 
and at a site where this growth does not influence the environment.

One of the simplest biological waste treatment processes is the trickling filter (Figure 5.8) in 
which wastewater is sprayed over rocks or other solid support material covered with microorganisms. 

FIGURE 5.8  Trickling filter for secondary waste treatment. Wastewater is sprayed from holes in a rotating 
pipe onto a bed of rocks or other solid materials coated with microorganisms that metabolize biodegradable 
materials in the wastewater.



140 Fundamentals of Environmental and Toxicological Chemistry

The structure of the trickling filter is such that contact of the wastewater with air is allowed and 
degradation of organic matter occurs by the action of the microorganisms.

Rotating biological reactors (contactors), another type of biological treatment system, consist 
of groups of large plastic discs mounted close together on a horizontal rotating shaft. The device 
is positioned so that at any particular instant, half of each disc is immersed in wastewater and half 
exposed to air. The shaft rotates constantly, so that the submerged portion of the discs is always 
changing. The discs, usually made of high-density polyethylene or polystyrene, accumulate thin 
layers of attached biomass, which degrades organic matter in the sewage. Oxygen is absorbed 
by the biomass and by the layer of wastewater adhering to it during the time that the biomass is 
exposed to air.

Both trickling filters and rotating biological reactors are examples of fixed-film biological (FFB) 
or attached growth processes. The greatest advantage of these processes is their low-energy con-
sumption. The energy consumption is minimal because it is not necessary to pump air or oxygen 
into the water, as is the case with the popular activated sludge process described in the following 
paragraph. The trickling filter has long been a standard means of wastewater treatment, and a num-
ber of wastewater treatment plants still use trickling filters.

The activated sludge process (Figure 5.9) is generally acknowledged to be the most versatile and 
effective of all wastewater treatment processes. Microorganisms in the aeration tank convert organic 
material in wastewater to microbial biomass and CO2. Organic nitrogen is converted to ammonium 
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FIGURE 5.9  An activated sludge wastewater treatment facility. Wastewater containing degradable biomass 
is pumped into an aeration tank in which are suspended viable bacteria and protozoa capable of biodegrad-
ing the waste. The organic waste is converted to carbon dioxide and to additional viable microbial biomass. 
Organic N, P, and S are converted to simple inorganic forms. The treated wastewater is conveyed to a settling 
basin from which the microorganisms settle as sewage sludge (also called biosolids) and purified water is 
discharged. Much of the settled sludge is pumped back to the front of the aeration tank to degrade additional 
waste. Excess sludge is pumped to an anoxic digester where it undergoes fermentation to produce methane 
gas, a valuable fuel by-product of the process. Eventually, the sludge from the anoxic digester is dried and 
disposed, in some cases spread on land as a soil fertilizer.
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ion or nitrate. Organic phosphorus is converted to orthophosphate. The microbial cell matter formed 
as part of the waste degradation processes is normally kept in the aeration tank until the microor-
ganisms are past the phase of growth in which they are increasing logarithmically, at which point 
the cells flocculate relatively well to form settleable solids. These solids settle out in a settler and a 
fraction of them is discarded. Some of the solids, the return sludge, are recycled to the head of the 
aeration tank and come into contact with fresh sewage. The combination of a high concentration of 
“hungry” cells in the return sludge and a rich food source in the influent sewage provides optimum 
conditions for the degradation of organic matter much more rapidly than would occur naturally if 
the wastes were discharged directly to a stream or body of water with a relatively small population 
of degrading organisms where such wastes would consume oxygen in receiving waters.

The activated sludge process provides two pathways for the removal of BOD, as illustrated sche-
matically in Figure 5.10. BOD can be removed by (1) oxidation of organic matter to provide energy 
for the metabolic processes of the microorganisms and (2) synthesis, incorporation of the organic 
matter into cell mass. In the first pathway, carbon is removed in the gaseous form as CO2 that does 
not present a disposal problem except for its small contribution to greenhouse gas atmospheric car-
bon dioxide. The second pathway provides for removal of carbon as a solid in biomass.

The excess solids consisting of biomass produced in the aeration tank along with unreacted 
material in the sewage is only about 1% solids and may contain undesirable components, so it must 
undergo further treatment. This is accomplished by placing the material in a large tank partially 
buried underground and protected from air called an anoxic digester (Figure 5.9). In the anoxic 
digester, methane-producing bacteria that function in the absence of air carry out the anoxic biodeg-
radation of organic matter according to the following reaction:

	 2 CH O CH CO2 4 2{ }→ + 	 (5.32)

The anoxic digestion of these solids reduces both the volatile matter content and the sludge vol-
ume by about 60%. This process is very much in keeping with the practice of sustainable technology 
because it produces combustible methane gas, a premium fuel. A properly operating sewage treat-
ment plant can generate enough methane by anoxic digestion to power all the pumps and produce 
all the electricity needed by the plant.

The sewage sludge (which is often referred to by the more palatable term “biosolids”) produced 
in wastewater treatment processes requires disposal or use such as for soil conditioner. This issue is 
discussed in more detail in Section 5.14.

5.12.3 T ertiary Waste Treatment

Unpleasant as the thought may be, many people drink used water—water that has been discharged 
from a municipal sewage treatment plant or from some industrial process. This raises serious 
questions about the presence of pathogenic organisms or toxic substances in such water. Because 
of high population density and heavy industrial development, the problem is especially acute in 
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FIGURE 5.10  Pathways for the removal of BOD in biological wastewater treatment.



142 Fundamentals of Environmental and Toxicological Chemistry

Europe, where some municipalities process 50% or more of their water from “used” sources. 
Obviously, there is a great need to treat wastewater in a manner that makes it amenable to reuse. 
This requires treatment beyond the secondary processes.

Tertiary waste treatment (sometimes called advanced waste treatment) is a term used to 
describe a variety of processes performed on the effluent from secondary waste treatment. The 
contaminants removed by tertiary waste treatment fall into the general categories of (1) suspended 
solids, (2) dissolved organic compounds, and (3) dissolved inorganic materials, including the 
important class of algal nutrients. Each of these categories presents its own problems with regard to 
water quality. Suspended solids are primarily responsible for residual biological oxygen demand in 
secondary sewage effluent waters. The dissolved organics are the most hazardous from the stand-
point of potential toxicity. The major problem with dissolved inorganic materials is that presented 
by algal nutrients, primarily nitrates and phosphates. In addition, potentially hazardous toxic metals 
may occur among the dissolved inorganics. In addition to these chemical contaminants, secondary 
sewage effluent often contains a number of disease-causing microorganisms, requiring disinfection 
in cases where humans may later come into contact with the water. Ingestion of sewage still causes 
incidents of disease, even in more developed nations.

5.12.4  Physical–Chemical Treatment of Municipal Wastewater

Complete physical–chemical wastewater treatment systems offer both advantages and disadvan-
tages relative to biological treatment systems. The capital costs of physical–chemical facilities can 
be less than those of biological treatment facilities, and they usually require less land. They are bet-
ter able to cope with toxic materials and overloads. However, they require careful operator control 
and consume relatively large amounts of energy.

As illustrated in Figure 5.11, the basic steps of a complete physical–chemical wastewater treat-
ment facility are as follows:

•	 Removal of scum and solid objects
•	 Clarification, generally with addition of a coagulant, and frequently with the addition of 

other chemicals (such as lime for phosphorus removal)
•	 Filtration to remove filterable solids
•	 Activated carbon adsorption
•	 Disinfection

During the early 1970s, it appeared likely that physical–chemical treatment would largely 
replace biological treatment, but this has not happened because of higher chemical and energy costs. 
However, as discussed in Section 5.15, physical–chemical processes are used in recycling water.

5.13  NATURAL WATER PURIFICATION PROCESSES

Virtually all of the materials that wastewater treatment processes are designed to eliminate can 
be absorbed by soil or degraded in soil. In fact, most of these materials can serve to add fertility 
to soil. Wastewater can provide the water that is essential to plant growth. The mineralization of 
biological wastes in wastewater provides phosphorus, nitrogen, and potassium usually added to soil 
by fertilizers. Wastewater also contains essential trace elements and vitamins. Stretching the point 
a bit, the degradation of organic wastes provides the CO2 essential for photosynthetic production of 
plant biomass.

Soil may be viewed as a natural filter for wastes and one that rates very high in sustainability. 
Most organic matter is readily degraded in soil, and, in principle, soil constitutes an excellent pri-
mary, secondary, and tertiary treatment system for water. Soil has physical, chemical, and biological 
characteristics that can enable wastewater detoxification, biodegradation, chemical decomposition, 
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and physical and chemical fixation. A number of soil characteristics are important in determining 
its use for land treatment of wastes. These characteristics include physical form, ability to retain 
water, aeration, organic content, acid-base characteristics, and oxidation-reduction behavior. Soil 
is a natural medium for a number of living organisms that may have an effect on biodegradation 
of wastewaters, including those that contain industrial wastes. Of these, the most important are 
bacteria, including those from the genera Agrobacterium, Arthrobacter, Bacillus, Flavobacterium, 
and Pseudomonas. Actinomycetes and fungi are important in decay of vegetable matter and may be 
involved in biodegradation of wastes. Other unicellular organisms that may be present in or on soil 
are protozoa and algae. Soil animals, particularly earthworms, affect soil parameters such as soil 
texture. The growth of plants in soil may have an influence on its waste treatment potential in such 
aspects as uptake of soluble wastes and erosion control.

Early civilizations, such as the Chinese, used human organic wastes to increase soil fertility, and 
the practice continues today. The ability of soil to purify water was noted well over a century ago. In 
1850 and 1852, J. Thomas Way, a consulting chemist to the Royal Agricultural Society in England, 
presented two papers to the Society entitled “Power of Soils to Absorb Manure.” Mr. Way’s experi-
ments showed that soil is an ion exchanger. Much practical and theoretical information on the ion 
exchange process resulted from his work.

Grit removal in an
aerated chamber

Preliminary
screening and
comminution

(grinding)

Polymer
flocculant

Clarifier
(flocculation)

Sludge

Recarbonation
(lower pH)

CO2

Disinfection
(chlorination)

Pressurized filters

Wastewater
in

To receiving
water

Activated
carbon

Spent
carbon

A
ct

iv
at

ed
 c

ar
bo

n
fil

te
rs

Kiln for
carbon

reactivation

Alum
(optional)

Flash mixing
pH 10.5–11.5

5Ca2+ + OH– + 3PO4
3–

→ Ca5OH(PO4)3(s)
(phosphate removal)

Grit
Lime

FIGURE 5.11  Major components of a complete physical–chemical treatment facility for municipal 
wastewater.



144 Fundamentals of Environmental and Toxicological Chemistry

If soil treatment systems are not properly designed and operated, odor can become an 
overpowering problem. The author of this book is reminded of driving into a small town, recalled 
from some years before as a very pleasant place, and being assaulted with a virtually intolerable 
odor. The disgruntled residents pointed to a large spray irrigation system on a field in the distance—
unfortunately upwind—spraying liquefied pig manure as part of an experimental feedlot waste 
treatment operation. The experiment was not deemed a success and was discontinued by the inves-
tigators, presumably before they met with violence from the local residents.

5.13.1 I ndustrial Wastewater Treatment by Soil

Wastes that are amenable to land treatment are biodegradable organic substances, particularly those 
contained in municipal sewage and in wastewater from some industrial operations, such as food 
processing. However, through acclimation over a long period of time, soil bacterial cultures may 
develop that are effective in degrading normally recalcitrant compounds that occur in industrial 
wastewater. Acclimated microorganisms are found particularly at contaminated sites, such as those 
where soil has been exposed to crude oil for many years.

Land treatment is most used for petroleum-refining wastes and is applicable to the treatment of 
fuels and wastes from leaking underground storage tanks. It can also be applied to biodegradable 
organic chemical wastes, including some organohalide compounds. Land treatment is not suitable 
for the treatment of wastes containing acids, bases, toxic inorganic compounds, salts, heavy metals, 
and organic compounds that are excessively soluble, volatile, or flammable.

5.14  SLUDGES AND RESIDUES FROM WATER TREATMENT

A challenge to the sustainability of water treatment processes has to do with sludges and generally 
semisolid residues collected or produced during water treatment. It is important to dispose of such 
material properly or preferably find uses for it.

As noted in Section 5.12.1, much sludge is present in wastewater before treatment and can be col-
lected from it as part of primary wastewater treatment. There are two major kinds of sludge gener-
ated in a waste treatment plant. The first of these is organic sludge from activated sludge, trickling 
filter, or rotating biological reactors, commonly referred to as biosolids. The second is inorganic 
sludge from the addition of chemicals, such as in phosphorus removal (see Section 5.9).

As shown in Figure 5.9, sewage sludge is subjected to anoxic digestion in a digester designed to 
allow bacterial action to occur in the absence of air. This reduces the mass and volume of sludge, 
destroys pathogens, and ideally results in the formation of a stabilized humus.

Sludge normally requires treatment to reduce its volume and to get it into a form suitable for 
disposal or for some beneficial use, such as soil conditioning. Conditioning of sludge consists of 
the addition of polymers or lime to make the sludge more amenable to dewatering. Thickening of 
sludge is accomplished by settling, filtering, or centrifugation to give a relatively solid-free water 
phase that can be decanted from the solids fraction of the sludge. Thickened, conditioned sludge 
can be subjected to dewatering on beds consisting of layers of sand and gravel or to mechanical 
dewatering with filter presses, belt filter presses, or vacuum filters to provide a product that contains 
about 85% water, although it appears as a dry powder. Heat can also be used in the drying process.

Biosolid sewage sludge contains fertilizer materials required for plant growth and is typically 
around 5% N, 3% P, and 0.5% K on a dry-mass basis, making it useful to fertilize and condition soil. 
The humic material in the sludge improves the physical properties and cation-exchange capacity 
of the soil. Possible accumulation of heavy metals is of some concern insofar as the use of sludge 
on cropland is concerned. Sewage sludge is an efficient heavy metals scavenger and may contain 
elevated levels of zinc, copper, nickel, and cadmium. These and other metals tend to remain immo-
bilized in soil by chelation with organic matter, adsorption on clay minerals, and precipitation as 
insoluble compounds such as oxides or carbonates. However, increased application of sludge on 
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cropland has caused distinctly elevated levels of zinc and cadmium in both leaves and grain of corn. 
Therefore, caution has been advised in heavy or prolonged application of sewage sludge to soil. 
Prior control of heavy metal contamination from industrial sources has significantly reduced the 
heavy metal content of sludge and enabled it to be used more extensively on soil. One problem that 
has developed from soil application is accumulation of excessive levels of zinc, which is not very 
toxic to humans but can be detrimental to the growth of crops such as corn.

Incineration of sludge is effective in destroying all the organic matter, but does require rela-
tively large amounts of fuel. Sludge can be pyrolyzed by heating in the absence of air to give a 
combustible gas and a mixture of liquid products, although most of the fuel thus produced is 
required by the pyrolysis process. A better alternative is to gasify sludge at relatively high tem-
peratures in an atmosphere of oxygen at levels below those required to completely burn the sludge. 
Combustible gases produced are carbon monoxide, elemental hydrogen, and a significant fraction 
of methane.

An increasing problem in sewage treatment arises from sludge sidestreams. These consist 
of water removed from sludge by various treatment processes. Sewage treatment processes can 
be divided into mainstream treatment processes (primary clarification, trickling filter, activated 
sludge, and rotating biological reactor) and sidestream processes. During sidestream treatment, 
sludge is dewatered, degraded, and disinfected by a variety of processes, including gravity thicken-
ing, dissolved air flotation, anoxic digestion, oxic digestion, vacuum filtration, centrifugation, belt 
filter press filtration, sand drying bed treatment, sludge lagoon settling, wet air oxidation, pressure 
filtration, and Purifax treatment in which sludge is oxidized with heavy doses of chlorine. Each of 
these produces a liquid by-product sidestream that is circulated back to the mainstream. These add 
to the BOD and suspended solids of the mainstream.

A variety of chemical sludges are produced by various water treatment and industrial processes. 
Among the most abundant of such sludges is alum sludge produced by the hydrolysis of Al(III) salts 
used in the treatment of water, which creates gelatinous aluminum hydroxide:

	 Al 3OH aq Al OH s3
3

+ −+ ( ) → ( ) ( )	 (5.33)

Alum sludges normally are 98% or more water and are very difficult to dewater.
Both iron(II) and iron(III) compounds are used for the removal of impurities from wastewater 

by precipitation of Fe(OH)3. The sludge contains Fe(OH)3 in the form of soft, fluffy precipitates that 
are difficult to dewater beyond 10% or 12% solids.

The addition of either lime, Ca(OH)2, or quicklime, CaO, to water is used to raise the pH to about 
11.5 and cause the precipitation of CaCO3, along with metal hydroxides and phosphates. Calcium 
carbonate is readily recovered from lime sludges and can be recalcined to produce CaO, which can 
be recycled through the system.

Metal hydroxide sludges are produced in the removal of metals such as lead, chromium, nickel, 
and zinc from wastewater by raising the pH to such a level that the corresponding hydroxides 
or hydrated metal oxides are precipitated. The disposal of these sludges is a substantial problem 
because of their toxic heavy metal content. Reclamation of the metals is an attractive alternative for 
these sludges.

Pathogenic microorganisms may persist in the sludge left from the treatment of sewage, the 
most significant of which are (1) indicators of fecal pollution, including fecal and total coliform; 
(2) pathogenic bacteria, including Salmonellae and Shigellae; (3) enteric (intestinal) viruses, includ-
ing enterovirus and poliovirus; and (4) parasites, such as E. histolytica and Ascaris lumbricoides. 
It is necessary both to be aware of pathogenic microorganisms in municipal wastewater treatment 
sludge and to find a means of reducing the hazards caused by their presence. Pathogen levels can be 
reduced by agitating the sludge for long periods with air, heating, composting, or raising the sludge 
pH to 12 or higher with lime.
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5.15 � WATER, THE GREENEST SUBSTANCE ON EARTH: 
REUSE AND RECYCLING

Water is the greenest substance imaginable, essential for life and totally recyclable. The hydrologic 
cycle (Chapter 3, Figure 3.2) is nature’s recycling system for water. Unfortunately, water precipita-
tion in the hydrologic cycle does not always fall where it is most needed. Water used in arid regions 
where many people live is usually largely lost to the atmosphere and may end up as precipitation 
thousands of miles away, often falling over the ocean. As a consequence, as demands for water 
exceed supply, water reuse and recycling are becoming much more common and promise to become 
even more so in the future.5

Reuse is a term applied when water discharged by one user is taken as a water source by 
another user. Unplanned reuse occurs as the result of waste effluents entering receiving waters or 
groundwater and subsequently being taken into a water distribution system. A typical example of 
unplanned water reuse occurs in London, which withdraws water from the Thames River that may 
have been through other water systems at least once, and which uses groundwater sources uninten-
tionally recharged with sewage effluents from a number of municipalities. Planned reuse utilizes 
wastewater treatment systems deliberately designed to bring water up to standards required for 
subsequent applications. The term direct reuse refers to water that has retained its identity from a 
previous application; reuse of water that has lost its identity is termed indirect reuse. A distinction 
also needs to be made between recycling and reuse. Recycling commonly refers to reuse of water 
internally before it is ever discharged. An example is condensation of steam in a steam power plant 
followed by return of the steam to boilers.

Reuse of water continues to grow because of two major factors. The first of these is lack of 
supply of water. The second is that widespread deployment of modern water treatment processes 
significantly enhances the quality of water available for reuse. These two factors come into play 
in semiarid regions in countries with advanced technological bases. For example, Israel, which is 
dependent on irrigation for essentially all its agriculture, reuses about two-thirds of the country’s 
sewage effluent for irrigation, whereas the United States, where water is relatively more available, 
uses only about 2–3% of its water for this purpose.

Since drinking water and water used for food processing require the highest quality of all large 
applications, intentional reuse for potable water traditionally has been regarded as less desirable, 
though widely practiced unintentionally or out of necessity. This leaves three applications within 
which water is most commonly reused at present:

	 1.	 Irrigation for cropland, golf courses, and other applications requiring water for plant and 
grass growth. This is the largest potential application for reused water and one that can 
take advantage of plant nutrients, particularly nitrogen and phosphorus, in water.

	 2.	Cooling and process water in industrial applications. For some industrial applications, 
relatively low-quality water can be used and secondary sewage effluent is a suitable source.

	 3.	Groundwater recharge. Groundwater can be recharged with reused water either by direct 
injection into an aquifer or by applying the water to land, followed by percolation into the 
aquifer.6 The latter, especially, takes advantage of biodegradation and chemical sorption 
processes to further purify the water.

It is inevitable that water recycling and reuse will continue to increase, and growing pressures 
on water supplies will lead eventually to the widespread purification and recycling of water into 
municipal systems. This trend will increase the demand for water treatment, both qualitatively and 
quantitatively. In addition, it will require more careful consideration of the original uses of water to 
minimize water deterioration and enhance its suitability for reuse.

Figure 5.12 shows a system for planned reuse of water from wastewater sources. Most of the 
water treatment processes discussed in this chapter may be utilized in purifying water for reuse and 
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employed in an operation such as the one shown (see especially the physical–chemical wastewater 
purification system, Figure 5.11). Figure 5.12 shows some of the main operations employed in a 
system for total water recycle capable of producing drinking water and water for other uses from 
sewage. It takes secondary wastewater effluent from which most of the BOD has been removed by 
the activated sludge process and discharges it into wetlands, taking advantage of nature’s inherent 
ability to purify water. This water is nutrient-rich, and plants and algae grow profusely in the wet-
lands. This biomass has the potential to be harvested and utilized as a fuel or raw material using 
thermochemical gasification or related measures. Depending on geological conditions, significant 
amounts of water in the wetlands may infiltrate into groundwater, where it is purified further by 
natural processes underground. Water exiting the wetlands may be run over a bed of activated 
carbon to remove organics. The water can also be subjected to highly efficient membrane filtration 
processes including even reverse osmosis for removal of all salts. An important consideration with 
membrane purification is the production of streams of retentate enriched with impurities. Retentate 
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FIGURE 5.12  An advanced water treatment system capable of producing potable water from sewage. 
This system feeds secondary sewage waste treatment effluent into constructed wetlands where plant growth 
removes nutrients from the water reducing its potential to cause eutrophication. Plants grown in the wetlands 
are harvested and the biomass is used for energy production. Water from the wetlands infiltrates aquifers by 
gravity and by pumping, and some of the water is diverted to non-potable applications including irrigation 
and cooling water. The remainder of the water flowing from the wetlands is filtered over activated carbon to 
remove most organic impurities and then subjected to reverse osmosis to reduce the dissolved salt content. 
After treatment with ultraviolet radiation to destroy bioactive compounds including pharmaceuticals and their 
metabolites, the water is returned to the municipal water supply system.
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can be pumped into deep underground saline aquifers in some areas, discarded to the ocean in 
coastal regions (often mixing with wastewater or cooling water to dilute the impurities in the reten-
tate), or evaporated to produce a solid or sludge residue that can be disposed. Ultraviolet irradiation 
of the water can be used to destroy pharmaceuticals and their metabolites.

The world’s largest water plant devoted to bringing sewage effluent up to a standard permitting 
potable uses began operation in the Orange County Water District in southern California in late 
2007. Known as the Groundwater Replenishment System, this $481 million project is fed with sew-
age treated by secondary wastewater treatment processes and pumps its clean water product into 
underground aquifers to serve as future municipal water sources and to prevent saltwater intrusion 
from the nearby ocean. Around 275 million liters per day of sewage effluent is first forced through 
microfilters to remove solids, then treated by reverse osmosis to remove dissolved salts, and finally 
subjected to intense ultraviolet radiation to break down organic contaminants, especially pharma-
ceuticals and their metabolites before being discharged to underground aquifers. Although the puri-
fied water from the system is not currently used for municipal water supply, it certainly could be. It 
is expected to serve as a model for similar installations around the world.

5.16  WATER CONSERVATION

Water conservation, simply using less water, is one of the most effective, and clearly the fastest, 
means to ensure water supply. Water conservation falls into several major categories:

•	 Indoor and household water conservation practices
•	 Water-conserving devices and appliances
•	 Outdoor and landscaping water conservation
•	 Efficient irrigation practices
•	 Conservation in agricultural operations other than irrigation
•	 Water-efficient manufacturing

Each of these categories is summarized briefly in the following discussion.
Indoor and household water conservation practices are generally those simple measures that water 

consumers may implement to reduce use of water. Examples include sequential uses of water such as 
saving water from rinsing dishes to use for household cleaning, ensuring that there are no leaking faucets 
or toilet appliances, taking showers by first lathering one’s wet body without water flowing followed by 
rinsing with water for the minimum length of time, minimizing the number of toilet flushes, minimizing 
use of kitchen sink disposal devices for food waste disposal, operating clothes washers and dishwashers 
only with full loads, and other common-sense measures to reduce water use. Implementation of these 
measures is largely a matter of education and good environmental citizenship. In cases of real water 
shortage, force may be applied through the painful mechanism of sharply higher water utility rates.

A number of water-saving devices and appliances are available. These can be quite simple and 
cheap, such as aerators with flow constrictors on faucets or showerheads, or they may be large and 
expensive such as low-water-consumption clothes washers that function well with cold water. Toilets 
that use minimal water per flush are now mandated by law, although the less effective of these may 
actually increase water consumption when multiple flushes are required. In public facilities, auto-
matically flushing toilets and urinals are now commonplace, although some have the counterpro-
ductive tendency of performing multiple automatic flushes for each instance of use. Instant in-line 
water heaters installed near faucet outlets can reduce water use by making it unnecessary to run the 
hot water faucet for some time to obtain hot water.

Water used for lawns and landscaping often is one of the greatest consumers of water. In some 
areas, such as public parks, purified wastewater is used for this purpose. In principle, water used in 
some household applications can be recycled to water yard plants or grass. Some of the greater sav-
ings can be achieved in this area by growing ground cover and plants that require minimal water. 
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This may mean planting native grass species that can withstand drought without much watering. In 
extreme cases, yards have been converted to gravel cover. Mulching with materials such as tree bark 
or grass clippings can reduce water use significantly.

Irrigation of agricultural crops is one of the largest consumers of water and one that is amenable 
to conservation. Spray irrigation devices lose large quantities of water to evaporation and should be 
replaced by systems that do not spray the water into the air. The ultimate in irrigation efficiency is 
drip irrigation that applies minimum quantities of water directly to the plant roots. Application of 
excess water in irrigation should be minimized. However, particularly in areas that rarely receive 
enough rain to flush the soil, application of minimal amounts of irrigation water can result in harm-
ful accumulation of salts in the soil.

Livestock production and processing agricultural products use large amounts of water. The pro-
duction of l kg of beef requires around 20,000 L of water, including the water required to grow the 
grain that the animal eats. About 6000 L of water are required to produce 1 kg of chicken meat. 
Significantly less water is needed to produce an equivalent amount of vegetable protein. The pro-
duction of fuel ethanol from the fermentation of sugar from corn requires relatively large amounts 
of water. Choices made in the kinds of agricultural products produced for market have important 
implications for water conservation.

Manufacturing can be very water-intensive. The manufacture of a single automobile requires 
around 150,000 L of water. Refining crude oil to gasoline requires approximately 44 times the 
volume of water as the gasoline produced. The conservation of water in manufacturing and com-
mercial activities is an important aspect of industrial ecology (see Chapter 16).

5.16.1 R ainwater Harvesting

Rainwater harvesting refers to the practice of collecting and storing water before it can reach a 
river or infiltrate into an aquifer.7 It has been practiced for centuries in various ways. Farm homes 
and rural school buildings in the U.S. Great Plains region used to have gutter and piping systems 
to collect rooftop water connected to underground cisterns for water storage. In some cases, these 
systems served as the main source of drinking water. When operated properly, when rain finally fell 
after a dry period, the first water running off the roof was supposed to be diverted to the ground to 
prevent bird droppings, dirt, radioactive fallout from aboveground nuclear weapons tests (late 1940s 
and 1950s), and other undesirable materials from getting into the stored water supply.

A form of rainwater harvesting involves collection on the soil surface. Soil can be prepared 
especially for this purpose, such as by planting grass varieties that produce a dense sod from which 
rainwater tends to wash off. Large parking lots and other paved areas are potential sources of rain-
water runoff that can be harvested.

Although it is generally not advised as a source of drinking water for humans, harvested rain-
water can be used for irrigation, for domestic applications other than drinking or cooking, for live-
stock, in car wash facilities, and in other applications where potable water is not required.

QUESTIONS AND PROBLEMS

	 1.	During municipal water treatment, air is often mixed intimately with the water, that is, it is 
aerated. What kinds of undesirable contaminants would this procedure remove from water?

	 2.	Phosphate in the form of H2PO4
− and HPO4

2− ions is the substance usually removed from 
secondary sewage effluent to prevent excessive algal growth and eutrophication in receiv-
ing waters. Of several possible algal nutrients, why is phosphate chosen? Show with a 
chemical reaction the most common means of removal.

	 3.	Membrane filtration processes can be very effective in removing residual BOD from sec-
ondary wastewater effluent. What does this suggest regarding the nature of contaminants 
responsible for the BOD?
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	 4.	By doing some search on the Internet, gather information regarding the use of wastewater 
for irrigation. Is this a practice that is used and if so where does it usually take place? What 
are some of the benefits? What are some of the risks?

	 5.	Look up proposals to restore the Hetch Hetchy Valley in Yosemite National Park to its for-
mer state. How might this affect water supply to parts of California? What might be some 
benefits of restoration of this valley to its former state?

	 6.	What is the purpose of the return sludge step in the activated sludge process?
	 7.	What are the two processes by which the activated sludge process removes soluble carbo-

naceous material from sewage?
	 8.	How does reverse osmosis differ from a simple sieve separation or ultrafiltration process 

based on molecular size?
	 9.	How many liters of methanol would be required daily to remove the nitrogen from a 

200,000-L/day sewage treatment plant producing an effluent containing 50 mg/L of nitro-
gen? Assume that the nitrogen has been converted to NO3

− in the plant and that the metha-
nol is consumed in a denitrification reaction.

	 10.	Discuss some of the advantages of physical–chemical treatment of sewage as opposed to 
biological wastewater treatment. What are some disadvantages?

	 11.	Why is recarbonation necessary when water is softened by the lime–soda process?
	 12.	Assume that a waste contains 300 mg/L of biodegradable {CH2O} and is processed through 

a 200,000-L/day sewage treatment plant that converts 40% of the waste to CO2 and H2O. 
Calculate the volume of air (at 25°C, 1 atm) required for this conversion. Assume that the 
O2 is transferred to the water with 20% efficiency.

	 13.	 If all of the {CH2O} in the plant described in Question 12 could be converted to methane 
by anoxic digestion, how many liters of methane (STP) could be produced daily?

	 14.	Assuming that aeration of water does not result in the precipitation of calcium carbonate, 
of the following, which one would not be removed by aeration: hydrogen sulfide, carbon 
dioxide, volatile odorous bacterial metabolites, alkalinity, and iron?

	 15.	 In which of the following water supplies would moderately high water hardness be most 
detrimental: municipal water, irrigation water, boiler feedwater, and drinking water 
(in regard to potential toxicity).

	 16.	Which solute in water is commonly removed by the addition of sulfite or hydrazine?
	 17.	Wastewater containing dissolved Cu2+ ion is to be treated to remove copper. Which of the 

following processes would not remove copper in an insoluble form: lime precipitation, 
cementation, treatment with NTA, ion exchange, and reaction with metallic Fe.

	 18.	Match each water contaminant in the left column with its preferred method of removal in 
the right column.

	 19.	A cementation reaction employs iron to remove Cd2+ present at a level of 350 mg/L from a 
wastewater stream. Given that the atomic mass of Cd is 112.4 amu and that of Fe is 55.8 amu, 
how many kg of Fe are consumed in removing all the Cd from 4.50 × 106 L of water?

	 20.	Consider municipal drinking water from two different kinds of sources, one a flowing, well-
aerated stream with a heavy load of particulate matter, and the other an anoxic groundwater. 
Describe possible differences in the water treatment strategies for these two sources of water.

	 21.	Using appropriate chemical reactions for illustration, show how calcium present as the 
dissolved HCO3

− salt in water is easier to remove than other forms of hardness, such as dis-
solved CaCl2.

A. Mn2+ 1. Activated carbon

B. Ca2+ and HCO3
− 2. Raise pH by addition of Na2CO3

C. Trihalomethane compounds 3. Addition of lime

D. Mg2+ 4. Oxidation
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	 22.	Suggest a source of microorganisms to use in a waste treatment process based on soil. 
Where should an investigator look for microorganisms to use in such an application? 
What are some kinds of wastes for which soil is particularly unsuitable as a treatment 
medium?

	 23.	Biologically active masses of microorganisms are used in the secondary treatment of 
municipal wastewater. Describe three ways of supporting a growth of the biomass, con-
tacting it with wastewater, and exposing it to air.

	 24.	For water to be used commercially, label each of the following as external treatment (ex) or 
internal treatment (in): ( ) aeration, ( ) addition of inhibitors to prevent corrosion, ( ) adjust-
ment of pH, ( ) filtration, ( ) clarification, ( ) removal of dissolved oxygen by reaction with 
hydrazine or sulfite, and ( ) disinfection for food processing

	 25.	With respect to wastewater treatment, label each of the following as primary treatment 
(pr), secondary treatment (sec), or tertiary treatment (tert): ( ) screening, ( ) comminut-
ing, ( ) grit removal, ( ) BOD removal, ( ) activated carbon filtration removal of dissolved 
organic compounds, and ( ) removal of dissolved inorganic materials.

	 26.	Both activated-sludge waste treatment and natural processes in streams and bodies of 
water remove degradable material by biodegradation. Explain why activated-sludge treat-
ment is so much more effective.

	 27.	Of the following water treatment processes, the one that least belongs with the rest is 
(a) removal of scum and solid objects, (b) clarification, (c) filtration, (d) degradation with 
activated sludge, (e) activated carbon adsorption, and (f) disinfection.

	 28.	Explain why complete physical–chemical wastewater treatment systems are better than 
biological systems in dealing with toxic substances and overloads.

	 29.	What are the two major ways in which dissolved carbon (organic compounds) are removed 
from water in industrial wastewater treatment. How do these two approaches differ 
fundamentally?

	 30.	What is the reaction for the hydrolysis of aluminum ion in water? How is this reaction used 
for water treatment?

	 31.	Explain why coagulation is used with filtration.
	 32.	What are two major problems that arise from the use of excessively hard water?
	 33.	Show with chemical reactions how the removal of bicarbonate hardness with lime results in 

a net removal of ions from solution, whereas removal of non-bicarbonate hardness does not.
	 34.	What two purposes are served by adding CO2 to water that has been subjected to lime–soda 

softening?
	 35.	Why is cation exchange normally used without anion exchange for softening water?
	 36.	Show with chemical reactions how oxidation is used to remove soluble iron and manganese 

from water.
	 37.	Show with chemical reactions how lime treatment, sulfide treatment, and cementation are 

used to remove heavy metals from water.
	 38.	How is activated carbon prepared? What are the chemical reactions involved? What is 

remarkable about the surface area of activated carbon?
	 39.	How is the surface of the membrane employed involved in the process of reverse osmosis?
	 40.	Describe with a chemical reaction how lime is used to remove phosphate from water. What 

are some other chemicals that can be used for phosphate removal?
	 41.	Why is nitrification required as a preliminary step in removal of nitrogen from water by 

biological denitrification?
	 42.	What are some possible beneficial uses for sewage sludge? What are some of its character-

istics that may make such uses feasible?
	 43.	Give one major advantage and one major disadvantage of using chlorine dioxide for water 

disinfection.
	 44.	Give one major advantage and one major disadvantage of using ozone for water disinfection.
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	 45.	Discuss how soil may be viewed as a natural filter for wastes. How does soil aid waste 
treatment? How can waste treatment be of benefit to soil in some cases?

	 46.	 In treating water for industrial use, consideration is often given to “sequential use of the 
water.” What is meant by this term? Give some plausible examples of sequential use of 
water.
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6 Environmental and 
Toxicological Chemistry 
of the Atmosphere

6.1  ATMOSPHERE: AIR TO BREATHE AND MUCH MORE

We live and breathe in the atmosphere, a sea of gas composed mostly of elemental nitrogen gas 
(N2), O2, and water vapor. The fundamental properties of gases determine the properties of the 
atmosphere. Recall that gases consist of molecules and (in the case of noble gases) atoms with 
large amounts of space between them. The gas molecules are in constant, rapid motion, which 
causes gases to exert pressure. The motion of gas molecules becomes more rapid with increasing 
temperature. Due to their constant motion, gas molecules move by a process called diffusion. The 
relationships among the amount of a gas in moles and its volume, temperature, and pressure can be 
calculated by the gas laws discussed in Chapter 19.

Figure 6.1 shows some of the main features and aspects of the atmosphere and its relationship to 
other environmental spheres. Having a total mass of about 5.15 × 1015 t (only about one-millionth of 
Earth’s total mass), the atmosphere is a layer of gases blanketing Earth, whose density diminishes 
rapidly with increasing altitude. More than 99% of the atmosphere’s mass is within 40 km of Earth’s 
surface, with the majority of the air lying below a 10 km altitude (compared to Earth’s diameter of 
almost 13,000 km). A person exposed to air at the approximately 13,000 m altitude at which com-
mercial jet aircrafts fly can remain conscious for only about 15 seconds without supplementary 
oxygen. There is no clearly defined upper limit to the atmosphere, which keeps getting thinner with 
increasing altitude. A practical upper limit may be considered to be an altitude of about 1000 km, 
above which air molecules can be lost to space (a region called the exosphere). If Earth were the 
size of a classroom globe, virtually all the mass of the atmosphere would be contained in a layer the 
thickness of the coat of varnish on the globe.

The atmosphere nurtures life on Earth in many important respects. Some of the main ones are 
as follows:

•	 The atmosphere constitutes much of Earth’s natural capital because it serves as a source of 
materials, its regulation of climate, its protective function, and other attributes.

•	 The atmosphere is a source of molecular O2 for all organisms that require it including 
humans and all other animals. In addition, pure oxygen, argon, and neon are extracted 
from the atmosphere for industrial uses.

•	 At approximately 0.039% of carbon dioxide, CO2, the atmosphere is the source of carbon 
that plants and other photosynthetic organisms use to synthesize biomass.

•	 Consisting mostly of molecular N2, the atmosphere serves as a source of nitrogen that is an 
essential component of protein and other biochemicals as well as a constituent of a variety 
of synthetic chemicals. Organisms “fix” this nitrogen in the biosphere chemically by the 
action of bacteria such as Rhizobium, and it is fixed synthetically in the anthrosphere under 
much more severe conditions of temperature and pressure.
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•	 The atmosphere acts as a blanket to keep Earth’s surface at an average temperature of 
about 15°C at sea level and within a temperature range that enables life to exist (the good 
greenhouse effect).

•	 Earth’s atmosphere absorbs very-short-wavelength ultraviolet (UV) radiation from the sun and 
space, which, if it reaches organisms on Earth’s surface, would tear apart the complex biomole-
cules essential for life. In this respect, the stratospheric ozone layer is of particular importance.

•	 The atmosphere contains and carries water vapor evaporated from oceans that forms rain 
and other kinds of precipitation over land in the hydrologic cycle (Chapter 3, Figure 3.2).

6.2  REGIONS OF THE ATMOSPHERE

Figure 6.2 shows the stratification of the atmosphere and the influence of electromagnetic solar radia-
tion in forming the layers of the atmosphere. Photochemical reactions in which energetic photons 
of UV solar radiation (represented as hν, where h is Planck’s constant and ν is the frequency of the 
radiation) may break chemical bonds in atmospheric air molecules to produce O atoms as well as ions.
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FIGURE 6.1  The atmosphere is a layer of gas, most of which is concentrated in a very thin region just above 
Earth’s surface. It serves as a source of some essential materials; protects life on Earth from deadly electro-
magnetic radiation; transports water as part of the hydrologic cycle; participates in the carbon, oxygen, and 
sulfur cycles; and is an essential part of natural capital.
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Except for a few aviators who fly briefly into the stratosphere, living organisms experience only 
the lowest layer of the atmosphere called the troposphere, which is characterized by decreasing tem-
perature and density with increasing altitude. The troposphere extends from Earth’s surface, where 
the average temperature is 15°C, to about 11 km (the approximate cruising altitude of commercial 
jet aircrafts), where the average temperature is –56°C. Most of the long-wavelength (high-frequency) 
UV solar radiation is filtered out before reaching the troposphere so that it has a relatively uniform 
composition of molecular N2, O2, and CO2, and the noble gas argon. However, levels of H2O vary 
appreciably with time, location, and altitude in the troposphere.

The very cold layer of air at the top of the troposphere, called the tropopause, serves as a barrier 
that causes water vapor to condense to ice so that it cannot reach altitudes at which it would pho-
todissociate through the action of intense high-energy UV radiation. If this happens, the hydrogen 
produced would escape Earth’s atmosphere and be lost. (Much of the hydrogen and helium gases 
originally present in Earth’s atmosphere were lost by this process.)

Above the troposphere is the stratosphere in which the average temperature increases from 
about –56°C at its lower boundary that ranges between 10 and 16 km in altitude to about –2°C 
at its upper limit at around 50 km altitude. The stratosphere is warmed by the energy of intense 
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solar radiation impinging on air molecules. Because this radiation can break the bonds holding O2 
molecules together, at higher altitudes the stratosphere maintains a significant level of O atoms and 
of ozone (O3) molecules formed by the combination of O atoms with O2 molecules (see the discus-
sion on ozone layer in this section). The stratosphere is warmed by the UV energy absorbed by both 
O2 and O3 molecules.

A critical part of the stratosphere is the UV-absorbing ozone that it contains. Often referred to as 
the “ozone layer,” stratospheric ozone is dispersed widely over several kilometers of altitude in the 
stratosphere. Stratospheric ozone actually constitutes only a minuscule fraction of the atmosphere’s 
total mass, although it is absolutely essential in protecting humans and other organisms on Earth 
from deadly solar UV radiation. Stratospheric ozone and pollutant threats to it are discussed in more 
detail in Chapter 7, Section 7.9.

The absence of high levels of radiation-absorbing species in the rarified mesosphere immedi-
ately above the stratosphere results in a further decrease in temperature with increasing altitude to a 
low of about –92°C at altitudes around 85 km. Extending to the far outer reaches of the atmosphere 
is the thermosphere, in which the highly rarified gas reaches temperatures as high as 1200°C 
by the absorption of very energetic radiation of wavelengths less than approximately 200 nm by 
gas species in this region. Radiation energetic enough to tear electrons away from atmospheric 
molecules and atoms produces a region in the mesosphere and thermosphere containing ions, which 
is called the ionosphere. The upper regions of the mesosphere and higher define a region, called the 
exosphere, from which molecules and ions can completely escape the atmosphere.

Earth’s atmosphere is crucial in absorbing, distributing, and radiating the enormous amount of 
electromagnetic energy that comes from the sun. A square meter of surface directly exposed to sun-
light unfiltered by air would receive energy from the sun at a power level of 1340 W, the solar flux 
illustrated in Figure 6.3. The incoming radiation in the form of electromagnetic radiation centered in 
the visible wavelength region with a maximum intensity at a wavelength of 500 nm (1 nm = 10–9 m) is 
largely absorbed and converted to heat in the atmosphere and at Earth’s surface, and the heat is reradi-
ated back to space primarily as infrared radiation. The energy balance of the atmosphere is discussed 
in more detail in Section 6.5.

1 m

1 m

1340 W

FIGURE 6.3  The solar flux at the distance of Earth from the sun is 1.34 × 103 W/m3.
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6.3  ATMOSPHERIC COMPOSITION

At our level in the troposphere, air is a mixture of gases of uniform composition, except for water 
vapor, which composes 1%–3% of the atmosphere by volume, and some of the trace gases, such as 
pollutant sulfur dioxide. On a dry basis, air is 78.1% (by volume) N2, 21.0% O2, 0.9% argon, and 
0.04% carbon dioxide. Trace gases at levels below 0.002% in air include ammonia, carbon mon-
oxide, helium, hydrogen, krypton, methane, neon, nitrogen dioxide, nitrous oxide, ozone, sulfur 
dioxide, and xenon.

Two other important kinds of substances in the atmosphere are particles and free radicals. 
Atmospheric particles are discussed in more detail in Section 6.13. Free radicals are reactive frag-
ments of molecules that are usually very reactive because they possess unpaired electrons (see 
Section 6.9).

By a wide margin, oxygen and nitrogen are the most abundant gases in the atmosphere. Because 
of the extremely high stability and low reactivity of the N2 molecule, the chemistry of atmospheric 
elemental nitrogen is singularly unexciting, although nitrogen molecules are the most common “third 
bodies” that absorb excess energy from atmospheric chemical reactions, preventing the products of 
addition reactions in the atmosphere from falling apart. Oxides of nitrogen actively participate in 
atmospheric chemical reactions. Elemental nitrogen is an important commercial gas extracted from 
the atmosphere by nitrogen-fixing bacteria and in the industrial synthesis of ammonia. Atmospheric 
nitrogen is discussed in more detail in Section 6.11.

Oxygen is a reactive species in the atmosphere that reacts to produce oxidation products from 
oxidizable gases in the atmosphere. Two such species that are particularly important are sulfur 
dioxide gas, SO2, and pollutant hydrocarbons. Molecular O2 does not react with these substances 
directly; but it reacts with them indirectly through the action of reactive intermediates, especially 
hydroxyl radical, HO⋅.1 Atmospheric oxygen is discussed in Section 6.10.

Under most conditions, the third most abundant constituent of the atmosphere is water, H2O, 
which is discussed in more detail in Section 6.12. Normally within the range of 1%–3%, the water 
content of the atmosphere varies significantly with location, season, and time. Most of the atmo-
sphere’s water is in the gaseous molecular form, and some of it is in the form of very small liquid 
droplets that compose clouds.

Although they are usually present at levels well below 1 mg per liter of air, small suspended par-
ticles in the atmosphere (see Section 6.13), often called “particulates,” are significant atmospheric 
constituents. Because of their ability to scatter light, particles are very important in determining 
visibility in the atmosphere. Atmospheric chemical reactions may occur on particle surfaces and 
within suspended water droplets. Particles are also very important with respect to health effects of 
the atmosphere, especially so in the case of very small respirable particles that can be drawn deep 
within the lungs.

6.4  NATURAL CAPITAL OF THE ATMOSPHERE

As discussed in Chapter 1, Section 1.4, Earth’s natural capital is its ability to provide materials, 
protection, and conditions conducive to life including Earth’s resources and its ecosystems. A large 
fraction of Earth’s natural capital is in the atmosphere and includes materials, waste assimilative 
capacity, and esthetics, largely determining the degree to which our surroundings are pleasant and 
conducive to our existence. The atmosphere’s natural capital is discussed in this section.

A huge part of the atmosphere’s natural capital is its ability to absorb and protect organisms 
from destructive UV and other short-wavelength cosmic and solar electromagnetic radiation, which 
otherwise would make life on Earth impossible. The absorption of longer wavelength infrared 
radiation by which incoming solar energy is sent back into space leads to the second major pro-
tective function of the atmosphere, that is, its ability to maintain surface temperature at a level at 
which life can thrive.
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The atmosphere is a source of essential raw materials, both for organisms and for industrial use, 
and has major applications in the practice of green chemistry. Plants that provide the foundation of 
food chains within which all organisms thrive extract the carbon dioxide that they use to build bio-
mass from the atmosphere. Animals and other organisms that perform oxic respiration obtain the 
molecular O2 they require from the atmosphere. The refractory N2 in the atmosphere is converted to 
biomass and protein nitrogen by bacteria growing in soil and water.

Humans extract elemental oxygen, nitrogen, and other gases from the atmosphere for use in the 
anthrosphere. Historically, this has been done by distilling cold liquid air, a process that can also 
produce noble gases neon, krypton, and xenon, if desired. The initial step in air distillation is to 
compress air to about seven times atmospheric pressure and cool it to remove water vapor and car-
bon dioxide. Further compression and cooling yields a liquid air product that can then be fraction-
ally distilled to give relatively pure oxygen, nitrogen, and other gases. These can be stored as cold 
liquids or as compressed gases. Adsorption and permeable membrane processes are now used to 
isolate nitrogen, oxygen, argon, and neon from air.

Essentially pure oxygen has a number of applications, such as for breathing by people with pul-
monary insufficiencies. Although compressed oxygen in tanks used to be the most common source 
of this gas for breathing, it is now largely extracted from air as needed in apparatuses that use selec-
tive adsorption of different gases from air onto adsorbent materials. Huge amounts of elemental O2 
are consumed in steelmaking.

As a generally unreactive gas, pure nitrogen is used as an inert atmosphere that prevents fires 
and other chemical reactions. Boiling at a frigid –196°C, liquid nitrogen is the most widely used 
cryogenic liquid. One among its many applications is the preservation of viable human embryos for 
embryo implantation to produce “test-tube babies.” Nitrogen extracted from air is an important raw 
material for the synthesis of ammonia, NH3. Ammonia is then used to synthesize industrial chemi-
cals, fertilizers, and explosives.

Noble gas argon from the atmosphere is totally chemically inert and is used industrially, such as 
in specialized welding processes.

As illustrated in Chapter 3, Figure 3.2, the atmosphere is the conduit by which water is evapo-
rated from oceans and carried over land where it falls as precipitation in the hydrologic cycle. This 
ability of the atmosphere is an important component of its natural capital, and atmospheric condi-
tions largely determine the quantity, quality, and distribution of water through the hydrologic cycle. 
Because of variations in atmospheric conditions, the distribution of rainfall is irregular, with excess 
in some locations and times and deficiencies in others. Hot drought conditions that cause great hard-
ship and even starvation, especially in parts of Africa, are the result of climate conditions in the 
atmosphere. Sulfur dioxide and nitrogen oxides emitted to the atmosphere as air pollutants produce 
sulfuric acid and nitric acid, respectively, polluting the hydrosphere with strong acids, killing fish 
fingerlings, and harming vegetation.

Its ability to assimilate and process materials is an important part of the atmosphere’s natural 
capital and a crucial component of nature’s cycles. Transpiration of water from plant leaves is an 
important route for conveying water from soil to the atmosphere. Oxic respiration by humans and 
other organisms discharges carbon dioxide to the atmosphere as do forest fires and combustion 
processes in the anthrosphere. Photosynthetically produced elemental oxygen enters the atmosphere 
from the biosphere. Pollen and small particles such as smoke or fumes produced by anthrospheric 
processes are discharged to the atmosphere and are washed out by rain or deposited on Earth’s 
surface. Hydrocarbons and nitrogen oxides from combustion are eventually purged from the atmo-
sphere, often with the intermediate formation of oxidants, aldehydes, and particles characteristic of 
photochemical smog pollution.

The atmosphere’s contribution to esthetics is a major facet of its natural capital. Clear, clean air 
that is free of visibility-obscuring particles, acidic gases, and ozone, which hinders breathing and 
irritates eyes, has genuine value including its contribution to good health. Whereas the water that 
humans use can be purified from muddy, even polluted, sources, air used for breathing must usually 



161Environmental and Toxicological Chemistry of the Atmosphere

be taken as it comes. Humid, foggy air contaminated by acidic constituents and particles is unpleas-
ant and even unhealthy to breathe as is air heated and dried to uncomfortable levels by greenhouse 
gas emissions.

6.5  ENERGY AND MASS TRANSFER IN THE ATMOSPHERE

As noted in Section 6.2, the flux of energy reaching Earth’s atmosphere from the sun as sunlight 
is 1340 W/m2 (Figure 6.3). This means that a square meter of area perpendicular to incoming sun-
rays above Earth’s atmosphere is receiving solar energy at a rate that is sufficient to power thirteen 
100-W lightbulbs plus one 40-W bulb or enough to power an electric iron or a hair dryer set on 
high. This is an enormous amount of energy. As shown in Figure 6.4, some of the incoming energy 
reaches Earth’s surface; some is absorbed in the atmosphere, warming it; and some is scattered 
back to space. The electromagnetic solar radiation energy that comes in primarily at a maximum 
intensity of 500 nm in the visible region must go out, which it does primarily as infrared radiation 
(with maximum intensity at about 10 μm, primarily between 2 and 40 μm). Water molecules, carbon 
dioxide, methane, and other minor species in the atmosphere absorb some of the outbound infrared, 
which eventually is all radiated to space. This temporary absorption of infrared radiation warms the 
atmosphere—a greenhouse effect.

The fraction of electromagnetic radiation from the sun that is reflected by Earth’s surface, called 
albedo, varies with the nature of the surface, from freshly plowed black topsoil with a low albedo 
of only about 2.5% to fresh snow at about 90%. Human activities in the anthrosphere affect albedo 
by measures such as cultivating soil and paving large areas.

The maintenance of Earth’s heat balance to keep temperatures within limits conducive to life is 
very complex and not well understood. Geological records show that in times past Earth was some-
times relatively warm and that at other times there were ice ages in which much of Earth’s surface 
was covered by ice a kilometer or two thick. The differences in average Earth temperature between 
these extremes and the relatively temperate climate conditions that we now enjoy are a matter of only 
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FIGURE 6.4  Some of the solar energy reaching the top of the atmosphere penetrates to Earth’s surface; 
some is absorbed in the atmosphere, which warms it; and some is scattered by the atmosphere and by Earth’s 
surface. Outgoing energy is in the infrared region. Some of it is temporarily absorbed by the atmosphere before 
being radiated to space, causing a warming effect (greenhouse effect). The equatorial regions receive the most 
energy, part of which is redistributed by warm air masses and latent heat in water vapor away from the equator.
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a few degrees. It is also known that massive volcanic eruptions and almost certainly hits by large 
asteroids have caused cooling of the atmosphere that has lasted for a year or more. As addressed 
in more detail in Chapter 8, there is now concern that anthropogenic gas emissions, particularly of 
carbon dioxide from fossil fuel combustion, may be having a warming effect on the atmosphere.

Earth receives solar energy most directly at the equator, so equatorial regions are warmer than 
regions farther north and south. A significant fraction of this energy moves away from the equator. 
This is largely done by convection in which heat is carried by masses of air. Such heat can be in 
the form of sensible heat from the kinetic energy of rapidly moving air molecules (the faster their 
average velocities, the higher the temperature). Heat can also be carried as latent heat in the form of 
water vapor. The heat of vaporization of water is 2259 J/g, which means that 2259 J of heat energy 
are required to evaporate a gram of water without raising its temperature. This is a very high value, 
which means that the evaporation of ocean water by solar energy falling on it in warmer regions 
requires an enormous amount of heat. This vapor may be carried elsewhere and may condense to 
form rainfall. The heat energy thus released raises the temperature of the surrounding atmosphere.

6.6  METEOROLOGY, WEATHER, AND CLIMATE

The movement of air masses, cloud formation, and precipitation in the atmosphere are covered by 
the science of meteorology. In considering the environmental chemistry of the atmosphere, it is 
important to take meteorology into account because (1) meteorologic conditions strongly influence 
atmospheric chemistry and air pollution; and (2) emissions to the atmosphere, especially those 
responsible for atmospheric warming and particle formation, can significantly influence meteorol-
ogy, weather, and climate. Meteorologic phenomena have a strong effect on atmospheric chemistry 
by processes such as the following:

•	 Movement of air pollutants from one place to another, such as the movement of air pollut-
ant sulfur dioxide from the U.S. Ohio River valley to New England and southern Canada, 
where it forms acid rain.

•	 Conditions under which stagnant pollutant air masses remain in place so that secondary 
pollutants, such as photochemical smog, can form.

•	 Precipitation, which can carry acidic compounds from the atmosphere to Earth’s surface 
in the form of acid rain.

•	 Active chlorine originally from chlorofluorocarbons (CFCs) is sequestered in stratospheric 
clouds during the dark winter above the South Pole and then released during the Antarctic 
spring (September and October), destroying protective stratospheric ozone and resulting in 
the Antarctic ozone hole.

Atmospheric chemical processes can influence meteorological phenomena. One of the most 
obvious examples of this influence is the formation of rain droplets around pollutant particles in 
the atmosphere.

Weather refers to relatively short-term variations in the state of the atmosphere as expressed by 
temperature, cloud cover, precipitation, relative humidity, atmospheric pressure, and wind. Long-
term weather conditions are called climate. Weather is driven by redistribution of energy in the 
atmosphere. A particularly important aspect of this redistribution is the energy released when pre-
cipitation forms, which is the main driving force behind thunderstorms and tropical storms.

A very obvious manifestation of weather consists of very small droplets of liquid water com-
posing clouds. These very small droplets may coalesce under appropriate conditions to form rain-
drops large enough to fall from the atmosphere. Clouds may absorb infrared radiation from Earth’s 
surface, warming the atmosphere; but they also reflect visible light, which has a cooling effect. 
Pollutant particles are instrumental in forming clouds. Among the more active kinds of cloud-
forming pollutants are atmospheric strong acids, particularly H2SO4.
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Air masses characterized by pressure, temperature, and moisture contents flow from regions of 
high atmospheric pressure to regions of low pressure, aspects that are illustrated in Figure 6.5. The 
boundaries between air masses are called fronts. The movement of air associated with moving air 
masses is wind, and vertically moving air is an air current. Wind is involved in the movement of 
pollutants from one place to another and is also responsible for dispersing pollutants to harmless 
levels. A tremendous amount of energy is contained in wind, and it is now being widely used to 
generate electricity sustainably.

6.6.1 G lobal Weather

The factors that determine and describe the movement of bodies of air are involved in the massive 
movement of air, moisture, and energy that occurs globally. The central feature of global weather 
is the redistribution of solar energy that falls unequally on Earth at different latitudes (relative dis-
tances from the equator and poles). Consider Figure 6.4. Sunlight and the energy flux from it are 
most intense at the equator because, averaged over the seasons, solar radiation falls perpendicular 
to Earth’s surface at the equator. With increasing distance from the equator (higher latitudes), the 
angle is increasingly oblique and more of the energy-absorbing atmosphere must be traversed so 
that progressively less energy is received per unit area of Earth’s surface. The net result is that equa-
torial regions receive a much greater share of solar radiation, progressively less is received farther 
from the equator, and the poles receive a comparatively minuscule amount. The excess heat energy 
in the equatorial regions causes the air to rise. The air ceases to rise when it reaches the stratosphere 
because in the stratosphere the air becomes warmer with higher elevation. As the hot equatorial 
air rises in the troposphere, it cools by expansion and loss of water and then sinks again. The air 
circulation patterns in which this occurs are called Hadley cells. As shown in Figure 6.6, there are 
three major groupings of these cells, which result in very distinct climatic regions on Earth’s sur-
face. The air in the Hadley cells does not move straight north and south but is deflected by Earth’s 
rotation and by the atmosphere’s contact with the rotating Earth; this is the Coriolis effect, which 
results in spiral-shaped air circulation patterns that are called cyclonic or anticyclonic depending on 
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FIGURE 6.5  Circulation patterns involved in the movement of air masses and water; uptake and release of 
solar energy as latent heat in water vapor.
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the direction of rotation. These give rise to different directions of prevailing winds depending on 
latitude. The boundaries between the massive bodies of circulating air shift markedly over time and 
season, resulting in significant weather instability.

The movement of air in Hadley cells interacts with other atmospheric phenomena to produce 
global jet streams that are, in a sense, shifting rivers of air that may be several kilometers deep 
and several tens of kilometers wide. Jet streams move through discontinuities in the tropopause (the 
boundary between the stratosphere and the troposphere) generally from west to east at velocities 
around 200 km/h (well over 100 mph); in so doing, they redistribute huge amounts of air and have 
a strong influence on weather patterns.

The aforementioned movement of air combines with other atmospheric phenomena to shift 
massive amounts of energy over long distances on Earth. If it was not for this effect, the equato-
rial regions would be unbearably hot and the regions closer to the poles intolerably cold. About 
half of the heat that is redistributed is carried as sensible heat by air circulation, almost one-third 
is carried by water vapor as latent heat, and the remaining approximately 20% is moved by ocean 
currents.

6.7 � ATMOSPHERIC INVERSIONS AND ATMOSPHERIC 
CHEMICAL PHENOMENA

The complicated movement of air across Earth’s surface is a crucial factor in the creation and 
dispersal of air pollutants and in atmospheric chemical phenomena generally. When air move-
ment ceases, stagnation can occur, with the resultant buildup of atmospheric pollutants in localized 
regions. Although the temperature of air relatively near Earth’s surface normally decreases with 
increasing altitude, certain atmospheric conditions can result in the opposite condition—increasing 
temperature with increasing altitude. Such conditions are characterized by high atmospheric stabil-
ity and are known as temperature inversions, as illustrated in Figure 6.7. Because they limit the 
vertical circulation of air, temperature inversions result in air stagnation and the trapping of air pol-
lutants in localized areas. Topographical features, such as a mountain range that limits horizontal 
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air movement, may make temperature inversions much more effective in trapping polluted masses 
of air. These conditions occur in the Los Angeles basin, noted for photochemical smog formation, 
which is discussed in Chapter 7.

Inversions can occur in several ways. In a sense, the whole atmosphere is inverted by the warm 
stratosphere, which floats atop the troposphere with relatively little mixing. An inversion can form 
from the collision of a warm air mass (warm front) with a cold air mass (cold front). The warm air 
mass overrides the cold air mass in the frontal area, producing the inversion. Radiation inversions 
are likely to form in still air at night when Earth is no longer receiving solar radiation. The air clos-
est to Earth cools faster than the air higher in the atmosphere, which remains warm and thus less 
dense. Furthermore, the cooler surface air tends to flow into valleys at night, where it is overlaid 
by warmer, less dense air. Subsidence inversions, often accompanied by radiation inversions, can 
become very widespread. These inversions can form in the vicinity of a surface high-pressure area 
when high-level air subsides to take the place of surface air blowing out of the high-pressure zone. 
The subsiding air is warmed as it compresses and can remain as a warm layer several hundred 
meters above ground level. A marine inversion is produced during the summer months when cool 
air laden with moisture from the ocean blows onshore and under warm, dry inland air.

6.8  CLIMATE, MICROCLIMATE, AND MICROATMOSPHERE

Defined in Section 6.6 as consisting of long-term weather patterns over large geographical areas, 
perhaps the single most important influence on Earth’s environment is climate. As a general rule, 
climatic conditions are characteristic of a particular region. This does not mean that climate remains 
the same throughout the year, of course, because it varies with season. One important example of 
such variations is the monsoon, that is, seasonal variations in wind patterns between oceans and 
continents. The climates of Africa and the Indian subcontinent are particularly influenced by mon-
soons. In the latter, for example, summer heating of the Indian landmass causes air to rise, thereby 
creating a low-pressure area that attracts warm, moist air from the ocean. This air rises on the slopes 
of the Himalayan mountains, which also block the flow of colder air from the north; moisture from 
the air condenses, and monsoon rains carrying enormous amounts of precipitation fall. Thus, from 
May until sometime into August, summer monsoon rains fall in India, Bangladesh, and Nepal. 
Reversal of the pattern of winds during the winter months causes these regions to have a dry season 
but produces winter monsoon rains in the Philippine Islands, Indonesia, New Guinea, and Australia.

Summer monsoon rains are responsible for the growth of tropical rain forests in Central Africa. 
Farther north in Africa is the arid Sahara desert. The interface between the Sahara desert and the 
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FIGURE 6.7  Illustration of pollutants trapped in a temperature inversion.
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wetter regions to the south encompasses the Sahel, a belt extending across the continent from the 
Atlantic Ocean in the west to the Red Sea in the east with a width that varies from a few hundred 
kilometers to a thousand kilometers and a total area of about 3 million square kilometers. The Sahel 
consists mainly of grasslands and savannas composed of grasslands interspersed with trees. The 
boundaries of the Sahel vary with time. Under good climate conditions, the Sahel supports an agri-
cultural economy, a significant portion of which is based on grazing livestock. A periodic problem 
is drought in the region, which results in the shifting of the Sahel to the south with the northern belt 
of it overtaken by the Sahara desert, the result of diminished rainfall. This has caused starvation 
conditions in some years, and a major concern is that global warming may result in permanent 
desertification of large areas of the Sahel.

A significant feature of the Sahel is the Sahel dust zone that develops predominantly from 
December to April each year.2 Characterized by frequent dust storms and high levels of atmo-
spheric dust blown mostly from the Sahara desert, the Sahel dust zone is located in the latitudes of 
10°N–16°N and extends for almost the entire width of Africa from east to west.

It is known that there are fluctuations, cycles, and cycles imposed on cycles in climate. The 
causes of these variations are not completely understood, but they are known to be substantial, even 
devastating to civilization. The last ice age, which ended only about 10,000 years ago and which 
was preceded by several similar ice ages, produced conditions under which much of the present 
landmass of the Northern Hemisphere was buried under thick layers of ice and, thus, uninhabit-
able. A “mini ice age” occurred during the 1300s, causing crop failures and severe hardship in 
northern Europe. In modern times, the El Niño Southern Oscillation occurs with a period of several 
years when a large, semipermanent tropical low-pressure area shifts into the Central Pacific region 
from its more common location in the vicinity of Indonesia. This shift modifies prevailing winds, 
changes the pattern of ocean currents, and affects the upwelling of ocean nutrients with profound 
effects on weather, rainfall, and fish and bird life over a vast area of the Pacific from Australia to the 
west coasts of South and North America.

6.8.1 H uman Modifications of the Atmosphere

Although Earth’s atmosphere is huge and has an enormous ability to resist and correct for detri-
mental change, human activities have reached a point at which they are significantly affecting the 
atmosphere and Earth’s climate. One such way is by the emission of large quantities of carbon 
dioxide and other greenhouse gases into the atmosphere, such that global warming may occur and 
cause substantial climatic change. Another way is through the release of gases, particularly CFCs 
(Freons) that may cause the destruction of vital stratospheric ozone.3

6.8.2 M icroclimate

Section 6.6 describes climate on a large scale, ranging up to global dimensions. The climate that 
organisms and objects on the surface are exposed to close to the ground, under rocks, and sur-
rounded by vegetation is often quite different from the surrounding macroclimate. Such highly 
localized climatic conditions are termed the microclimate. Microclimate effects are largely deter-
mined by the uptake and loss of solar energy very close to Earth’s surface and by the fact that air 
circulation due to wind is much lower at the surface. During the day, solar energy absorbed by rela-
tively bare soil heats the surface, but it is lost only slowly because of the very limited air circulation 
at the surface. This provides a warm blanket of surface air several centimeters thick, and an even 
thinner layer of warm soil. At night, radiative loss of heat from the surface of soil and vegetation 
can result in surface temperatures several degrees colder than the air about 2 m above ground level. 
These lower temperatures result in the condensation of dew on vegetation and the soil surface, thus 
providing a relatively more moist microclimate near ground level. Heat absorbed during early morn-
ing evaporation of dew tends to prolong the period of cold experienced right at the surface.
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Vegetation substantially affects microclimate. In relatively dense growths, circulation can be 
virtually zero at the surface because vegetation severely limits convection and diffusion. The crown 
surface of vegetation intercepts most of the solar energy so that maximum solar heating in heav-
ily vegetated areas may occur a significant distance up from Earth’s surface. The region below the 
crown surface of vegetation thus becomes one of relatively stable temperature. In addition, in a 
dense growth of vegetation, most of the moisture loss is not from evaporation from the soil surface 
but rather from transpiration from plant leaves. The net result is the creation of temperature and 
humidity conditions that provide a favorable living environment for a number of organisms, such 
as insects and rodents. Some buildings are now constructed with roofs covered with vegetated soil 
that creates a favorable microclimate insulated by soil and vegetation from outside temperature 
extremes. Such roofs obviously have to be made very strong to prevent collapse. Also, the vegetation 
requires constant attention; if it dies, the roof readily becomes a layer of baked dirt during summer 
droughts and turns to mud during wet seasons.

Another factor influencing microclimate is the degree to which the slope of land faces north 
or south. South-facing slopes of land in the Northern Hemisphere receive greater solar energy. 
Advantage has been taken of this phenomenon in restoring land strips mined for brown coal in 
Germany by terracing the land such that the terraces have broad south slopes and very narrow, steep 
north slopes. On the south-sloping portions of the terrace, the net effect has been to extend the short 
summer growing season by several days, thereby significantly increasing crop productivity. In areas 
where the growing season is longer, better growing conditions may exist on a north slope because it 
is less subject to temperature extremes and to loss of water by evaporation and transpiration.

6.8.3  Effects of Urbanization on Microclimate

A particularly marked effect on microclimate is that induced by urbanization. In a rural setting, 
vegetation and bodies of water have a moderating effect, absorbing modest amounts of solar energy 
and releasing them slowly. The stone, concrete, and asphalt pavements of cities have an opposite 
effect, strongly absorbing solar energy and reradiating heat back to the urban microclimate. Rainfall 
is not allowed to accumulate in ponds, but it is drained away as rapidly and efficiently as possible. 
Human activities generate significant amounts of heat and produce large quantities of CO2 and other 
greenhouse gases that retain heat. The net result of these effects is that a city is capped by a heat 
dome in which the temperature is as much as 5°C warmer than the surrounding rural areas such 
that large cities have been described as “heat islands.” The rising warmer air over a city brings in a 
breeze from the surrounding area and causes a local greenhouse effect that probably is largely coun-
terbalanced by the reflection of incoming solar energy by particulate matter above cities. Overall, 
compared with climatic conditions in nearby rural surroundings, the city microclimate is warmer, 
foggier, overlaid with more cloud cover for a greater percentage of the time, and subject to more 
precipitation, although generally the city microclimate is less humid.

6.8.4 M icroatmosphere

The term microatmosphere has been used to describe enclosed bodies of gas as different as minus-
cule cavities produced in metals from radiation damage in nuclear reactors and oxygen-free bags 
for storing prepared food and probably other things as well. Here, microatmosphere is used as a 
term to describe a more or less isolated body of air or gas such as in a room, in a workplace, or at 
surface level of soil (the surface-level microclimate). A microatmosphere can be particularly impor-
tant when it contains the air that humans must breathe. In rare cases, the microatmosphere may 
be depleted in oxygen, most commonly by purging with nitrogen. Usually, several deaths occur in 
the United States each year from nitrogen asphyxiation. Such an incident occurred in 1981 shortly 
before the first space shuttle mission when two technicians entered a compartment of the orbiter 
that had been filled with nitrogen as a precaution against fire; both lost consciousness and one died. 
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Improper handling of liquid nitrogen has led to microatmospheres deficient in oxygen. Such an inci-
dent occurred in 1999 in the Human Genetics Unit of the Western General Hospital in Edinburgh, 
Scotland, when an experienced laboratory worker was overcome and died while filling flasks with 
liquid nitrogen. Another fatality occurred at the Australian Animal Health Laboratories in Geelong, 
Australia, when the failure of a ventilation system in a sample storage room where samples were 
stored in liquid nitrogen led to the accumulation of a nitrogen atmosphere in the facility and the 
death by nitrogen asphyxiation of a laboratory staff worker who entered the area.

The microatmosphere to which humans are exposed can present hazards due to the presence 
of toxic substances. As an example, consider the tragic case of workers who sandblasted jeans in 
Turkey to give the jeans a “distressed” appearance.4 In a study covering the period 2001–2009 of 32 
young male textile workers who reported respiratory distress, it was found that 6 of the workers had 
died and 16 others had disabling lung damage likely to greatly shorten life expectancy because of 
silicosis resulting from the accumulation of finely divided sand particles in the lungs. The workers 
were employed in small-time operations and worked an average of 66 hours per week. Because of 
the possibility of silicosis, sandblasting jeans has long been banned in the United States and Europe.

The microatmosphere inside buildings is an important aspect of air pollution, for example, with 
respect to potentially toxic or allergenic vapors released from varnishes, wall paneling, and carpets. 
Indoor air pollution is discussed in more detail in Chapter 7, Section 7.10.

6.9  ATMOSPHERIC CHEMISTRY AND PHOTOCHEMICAL REACTIONS

Atmospheric chemistry describes chemical processes that occur in the atmosphere.5 Atmospheric 
chemistry is a broad and complex science, covering a wide range of levels from global atmospheric 
chemistry extending tens of kilometers above Earth’s surface down to room level. Indoor air chem-
istry may be particularly important with respect to human health, including occupational health. 
Much of what is known about atmospheric chemistry is of relatively recent origin. Although “smog” 
was long used as a term to describe the combination of smoke and fog (laced with choking sulfur 
dioxide), such as the smog that killed several thousand people in a severe air pollution episode in 
London in 1952, the term was applied to a much different form of air pollution characterized by low-
ered visibility in southern California after around 1950. The Dutch chemist Arie Jan Haagen-Smit, 
a Caltech faculty member, deduced that this photochemical smog, a brew of very fine particles along 
with ozone, nitric acid, peroxyacetyl nitrate, aldehydes, and other noxious chemicals, was produced 
by the action of sunlight on an atmosphere contaminated with hydrocarbons and nitrogen oxides, 
both emitted by automobile exhausts. (Appointed by Governor Ronald Reagan as the first chairman 
of the California Air Resources Board in 1968, Dr. Haagen-Smit was removed from this post in 
1974 for refusing to obey the governor’s directive to ease up on pollution control directives.)

It took until about 1970 for the importance of the hydroxyl radical, HO⋅, a very reactive intermedi-
ate because of its unpaired electron, to be recognized as a crucial intermediate in tropospheric chem-
istry and smog formation. As discussed later in this section, in the 1970s Paul Crutzen, Mario Molina, 
and F. S. Rowland (the three of whom received the Nobel Prize for their work in 1995) showed that 
CFCs, which are extremely stable and unreactive in the troposphere, could be photochemically disso-
ciated by UV radiation in the stratosphere and the chlorine atom product could destroy stratospheric 
ozone, which is crucial for protection from UV radiation from the sun. One of the most ominous 
symptoms of ozone layer depletion was the Antarctic ozone hole discovered in 1985. This phenom-
enon was found to involve reactions on stratospheric ice cloud crystals and pointed to the importance 
of the challenging science of heterogeneous particle chemistry in the atmosphere. Another relatively 
recent development is the connection between atmospheric chemistry and global warming, a phe-
nomenon generally attributed to emissions of carbon dioxide but now gaining recognition for the 
important contributions of methane, ozone, CFCs, nitrous oxide (N2O), and particles.

One notable aspect of atmospheric chemistry is that it occurs largely in the gas phase where 
molecules are relatively far apart, so a molecule or a fragment of a molecule (a radical) may travel 
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some distance before bumping into another species with which it reacts. This is especially true in 
the highly rarefied regions of the stratosphere and above.

A second major aspect of atmospheric chemistry is the occurrence of photochemical reactions 
that are initiated when a photon (essentially a packet of energy associated with electromagnetic radia-
tion) of UV radiation is absorbed by a molecule. The energy of a photon, E, is given by E = hν, 
where h is Planck’s constant and ν is the frequency of the radiation. Electromagnetic radiation of a 
sufficiently short wavelength breaks chemical bonds in molecules, leading to the formation of reac-
tive species that can participate in reaction sequences called chain reactions.

An important example of a photochemical reaction is the photochemical dissociation of O2 
molecules in the stratosphere at altitudes above about 10 km that occurs when the molecules absorb 
highly energetic UV radiation from the sun

	 O 2O2 + →hν 	 (6.1)

followed by the reaction of the O atoms to produce ozone, O3, where M is a third body, usually a 
molecule of N2, that absorbs energy released by the reaction and prevents the ozone molecule from 
coming apart:

	 O O O2 3+ + → +M M 	 (6.2)

These two reactions are responsible for the essential stratospheric ozone layer, which is dis-
cussed in more detail in Section 6.7.

An example of an important chain reaction sequence that begins with the photochemical dissocia-
tion of a molecule is the one that occurs when CFCs get into the stratosphere. Chlorofluorocarbons, 
trade name Freons, consist of carbon atoms to which are bonded fluorine and chlorine atoms. Noted 
for their extreme chemical stability and low toxicities, they were once widely used as refrigerant flu-
ids in air conditioners, as aerosol propellants for products such as hair spray, and for foam blowing 
to make very porous plastic or rubber foams. Dichlorodifluoromethane, CCl2F2, was used in auto-
mobile air conditioners. When released into the atmosphere, this compound remained as a stable 
atmospheric gas until it reached very high altitudes in the stratosphere. In this region, UV radiation 
of sufficient energy (hν) is available to break the very strong C–Cl bonds

	 CCl F CClF Cl2 2 2+ → +hν ⋅ 	 (6.3)

releasing Cl atoms. The dot represents a single unpaired electron remaining with the Cl atom when 
the bond in the molecule breaks. Species with such unpaired electrons are very reactive and are 
called free radicals. As shown by Reactions 6.1 and 6.2, in addition to molecular O2, there are oxy-
gen atoms and molecules of ozone, O3, also formed by photochemical processes in the stratosphere. 
A chlorine atom produced by the photochemical dissociation of CCl2F2 as shown in Reaction 6.3 
can react with a molecule of O3 to produce O2 and another reactive free radical species, ClO⋅. This 
species can react with free O atoms, which are present in the stratosphere along with the ozone (see 
Reaction 6.1), to regenerate Cl atoms, which in turn can react with more O3 molecules. These reac-
tions are shown as follows:

	 Cl O O ClO3 2+ → + ⋅ 	 (6.4)

	 ClO O O Cl2+ → + 	 (6.5)

These are chain reactions in which ClO⋅ and Cl⋅ are continually reacting and being regenerated, 
the net result of which is the conversion of O3 and O in the atmosphere to O2. One Cl atom can 
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bring about the destruction of as many as 10,000 ozone molecules. Ozone serves a vital protective 
function in the atmosphere as a filter for damaging UV radiation, so its destruction is a very serious 
problem that has resulted in the banning of CFC manufacture.

As discussed in greater detail in Chapter 7 with respect to atmospheric reactions of air pollut-
ants, hydroxyl radical, HO⋅, is the most important reactive intermediate in atmospheric chemi-
cal reactions.6 Ultraviolet radiation is very much involved in the formation of hydroxyl radical 
through various photochemical reactions, and depletion of UV-absorbing stratospheric ozone may 
increase the levels of this species. The HO⋅ radical is very active in determining the fates of atmo-
spheric methane, carbon monoxide, hydrochlorofluorocarbons and hydrofluorocarbons that are 
substitutes for ozone-depleting CFCs, and other gases relevant to climate and ozone levels, and 
it is very much involved in the formation and dissipation of photochemical smog (see Chapter 7, 
Section 7.8).

Although it is a normal constituent present in an unpolluted atmosphere, hydroxyl radical may 
be an important consideration with respect to its toxicological chemistry (see Section 6.10). It is 
believed that hydroxyl radical (generally generated within the body) plays a role in oxidative stress 
in which reactive species such as hydroxyl attack tissue and DNA either directly or through their 
reaction products. Important biomolecules in the body may be altered by the introduction of oxygen 
atoms through hydroxyl radical. By reacting with disulfide bonds in proteins, hydroxyl radical can 
cause abnormal spatial configurations of some biomolecules, which may be a factor in some kinds 
of cancer, atherosclerosis, and neurological disorders.7

Very small particles of the size of a micrometer or less called aerosols are important in atmo-
spheric chemical processes. Photochemical reactions often result in the production of particles. 
Particle surfaces can act to catalyze (bring about) atmospheric chemical reactions. Some particles in 
the atmosphere consist of water droplets with various solutes dissolved in them. Solution chemical 
reactions can occur in these droplets. One such process is believed to be the conversion of gaseous 
atmospheric sulfur dioxide (SO2) to droplets of dilute sulfuric acid (H2SO4), which contribute to 
acid rain.

6.9.1 A tmospheric Ions and the Ionosphere

An important kind of photochemical reaction that occurs at altitudes generally above the strato-
sphere (50 km and higher) is the formation of ions by the action of UV and cosmic radiation ener-
getic enough to remove electrons (e−) from molecules as shown by the following example:

	 N e2 + → +hν Ν2
+ −

	 (6.6)

The ions formed are very reactive, but air is so rarefied at the altitudes at which they form that 
they persist for some time before reverting to neutral species. This results in an atmospheric layer 
called the ionosphere in which ions are constantly being formed and neutralized. At night when 
the solar radiation responsible for ion formation is shielded by Earth, the predominant process is 
recombination of positive ions with electrons, a phenomenon that proceeds most rapidly in the 
lower, denser regions of the ionosphere. The result is a lifting of the bottom boundary of the iono-
sphere, a phenomenon that was first hypothesized in 1901 when Marconi, attempting to bridge the 
Atlantic Ocean with shortwave radio transmissions, discovered that radio waves could be propa-
gated over long distances, especially at night, making long-distance shortwave radio transmission 
possible as the signals bounced off the bottom layer of the ionosphere. For a time in the 1900s 
until it was made obsolete by satellite technology and fiber optics, the ionosphere was a useful part 
of the atmosphere’s natural capital (see Section 6.2) by making possible long-distance shortwave 
radio broadcasts.
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6.10  ATMOSPHERIC OXYGEN

Composing about one-fifth of the volume of gases in the atmosphere, elemental oxygen, O2, is a 
crucial atmospheric component. Some of the primary features of the exchange of oxygen among the 
atmosphere, geosphere, hydrosphere, and biosphere are summarized in Figure 6.8. The oxygen cycle 
is critically important in atmospheric chemistry, geochemical transformations, and life processes.

A crucially important atmospheric chemical phenomenon involving oxygen is the stratospheric 
ozone layer, the formation of which is shown in Reactions 6.1 and 6.2. Stratospheric ozone is cru-
cial for sustainability of life on Earth because it absorbs high-energy UV radiation from the sun 
that otherwise would seriously damage exposed biomolecules, including those on human skin. For 
all its benefits, there is not much ozone in the stratosphere. The ozone is distributed over a large 
range of altitudes of several kilometers. If it were distributed in a single pure layer of O3 under the 
temperature and pressure conditions on Earth’s surface, the ozone layer would be only 3 mm thick. 
Some classes of chemical species, especially the CFCs or Freons formerly used as refrigerants, are 
known to react in ways that destroy stratospheric ozone, and their elimination from commerce has 
been one of the major objectives of efforts in achieving sustainability. The preservation of the ozone 
layer is discussed in more detail in Chapter 8.

Oxygen in the atmosphere is consumed in the burning of hydrocarbons and other carbon-
containing fuels. It is also consumed when oxidizable minerals undergo chemical weathering, 
such as

	 4FeO O 2Fe O2 2 3+ → 	 (6.7)

All the oxygen in the atmosphere was originally placed there by the action of photosynthetic 
cyanobacteria in the early stages of life on Earth, as shown by
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FIGURE 6.8  Oxygen in the atmosphere and aspects of the oxygen cycle.
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	 CO H O CH O O2 2 2 2+ + → +hν { } 	 (6.8)

where {CH2O} is a generic formula representing biomass.
The oxygen in the troposphere plays a strong role in the processes that occur on Earth’s surface. 

Atmospheric oxygen takes part in energy-producing reactions, such as the burning of fossil fuels:

	 CH in natural gas 2O CO 2H O4 2 2 2( ) + → + 	 (6.9)

Atmospheric oxygen is utilized by oxic organisms in the degradation of organic material. Some 
oxidative weathering processes consume oxygen, such as

	 4FeO O 2Fe O2 2 3+ → 	 (6.10)

Oxygen is returned to the atmosphere through plant photosynthesis:

	 CO H O CH O O2 2 2 2+ + → +hν { } 	 (6.11)

The fact that air’s oxygen was put there by photosynthetic organisms (Reaction 6.8) illustrates 
the importance of photosynthesis in the oxygen balance of the atmosphere. It can be shown that 
most of the carbon fixed by these photosynthetic processes is dispersed in mineral formations as 
humic material (see Chapter 10, Section 10.1); only a very small fraction is deposited in fossil fuel 
beds. Therefore, although combustion of fossil fuels consumes large amounts of O2, there is no 
danger of running out of atmospheric oxygen.

Because of the extremely rarefied atmosphere and the effects of ionizing radiation, elemental 
oxygen in the upper atmosphere exists to a large extent in forms other than diatomic O2. In addition 
to O2, the upper atmosphere contains oxygen atoms, O; excited oxygen molecules that have been 
energized by the absorption of photons of UV radiation, O2*; and ozone, O3.

Atomic oxygen, O, is stable primarily in the thermosphere, where the atmosphere is so rarefied 
that the three-body collisions necessary for the chemical reaction of atomic oxygen seldom occur 
(the third body in this kind of three-body reaction absorbs energy to stabilize the products). As 
noted in Section 6.9, atomic oxygen is produced by a photochemical reaction:

	 O O O2 + → +hν 	

The oxygen–oxygen bond is strong (120 kcal/mol), and UV radiation in the wavelength regions 
135–176 nm and 240–260 nm is most effective in causing dissociation of molecular oxygen. Because 
of photochemical dissociation, O2 is virtually nonexistent at very high altitudes and less than 10% 
of the oxygen in the atmosphere at altitudes exceeding approximately 400 km is present in the 
molecular form. At altitudes exceeding about 80 km, the average molar mass of air is lower than the 
28.97 g/mol observed at sea level because of the high concentration of atomic oxygen. The resulting 
division of the atmosphere into a lower section with a uniform molecular mass and a higher region 
with a nonuniform molar mass is the basis for classifying these two atmospheric regions as the 
homosphere and the heterosphere, respectively.

Oxygen atoms in the atmosphere can exist in the ground state (O) and in excited states (O*). 
Excited O* atoms are produced by the photolysis of ozone, which has a relatively weak bond energy 
of 26 kcal/mol, at wavelengths below 308 nm

	 O 3 8 nm O* + O3 2+ < →hν λ( )0 	 (6.12)
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or by highly energetic chemical reactions such as

	 O O O O O2+ + → + * 	 (6.13)

Excited atomic oxygen emits visible light at wavelengths of 636, 630, and 558 nm. This emitted 
light is partially responsible for airglow, a very faint electromagnetic radiation that is continuously 
emitted by Earth’s atmosphere. Although its visible component is extremely weak, airglow is more 
pronounced in the infrared region of the spectrum.

Oxygen ion, O+, which may be produced by UV radiation acting upon oxygen atoms

	 O O e++ → +hν −
	 (6.14)

is the predominant positive ion in some regions of the ionosphere. Other oxygen-containing ions in 
the ionosphere are O2

+ and NO+.
Ozone, O3, has an essential protective function because it absorbs harmful UV radiation in the 

stratosphere and serves as a radiation shield, protecting living beings on Earth from the effects of 
excessive amounts of such radiation. It is produced by a photochemical reaction

	 O O O2 + → +hν 	 (6.15)

(where the wavelength of the exciting radiation must be less than 242.4 nm), followed by a three-
body reaction

	 O O O increased energy2 3+ + → + ( )M M 	 (6.16)

in which M is another species, such as a molecule of N2 or O2, which absorbs the excess energy given 
off by the reaction and enables the ozone molecule to stay together. The region of maximum ozone con-
centration is found within the range of 25–30 km high in the stratosphere where it may reach 10 ppm.

Ozone absorbs UV light very strongly in the region 220–330 nm. If this light were not absorbed by 
ozone, severe damage would result to exposed forms of life on Earth. Absorption of electromagnetic 
radiation by ozone converts the radiation’s energy to heat and is responsible for the temperature maxi-
mum encountered at the boundary between the stratosphere and the mesosphere at an altitude of approx-
imately 50 km. The reason that the temperature maximum occurs at a higher altitude than the altitude of 
maximum ozone concentration arises from the fact that ozone is such an effective absorber of UV light. 
Therefore, most of the UV radiation absorbed by ozone is absorbed in the upper stratosphere, where it 
generates heat, and only a small fraction reaches the lower altitudes, which remain relatively cool.

The overall reaction

	 2O 3O3 2→ 	 (6.17)

is favored thermodynamically so that ozone is inherently unstable. Its decomposition in the strato-
sphere is catalyzed by a number of natural and pollutant trace constituents, including NO, NO3, 
H, HO⋅, HOO⋅, ClO, Cl, Br, and BrO. Ozone decomposition also occurs on solid surfaces, such as 
metal oxides and salts produced by rocket exhausts.

Despite its essential protective role in the stratosphere, ozone is an undesirable pollutant in the 
troposphere. It is toxic to animals and plants and also damages materials, particularly rubber.

6.10.1 T oxicological Chemistry of Oxygen

As noted in a very informative summary by McKersie,8 although molecular oxygen is required by 
humans and other oxic organisms for energy metabolism and respiration, it plays an important role 
in a number of significant diseases and degenerative conditions. Such adverse health conditions are 
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commonly labeled oxidative stress, which in humans is associated with the aging process, arthritis, 
ALS syndrome (Lou Gehrig’s disease), and other maladies. Oxidative stress is also associated with 
some toxic effects in plants (phytotoxicity).

Some important oxygen-containing species involved in oxidative stress are shown in Figure 6.9. 
Ground-state O2 is an interesting molecule because it has two unpaired electrons with parallel 
spins, a triplet state that makes it relatively unreactive toward biomolecules. Energy absorbed by 
triplet-state oxygen can promote it to the singlet state in which the two electrons take on opposite 
spins, which makes singlet oxygen relatively much more reactive toward organic molecules and 
biomolecules. Molecular oxygen may be converted to superoxide ion, perhydroxyl radical, hydrogen 
peroxide, and hydroxyl radical, which are involved in the process of oxidative stress. The hydroxyl 
radical, HO∙, is highly reactive and a potent oxidizing agent, which is ultimately responsible for 
most of the damage done by oxidative stress.

6.11  ATMOSPHERIC NITROGEN

The 78% by volume of nitrogen contained in the atmosphere constitutes an inexhaustible reservoir of 
this essential element. As shown in Figure 6.10, the nitrogen cycle is involved in all five environmental 
spheres. A small amount of nitrogen is fixed in the atmosphere by lightning, and some is also fixed by 
combustion processes, particularly in internal combustion and turbine engines. Figure 6.10 shows the 
major aspects of the nitrogen biogeochemical cycle through which nitrogen is interchanged among the 
atmosphere, organic matter, and inorganic compounds. It is one of nature’s most vital dynamic processes.

Unlike oxygen, which is almost completely dissociated to the monatomic form in higher regions 
of the thermosphere, molecular nitrogen is not readily dissociated by UV radiation. However, at alti-
tudes exceeding approximately 100 km, atomic nitrogen is produced by photochemical reactions:

	 N N N2 + → +hν 	 (6.18)

Several reactions of ionic species in the ionosphere may generate N atoms as well. The N2
+ ion is 

generated by photoionization in the atmosphere

	 N e2 + → +hν Ν2
+ −

	 (6.19)

and may react to form other ions. The NO+ ion is one of the predominant ionic species in the so-
called E region of the ionosphere.

Pollutant oxides of nitrogen, particularly NO2, are the key species involved in air pollution and 
the formation of photochemical smog. For example, NO2 is readily dissociated photochemically to 
NO and reactive atomic oxygen:

	 NO NO O2 + → +hν 	 (6.20)

Singlet oxygen

O    O

OH

Hydroxyl radicalHydrogen
peroxide

O OH H

Perhydroxyl
radical

O OH

Triplet oxygen
(ground state)

O O

Hydroxyl ion

OH

Superoxide ion

O O

FIGURE 6.9  Lewis structure representations of oxygen species involved in oxidative stress processes. 
Although triplet (ground state) molecular oxygen molecules are sometimes depicted by the simplified Lewis 
structural formulas shown, a complete description of the electronic behavior of these molecules requires use 
of molecular orbital theory,  which is beyond the scope of this work.
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This reaction is the most important primary photochemical process involved in smog formation. 
The roles played by nitrogen oxides in smog formation and other forms of air pollution are discussed 
in Chapter 7.

6.12  ATMOSPHERIC WATER

The water vapor content of the troposphere is normally within a range of 1%–3% by volume with a 
global average of about 1%. However, air can contain as little as 0.1% or as much as 5% water. The 
percentage of water in the atmosphere decreases rapidly with increasing altitude. Water circulates 
through the atmosphere in the hydrologic cycle, as shown in Chapter 3, Figure 3.2.

Water vapor absorbs infrared radiation even more strongly than does carbon dioxide, thus 
greatly influencing Earth’s heat balance. Clouds formed from water vapor reflect light from the 
sun and have a temperature-lowering effect. On the other hand, water vapor in the atmosphere acts 
as a kind of “blanket” at night, retaining heat from Earth’s surface by the absorption of infrared 
radiation.

As discussed in Section 6.5, water vapor and the heat released and absorbed by transitions of 
water between the vapor state and the liquid or solid state are strongly involved in atmospheric 
energy transfer. Condensed water vapor in the form of very small droplets is of considerable con-
cern in atmospheric chemistry. The harmful effects of some air pollutants—for instance, the cor-
rosion of metals by acid-forming gases—requires the presence of water, which may come from 
the atmosphere. Atmospheric water vapor has an important influence on pollution-induced fog 
formation under some circumstances. Water vapor interacting with pollutant particulate matter in 
the atmosphere may reduce visibility to undesirable levels through the formation of very small 
atmospheric aerosol particles.

In the very cold tropopause layer at the boundary between the troposphere and the stratosphere, 
water vapor in the atmosphere is condensed and forms ice crystals, a phenomenon that serves as 
a barrier to the movement of water into the stratosphere. Thus, little water is transferred from the 
troposphere to the stratosphere, and the main source of water in the stratosphere is the photochemi-
cal oxidation of methane:

	
CH 2O CO 2H O4 2 2 2+ + +hν

Several steps
� ����������

	
(6.21)
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FIGURE 6.10  The nitrogen cycle.
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The water produced by this reaction serves as a source of stratospheric hydroxyl radical as shown 
by the following reaction:

	 H O HO H2 + → ⋅ + ⋅hν 	 (6.22)

6.13  ATMOSPHERIC PARTICLES

Particles ranging in size from about one-half millimeter (the size of sand or drizzle) down to molec-
ular dimensions are important atmospheric constituents. Atmospheric particles are made up of an 
amazing variety of materials and discrete objects that may consist of either solids or liquid droplets. 
A number of terms are commonly used to describe atmospheric particles; the more important of 
these are summarized in Table 6.1. Particulates is a term that has come to stand for particles in the 
atmosphere, although particulate matter, or simply particles, is the preferred usage.

As discussed in more detail in Chapters 7 and 8, particles can be very important air pollutants, 
the most obvious manifestation of which is reduced visibility in the atmosphere due to the ability 
of particles to scatter light. Particles are carriers of pollutants, such as lead, a property that makes 
particles an important consideration in environmental and occupational health. Particles can have 
direct health effects on the respiratory system and are important vectors by which toxic substances 
carried by particles are introduced into the body.

6.13.1  Physical Behavior of Atmospheric Particles

As shown in Figure 6.11, atmospheric particles undergo a number of processes in the atmosphere. 
Small colloidal particles are subject to diffusion processes. Smaller particles coagulate together to 
form larger particles. Sedimentation or dry deposition of particles, which have often reached suf-
ficient size to settle by coagulation, is one of the two major mechanisms for particle removal from 
the atmosphere. In many areas, dry deposition on vegetation is a significant mechanism for particle 
removal. In addition to sedimentation, a major pathway for particle removal from the atmosphere is 
scavenging by raindrops and other forms of precipitation. Particles also react with atmospheric gases.

6.13.2 A tmospheric Chemical Reactions Involving Particles

In recent years, there has been an increasing recognition of the importance in atmospheric chemistry 
of chemical processes that occur on particle surfaces and in solution in liquid particles (Figure 6.12). 
Challenging as it is, gas-phase atmospheric chemistry is relatively straightforward compared to 
the heterogeneous chemistry that involves particles. Particles may serve as sources and sinks of 
atmospheric chemical reaction participant species and are very much involved in atmospheric 

TABLE 6.1
Important Terms Describing Atmospheric Particles

Term Meaning

Aerosol Colloidal-sized atmospheric particle

Condensation aerosol Formed by condensation of vapors or reactions of gases

Dispersion aerosol Formed by grinding of solids, atomization of liquids, or dispersion of dust

Fog Term denoting a high level of water droplets

Haze Denotes decreased visibility due to the presence of particles

Mists Liquid particles

Smoke Particles formed by the incomplete combustion of fuel
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chemical processes.9 Solid particle surfaces may adsorb reactants and products, serve a catalytic 
function, exchange electrical charge, and absorb photons of electromagnetic radiation, thus acting 
as photocatalytic surfaces. Liquid water droplets may act as media for solution reactions including 
photochemical reactions that occur in solution.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the chapter. So in 
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FIGURE 6.11  Processes that particles undergo in the atmosphere.
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some cases, there may be several “right” answers. Therefore, if your answer reflects intellectual 
effort and a search for information from available sources, it may be considered to be right.

	 1.	Give two examples each of Earth’s natural capital in terms of (1) protective function and 
(2) raw materials.

	 2.	 In what respect is the composition of gases in the troposphere not uniform (which atmo-
spheric constituent varies widely in time and location)?

	 3.	Other than avoiding turbulence due to lower altitude weather, suggest an advantage for 
commercial aircraft to cruise at a relatively high altitude of around 10 km.

	 4.	Look up the tropopause on the Internet. Where is it located? What function does it serve in 
keeping Earth in a livable state?

	 5.	What chemical species in the stratosphere is essential for life on Earth? What are the reac-
tions by which it is made, and how may it be threatened?

	 6.	What starts a photochemical reaction? What is it called when a series of reactions initiated 
by a photochemical event continues, often in a cyclical fashion?

	 7. What is a free radical?
	 8.	 In what two important respects may very small particles participate in atmospheric chemi-

cal processes?
	 9.	 In what respect does the radiation by which Earth loses energy differ from that by which it 

gets energy from the sun?
	 10.	What are two catastrophic events that could cause a sudden cooling of Earth’s atmosphere?
	 11.	How is water vapor involved in moving energy through the atmosphere?
	 12. Distinguish among the terms meteorology, weather, and climate.
	 13.	What do clouds consist of? What must happen before rain falls from clouds?
	 14.	Why is there essentially no atmospheric chemistry involving elemental nitrogen gas in the 

atmosphere?
	 15.	Cite an atmospheric chemical condition or phenomenon that shows that the O2 molecule is 

easier to break apart than the N2 molecule.
	 16.	 In what respect are elemental nitrogen and oxygen green elements?
	 17.	After some search on the Internet, give a chemical reaction that produces oxygen that can 

be used for emergencies, especially in the case of loss of cabin pressure in aircrafts.
	 18.	What are the two major classes of atmospheric particles based on how they are produced?
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7 Pollution of the Atmosphere

7.1  POLLUTION OF THE ATMOSPHERE AND AIR QUALITY

In Chapter 6, the atmosphere was introduced as one of the five main parts of the environment. In 
this chapter, pollution of the atmosphere is discussed. Atmospheric quality is extremely important 
for human welfare, in part because of the intimate relationship that we have with air in the atmo-
sphere. It is almost impossible in a practical sense to avoid breathing air as we find it around us. 
Toxic air pollutants will get into our lungs. In the innermost alveoli of the lungs where gases are 
interchanged between air that is inhaled and blood in the bloodstream, a layer only the thickness of 
a single human cell separates the blood from the air. If the air that we breathe is polluted, we may 
be harmed by it.

In addition to human health effects, there are other reasons to be concerned about air pollution. 
Plants may be harmed by air pollutants. Acids in the atmosphere may attack materials and cause 
corrosion to occur. And the most damaging air pollutants of all may turn out to be the greenhouse 
gases, especially carbon dioxide and methane, that get into the atmosphere in part from natural 
sources, but which in excess from anthrospheric sources are causing global warming and may result 
in massive alteration of Earth’s climate. Global climate change is discussed in Chapter 8, which 
deals with sustaining the atmosphere.

In discussing atmospheric pollution, it is important to make the distinction between primary 
and secondary air pollutants. Primary air pollutants are those that are pollutants in the form in 
which they are emitted into the atmosphere. An example would be light-scattering fine ash par-
ticles ejected from a smokestack. Secondary air pollutants are those that are formed from other 
substances by processes in the atmosphere. A prime example of a secondary pollutant develops 
when otherwise relatively innocuous levels of hydrocarbons (including terpenes from pine and cit-
rus trees) and NO are emitted into the atmosphere and subjected to ultraviolet radiation from the 
sun, resulting in a noxious mixture of ozone, aldehydes, organic oxidants, and fine particles called 
photochemical smog.

As discussed in Chapter 6, Section 6.4, the atmosphere is a huge part of Earth’s natural capital. 
Air pollution may be detrimental to Earth’s natural capital. Pollutant particles in the atmosphere 
can reduce visibility, which is harmful to the atmosphere’s esthetics, and may block some of the 
light that plants use in photosynthesis. Another detrimental effect of air pollution on Earth’s natural 
capital has to do with the atmosphere’s ability to absorb electromagnetic radiation. Depletion of the 
stratospheric ozone layer by chlorofluorocarbons (CFCs) can lead to greater penetration of damag-
ing ultraviolet radiation into the troposphere, reducing this vital protective function of the atmo-
sphere. Another very important part of the atmosphere’s natural capital is its ability to keep Earth 
at a generally livable temperature. Greenhouse gases are shifting this delicate temperature balance, 
so that perhaps in the future, this part of the atmosphere’s natural capital will not be as favorable to 
humans on the planet as it has been for the last several millennia.

Changing climatic conditions and atmospheric pollution that may result from such changes may 
have profound effects upon human health in the future.1 The health implications of climate change 
are discussed in more detail in Chapter 8, Section 8.2.6



182 Fundamentals of Environmental and Toxicological Chemistry

7.2  POLLUTANT PARTICLES IN THE ATMOSPHERE

In Chapter 6, Section 6.13, atmospheric particles were defined as solids or liquid droplets in a size 
range between the size of large molecules and ranging up to around half a millimeter. Finely divided 
dust blown by wind from topsoil is an example of solid particles and visibility-obscuring water 
droplets in fog are common liquid droplets. Particles in the atmosphere generally do not settle very 
rapidly, and those of colloidal size from about 0.001 to 1 μm, commonly called aerosols, tend to 
stay suspended in air and to scatter light. Terms applied to the major kinds of particles are given in 
Table 6.1. As noted in Chapter 6, Section 6.13, atmospheric particles are commonly called particu-
lates, although particulate matter or simply particles is the preferred usage.

Atmospheric particles may consist of organic or inorganic materials or mixtures of both. Solid 
pollutant particles include very small combustion nuclei residues from fuel combustion, cement 
dust, silica dust from sandblasting, and soil dust mobilized by cultivation practices. Sulfuric acid 
droplets produced by oxidation of pollutant sulfur dioxide in the atmosphere are the most common 
kind of pollutant liquid droplets. Many kinds of particles are of biological origin and can be con-
sidered pollutants when they contribute to respiratory problems. These include bacteria, bacterial 
spores, fungal spores, and pollen.

7.2.1 � Physical and Chemical Processes for Particle Formation: 
Dispersion and Condensation Aerosols

There are two major kinds of pollutant particles based on how they are formed. Dispersion aerosols 
are produced by breaking down bulk matter and include soil dust, dust emitted in rock crushing, silica 
dust from sandblasting, and formation of spray from cooling towers. Dispersion aerosols tend to be 
larger, usually above 1 μm in size, and settle readily from air. They are also generally less respirable and 
not very chemically reactive. Dispersion aerosols are usually largely free of toxic constituents such as 
heavy metals, although some such particles, notably silica (SiO2) dust, which causes silicosis, and par-
ticulate asbestos, which can cause some forms of respiratory tract cancer, pose definite health hazards.

Although many dispersion aerosols originate from natural sources such as sea spray, windblown 
dust, and volcanic dust, a vast variety of human activities break up material and disperse it to the 
atmosphere. “All terrain” vehicles churn across desert lands, coating fragile desert plants with layers 
of dispersed dust. Quarries and rock crushers spew out plumes of ground rock. Spray from cooling 
towers produces liquid droplets from which the water may evaporate, leaving behind solid particles 
from minerals that were in the water. Cultivation of land has made it much more susceptible to 
dust-producing wind erosion. Areas of the world, especially in China, are now sometimes afflicted 
by plumes of dispersion particles stirred up by windstorms that disturb soil from land converted to 
desert by the climate effects of global warming, improper cultivation, and overgrazing, which tend 
to obscure visibility and reduce the intensity of sunlight reaching surface levels.

Condensation aerosols are produced by chemical reactions including combustion and reactions 
involving atmospheric gases. In contrast to dispersion aerosols, condensation aerosols are much 
smaller, hence more respirable, chemically reactive, likely to contain toxic substances, and of a 
size that is particularly effective in scattering light. Therefore, pollutant condensation aerosols are 
generally regarded as more harmful than dispersion aerosols. Before leaded gasoline was phased 
out of use beginning in the 1970s, large amounts of lead halide condensation aerosols were emitted 
into the atmosphere (not a good practice).

7.2.2 C hemical Processes for Inorganic Particle Formation

Some of the main aspects of the formation of inorganic particles are shown in Figure 7.1. Of par-
ticular importance are the toxic constituents, such as heavy metals, that may be incorporated into 
inorganic particles.
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Metal oxides constitute a major class of inorganic particles in the atmosphere. These are formed 
whenever fuels containing metals are burned. For example, particulate iron oxide is formed during 
the combustion of pyrite-containing coal:

	 3FeS 8O Fe O 6SO2 2 3 4 2+ → + 	  (7.1)

Organic vanadium in residual fuel oil is converted to particulate vanadium oxide. Part of the 
calcium carbonate in the ash fraction of coal is converted to calcium oxide, some of which may be 
emitted into the atmosphere through the stack:

	 CaCO heat CaO CO3 2+ → + 	  (7.2)

A common process for the formation of aerosol mists involves the oxidation of atmospheric 
sulfur dioxide to sulfuric acid, a hygroscopic substance that accumulates atmospheric water to form 
small liquid droplets:

	 2SO O 2H O 2H SO2 2 2 2 4+ + → 	  (7.3)

When basic air pollutants, such as ammonia or calcium oxide, are present, they react with sul-
furic acid to form salts:

	 H SO droplet 2NH g NH SO droplet2 4 3 4 4( ) + ( ) → ( ) ( )2
	  (7.4)

	 H SO droplet CaO s CaSO droplet H O2 4 4( ) + ( )→ ( ) + 2 	  (7.5)

At low humidity, water is lost from these droplets and a solid salt aerosol is formed.
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FIGURE 7.1  Some of the components of inorganic particulate matter and their origins.
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7.2.3 C omposition of Inorganic Particles

As shown in Figure 7.1, the source of particulate matter is reflected in its elemental composition, 
taking into consideration chemical reactions that may change the composition. The three major 
sources of the elements in inorganic particles are (1) those from natural sources, the geosphere 
and sea salt; (2) those from pollutant sources including heavy metals, especially lead; and (3) those 
formed by the reaction of pollutant gases, such as sulfates from the oxidation of atmospheric SO2. 
For example, particulate matter largely from ocean spray origin in a coastal area receiving sulfur 
dioxide pollution may show anomalously high sulfate and correspondingly low chloride content. 
The sulfate comes from atmospheric oxidation of sulfur dioxide to form nonvolatile ionic sulfate, 
whereas some chloride originally from the NaCl in the seawater may be lost from the solid aerosol 
as volatile HCl:

	 2SO O 2H O 2H SO2 2 2 2 4+ + → 	  (7.6)

	 H SO 2NaCl particulate Na SO particulate2 4 2 4+ ( )→ ( )) + 2HCl 	  (7.7)

Acids other than sulfuric acid can also be involved in the modification of sea-salt particles. The 
most common such acid is nitric acid formed by reactions of nitrogen oxides in the atmosphere. 
Traces of nitrate salts may be found among sea-salt particles.

Among the constituents of inorganic particulate matter found in polluted atmospheres are salts, 
oxides, nitrogen compounds, sulfur compounds, various metals, and radionuclides. In coastal areas, 
sodium and chlorine get into atmospheric particles as sodium chloride from sea spray. The trace 
elements that typically occur in particulate matter and their sources are the following:

•	 Al, Fe, Ca, Si: Soil erosion, rock dust, coal combustion
•	 C: Incomplete combustion of carbonaceous fuels
•	 Na, Cl: Marine aerosols, chloride from incineration of organohalide polymer wastes
•	 Sb, Se: Very volatile elements, possibly from the combustion of oil, coal, or refuse
•	 V: Combustion of residual petroleum (present at very high levels in residues from 

Venezuelan crude oil)
•	 Zn: Tends to occur in small particles, probably from combustion
•	 Pb: Combustion of fuels and wastes containing lead

Atmospheric particulate carbon, commonly called black carbon, produced as soot, carbon 
black, coke, and graphite originates from auto and truck exhausts, heating furnaces, incinerators, 
power plants, and steel and foundry operations and composes one of the more visible and trouble-
some particulate air pollutants.2 Because of its good adsorbent properties, carbon can be a carrier 
of gaseous and other particulate pollutants. Both nitrogen and sulfur compounds in exhaust gases 
are adsorbed onto particulate carbon that is emitted by poorly controlled diesel engines. Particulate 
carbon surfaces may catalyze some heterogeneous atmospheric reactions, including the important 
conversion of SO2 to sulfate. Black carbon is an effective absorber of heat both in the atmosphere 
and on snow surfaces and may be an important factor in global warming.

7.2.4 F ly Ash

Much of the mineral particulate matter in a polluted atmosphere is in the form of oxides and other 
compounds produced during the combustion of high-ash fossil fuel. Small particles in the exhaust 
from mineral-containing fossil fuels are called fly ash. Most fly ash enters furnace flues and is effi-
ciently collected in a properly equipped stack system. However, some fly ash escapes through the 
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stack and enters the atmosphere. Unfortunately, the fly ash thus released tends to consist of smaller 
particles that do the most damage to human health, plants, and visibility.

The composition of fly ash varies widely, depending upon the fuel. The predominant constituents 
are oxides of aluminum, calcium, iron, and silicon. Other elements that occur in fly ash are magne-
sium, sulfur, titanium, phosphorus, potassium, and sodium. Elemental carbon (soot, carbon black) 
is a significant fly ash constituent.

The size of fly ash particles is a very important factor in determining their removal from stack 
gas and their ability to enter the body through the respiratory tract. Although only a small percent-
age of the total fly ash mass is in the smaller size fraction of around 0.1 μm size, it includes the 
vast majority of the total number of particles and particle surface area. Submicrometer particles 
probably result from a volatilization—condensation process during combustion, as reflected in a 
higher concentration of more volatile elements such as As, Sb, Hg, and Zn. In addition to their being 
relatively much more respirable and potentially toxic, the very small particles are the most difficult 
to remove by electrostatic precipitators and bag houses (see Chapter 8, Section 8.4).

7.2.5 R adioactivity in Atmospheric Particles

The most significant source of radioactivity in the indoor microatmosphere is radon, a noble gas 
product of radium decay that is produced below ground and that may leak into the basements above. 
Radon may enter the atmosphere as either of two isotopes, 222Rn (half-life 3.8 days) and 220Rn (half-
life 54.5 seconds). Both are alpha emitters in decay chains that terminate with stable isotopes of 
lead. The initial decay products, 218Po and 216Po, are nongaseous and adhere readily to atmospheric 
particulate matter. In some areas where radon is produced, homes have had to be fitted with ventila-
tion systems to prevent radon infiltration.

When it was a common practice by the United States and Soviet Union from the end of World War II 
until the 1960s, above ground testing of nuclear weapons was a common source of atmospheric radioac-
tive particulate matter. The catastrophic 1986 meltdown and fire at the Chernobyl nuclear reactor in the 
former Soviet Union spread large quantities of radioactive materials, mostly as particulate matter, over 
a wide area of Europe. The explosions and partial meltdown of nuclear reactors at Japan’s Fukushima 
Daiichi power plant following the March 11, 2011, earthquake and tsunami in the area released signifi-
cant quantities of radioactive particulate matter. Although the most immediate threat was from radioac-
tive iodine-131, this isotope has a half-life of only 8 days and soon dissipated. The greater threat has 
been from cesium-137, a radioactive alkali metal that has a half-life of 30.1 years and behaves much like 
sodium and potassium in the body. Most of the radioactive particulate matter from the damaged power 
plant was rapidly washed from the atmosphere by rain, although some problems have resulted from 
contaminated soil, and potential contamination of rice grown on the soil has been a concern.

Although it is a gas not associated with particulate matter in the atmosphere, the radioactive 
noble gas 85Kr (a beta and gamma emitter with a half-life of 10.3 years) is emitted into the atmo-
sphere by the operation of nuclear reactors and the processing of spent reactor fuels. This radioiso-
tope is largely contained in spent reactor fuel during reactor operation; nuclear fuel reprocessing 
releases most of this gas from the fuel elements, and its presence has been used to indicate clandes-
tine plutonium production operations. Fortunately, living organisms cannot concentrate this chemi-
cally unreactive element and its toxicity is minimal.

7.2.6 O rganic Pollutant Particles in the Atmosphere

Organic particulate matter consists of a variety of different kinds of materials. Much of this matter 
is produced as secondary material that results from photochemical processes operating on volatile 
and semivolatile organic compounds emitted into the atmosphere. Such is the case with the organic 
particles with an approximate empirical formula of CH2O, characteristic of photochemical smog 
(see Section 7.8). The compounds emitted into the atmosphere are predominantly hydrocarbon in 
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nature, and the incorporation of oxygen and nitrogen through atmospheric chemical processes gives 
less volatile material in the form of organic particles.

Polycyclic aromatic hydrocarbons (PAH) in atmospheric particles have received a great deal 
of attention because of the known carcinogenic effects of some of these compounds. The most 
prominent of these compounds is benzo(a)pyrene and other examples are benz(a)anthracene, chry-
sene, benzo(e)pyrene, benz(e)acephenanthrylene, benzo(j)fluoranthene, and indenol. Some repre-
sentative structures of PAH compounds are given as follows:

	
Benzo(a)pyrene Benzo(j)�uorantheneChrysene

	

Elevated levels of PAH compounds of up to about 20 μg/m3 are found in the atmosphere. Elevated 
levels of PAHs are most likely to be encountered in polluted urban atmospheres and in the vicinity 
of natural fires such as forest and prairie fires. Coal furnace stack gas may contain over 1000 μg/m3 
of PAH compounds and cigarette smoke contains almost 100 μg/m3. Diesel engines can be prolific 
emitters of carbonaceous particulate matter including PAHs, and much of the effort to control par-
ticulate air pollution is now concentrated on this source.

Atmospheric polycyclic aromatic hydrocarbons are found almost exclusively in the solid phase, 
largely sorbed to soot particles (see black carbon in Section 7.2.3). Soot itself is a highly condensed 
product of PAHs. Soot contains 1%–3% hydrogen and 5%–10% oxygen, the latter due to partial 
surface oxidation. Benzo(a)pyrene adsorbed on soot disappears rapidly in the presence of light, 
yielding oxygenated products; the large surface area of the particle contributes to the high rate of 
reaction. Oxidation products of benzo(a)pyrene include epoxides, quinones, phenols, aldehydes, and 
carboxylic acids as illustrated by the composite structures shown in Figure 7.2.

7.2.7  Effects of Atmospheric Pollutant Particles

Pollutant particles in the atmosphere have both direct and indirect effects. The most obvious direct 
effects are reduction and distortion of visibility. The light scattering effects of particles in a size 
range of 0.1–1 μm are especially pronounced because of interference phenomena resulting from the 
particles being about the same size as the wavelengths of visible light. An indirect effect of particles 
is their ability to serve as reaction sites for atmospheric chemical reactions. They also act as nucle-
ation bodies upon which water vapor condenses.
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FIGURE 7.2  Oxidation of PAH compounds occurs in the atmosphere.
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7.2.8 H ealth Effects and Toxicology of Particles

Particles also have direct health effects when inhaled. This is especially true of very small particles 
that can be carried into the innermost parts (alveoli) of lungs. The particles that are most damaging 
are very small ones less than 2.5 μm in size (less than 1/30 the diameter of a human hair) designated 
PM2.5 These are mostly condensation aerosols and may contain toxic elements, such as arsenic, 
acids, such as H2SO4, and carcinogenic polycyclic aromatic hydrocarbons including benzo(a)
pyrene. Because of their very small size, these particles have very high surface-to-volume ratios 
and biochemically active surfaces.

Figure 7.3 illustrates the pathway of exposure of humans to air pollutants including particles 
through the respiratory system, which is usually the most common route of exposure to toxicants. 
Because of the strong possibility for worker exposure to toxic respirable particles and other toxic 
substances in the atmosphere, inhalation toxicology is a very important aspect of industrial hygiene.

A common health condition caused by industrial exposure to particles is silicosis produced by 
the inhalation of silica (SiO2) dust generated from finely ground rock including sand and granite. 
This material is used as an abrasive agent in applications such as cleaning rock surfaces (sand blast-
ing) and is generated in the grinding and processing of rock and concrete. Usually, after many years 
exposure to silica dust, the lungs become inflamed and swollen and the victim becomes short of 
breath, is afflicted with a dry, nonproductive cough, and may eventually suffer respiratory failure 
and even death. In addition to bronchitis and chronic obstructive pulmonary disorder, silicosis has 
been associated with elevated levels of lung cancer, tuberculosis, and scleroderma, a disorder of 
skin, blood vessels, joints, and skeletal muscles.

One of the most notable kinds of particulate matter with known toxic effects is asbestos, one 
of several kinds of silicon-containing minerals with an approximate formula of Mg3P(Si2O5)(OH)4, 
which may be in the form of elongated fibers so thin that they can puncture individual cells. With 
extraordinary heat resistance and excellent insulating qualities, asbestos was once widely used for 
insulation, structural materials, brake linings, and pipe manufacture, although essentially all of 
these uses have now been eliminated. Asbestos has never been a pollution problem in the atmo-
sphere as a whole, but it has been a troublesome indoor air pollutant in some cases and has posed 
particular health problems for workers who handled it. Now the major concern is with release of 
asbestos particles from demolishing and renovating old structures in which asbestos has been used, 
and programs have been undertaken to safely remove asbestos from buildings.

Inhalation of asbestos may causes asbestosis (a pneumonia condition), mesothelioma (a tumor 
of the mesothelial tissue lining the chest cavity around the lungs), and bronchogenic carcinoma 
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FIGURE 7.3  Exposure to toxicants from ambient air through the respiratory tract. Air is pulled into the 
alveoli, the innermost recesses of the lung where exchange occurs with the bloodstream. Toxicants not filtered 
out through the upper parts of the airway may enter blood through the alveoli. Particles filtered out by the 
upper parts of the airway may get into the throat and be ingested into the gastrointestinal tract.
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(a cancer of the air passages in the lungs). Victims of asbestosis may suffer from lung inflammation 
associated with difficult breathing, coughing, and permanent lung damage, leading to premature 
death from lung failure. Mesothelioma has been one of the most notorious diseases associated with 
industrial exposure to toxicants, and this malady has firmly established asbestos as a known cause 
of human cancer.

When asbestos fibers are inhaled, they puncture individual cells in the respiratory tract acting 
as local irritants. The fibers undergo phagocytosis, meaning that they are engulfed by large white 
blood cells called macrophages. The bodies consisting of encapsulated asbestos fibers are then 
taken up by cellular organelles called lysosomes that secrete enzymes that digest the matter sur-
rounding the fibers, releasing the fibers to start the process over again. The net result is that lym-
phoid tissue aggregates in the vicinity of the insult, forming fibrotic lesions from the synthesis of 
excess collagen.

There is a strong synergistic relationship between lung cancer from asbestos exposure and expo-
sure to cigarette smoke. Typically, long-term exposure to asbestos increases the incidence of lung 
cancer about 5-fold, cigarette smoking increases lung cancer about 10-fold, but the two together 
cause an approximately 50-fold increase.

The very small PM2.5 particles associated with photochemical smog (see Section 7.8) have been 
linked with adverse health effects.3 Well documented in epidemiological studies, these effects are 
mostly cardiovascular stemming from cardiovascular inflammation. Lung inflammation from expo-
sure to particulate matter can lead to systemic inflammation, a condition known to be associated 
with cardiovascular sudden death, resulting from inflammatory processes in atheromatous plaques, 
imbalance in coagulation factors that favor the propagation of thrombi (arterial blood clots) after 
thrombosis starts, and adverse effects on the autonomic nervous system involved in control of heart 
rhythm, potentially causing fatal dysrhythmia.

A significant health concern with particles, especially those from combustion sources, is their 
ability to carry toxic metals. Of these, lead is of the greatest concern because it usually comes closest 
to being at a toxic level. Problems with particulate lead in the atmosphere have been greatly reduced 
by the elimination of tetraethyl lead as a gasoline additive, an application that used to spew tons of 
lead into the atmosphere every day. Another heavy metal that causes considerable concern is mer-
cury, which can enter the atmosphere bound to particles or as vapor-phase atomic mercury. Airborne 
mercury from coal combustion can become a serious water pollution problem, leading to unhealthy 
accumulations of this toxic element in some fish. Other metals that can cause health problems in 
particulate matter are beryllium, cadmium, chromium, vanadium, nickel, and arsenic (a metalloid).

7.2.9 A sian Brown Cloud: Climate and Health Effects

One of the most troublesome kinds of particulate air pollution consists of the brown cloud that 
afflicts parts of southern Africa, the Amazon basin, North America, and most prominently, large 
areas of Asia (Figure 7.4). The brown cloud is composed of a variety of kinds of particles, soot, 
black carbon, photochemical smog, and toxic chemicals. Clearly visible from airplanes and 1.6 km 
or more thick, the Asian brown cloud typically stretches from the Arabian Peninsula to the Yellow 
Sea and, in the spring, may reach over North and South Korea and Japan, even approaching the coast 
of California under some conditions. In addition to afflicting the pulmonary systems of millions of 
people, the brown cloud significantly decreases surface sunlight and is probably altering weather 
patterns in Asia, causing glaciers in the Himalayas to melt more rapidly, increasing the severity of 
dry season drought, and increasing the intensity of monsoon rains. Some authorities have estimated 
that there are more than 300,000 premature deaths in China and India each year, resulting from car-
diovascular and respiratory diseases caused by inhalation of the brown cloud constituents. Although 
black carbon in the brown cloud and deposited on snow from the cloud tends to have a warming 
effect, overall, the brown cloud probably has a net cooling effect on regional climate, tending to 
offset the warming effects of greenhouse gases.
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A study of the Asian brown cloud has concluded that the greatest contribution to this phenom-
enon in Asia comes from biomass combustion.4 Twigs, crop residues, and other biomass sources are 
widely used for cooking in parts of Asia, usually in inefficient modes of combustion that emit large 
quantities of particulate matter. Cow dung, which burns poorly, is a common source of cooking 
fuel in India. Direct inhalation of particle-laden smoke from burning biomass for cooking in the 
microatmosphere around cooking facilities probably contributes substantially to adverse respiratory 
health effects in people working around such facilities. Another major contributor to brown cloud 
emissions is the practice of slash-and-burn agriculture, in which trees are killed by slashing their 
bark, then burned to clear land for agriculture.

7.3  INORGANIC GAS POLLUTANTS

Several inorganic gases are significant air pollutants. Of these, sulfur dioxide and the oxides of 
nitrogen are of particular importance and are discussed separately in Sections 7.4 and 7.5, respec-
tively. Carbon dioxide is also in a class by itself because, in excess, it is the most significant green-
house gas responsible for global warming and climate change. It is discussed separately in Chapter 8, 
Section 8.2. Gases other than these that may be significant atmospheric pollutants are discussed in 
this section.

Ammonia, NH3, is a common inorganic air pollutant released as a gas to the atmosphere from 
several sources. In addition to industrial pollution, such as from heating coal to make coke for steel 
making, ammonia can be added to the atmosphere by bacterial sources, from sewage treatment, and 
from the decay of animal wastes. Accidental releases can occur from liquid anhydrous ammonia 
used as an agricultural nitrogen fertilizer.

Ammonia is strongly attracted to water, and so it is normally present in the atmosphere in water 
droplets. It is the only significant gaseous base in the atmosphere, so that it reacts with atmospheric 
acids to produce corrosive ammonium salts as shown by the following reactions:

	 NH H SO NH HSO3 2 4 4 4+ → 	  (7.8)

	 NH HNO NH NO3 3 4 3+ → 	  (7.9)

Though not a concern as an atmospheric pollutant in the climate as a whole, hydrogen cyanide 
gas, HCN, can be deadly in a microatmosphere into which it has been released. The cyanide ion, 
CN−, from HCN or cyanide salts in the body binds with ferricytochrome oxidase, the iron(III) form 

FIGURE 7.4  The brown cloud. Viewed through a layer of polluted air containing a high concentration of 
particles, the sun may appear as a dim red globe, its light attenuated by the particles. It will have a red hue 
because of the differential scattering of the shorter wavelength (blue) part of the spectrum.
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of the iron-containing metalloprotein, that cycles between the iron(III) form and the iron(II) form 
(ferrouscytochrome oxidase) in the metabolic process by which the body utilizes molecular oxygen 
in metabolism and thus acts as a chemical asphyxiant that prevents O2 utilization.5 Hydrogen cyanide 
is used in some chemical syntheses and is a by-product of some chemical reactions, both of which can 
lead to accidental release of HCN to the atmosphere. Its high toxicity and ability to penetrate minute 
places have led to HCN being used as a fumigant to kill pests such as rodents in warehouses, grain 
storage bins, greenhouses, and holds of ships. Numerous fatal accidental poisonings have occurred 
when people entered such areas while the HCN was still present. Cyanide salts are used to extract 
gold from ores in metal refining, in metal plating, and to salvage silver from photographic and x-ray 
films. Acidification of such solutions can lead to release of HCN. Hydrogen cyanide produced by the 
burning of nitrogen-containing compounds in fire has caused fatalities. As evidence of its extreme 
toxicity, hydrogen cyanide was once a favored agent for the execution of condemned criminals.

Gaseous chlorine, fluorine, and volatile fluorides are uncommon air pollutants, but very serious 
where they occur. Elemental chlorine, Cl2, is widely produced and distributed as a water disinfec-
tant, bleach, and industrial chemical. It is very reactive and so toxic that it was the first poisonous 
gas used as a military poison in World War I. Most toxic exposures of chlorine occur as the result 
of transportation accidents, leading to its release.

Hydrogen chloride, HCl, can get into the atmosphere by accidental releases of the gas from the 
reaction of reactive chlorine-containing chemicals, such as SiCl4, with atmospheric water:

	 SiCl 2H O 2SiO 4HCl4 2+ → +2 	  (7.10)

and from the combustion of chlorine-containing polyvinylchloride (PVC) plastic. The strong affin-
ity of HCl gas for water means that it exists as droplets of hydrochloric acid in the atmosphere. 
Atmospheric HCl is very irritating to mucous membrane tissue and damaging to corrodable 
materials.

Elemental fluorine (F2) and hydrogen fluoride are both highly toxic. Fortunately, occurrences of 
these gases in the atmosphere are very rare. Gaseous silicon tetrafluoride, SiF4, can be released dur-
ing steel making and some metal smelting processes when fluorspar (CaF2) reacts with sand (SiO2):

	 2CaF 3SiO 2CaSiO SiF2 2 3 4+ → + 	  (7.11)

Sulfur hexafluoride, SF6, is an astoundingly unreactive gaseous compound used to blanket and 
degas molten aluminum and magnesium and in gas-insulated electrical equipment. It lasts essen-
tially forever in the atmosphere. As noted in Chapter 8, Section 8.3, the greatest concern with its 
release is that it is a powerful greenhouse warming gas with an effect per molecule (radiative forc-
ing, see Chapter 8, Section 8.2) of about 24,000 times that of carbon dioxide.

Carbonyl sulfide, COS, is another inorganic sulfur gas that can be detected in the atmosphere, though 
it is usually at very low levels. A related compound, carbon disulfide, CS2, also occurs in the atmo-
sphere. The toxic effects of carbon disulfide are relatively well known because of the widespread use of 
the compound as a solvent in the synthesis of rayon and cellophane from cellulose. Rayon plant work-
ers have suffered blisters and other skin disorders from contact with carbon disulfide. Epidemiological 
studies of workers in the viscose rayon manufacturing industry and other industries where carbon 
disulfide is used have shown vascular atherosclerotic changes and increased mortalities, including 
those from cardiovascular causes. Very high levels of this volatile solvent of more than 10 parts per 
thousand by volume in the atmosphere can cause life-threatening central nervous system disorders.

Hydrogen sulfide, H2S, enters the atmosphere from a number of natural sources, including geo-
thermal sources, the microbial decay of organic sulfur compounds, and the microbial conversion of 
sulfate, SO4

2−, to H2S when sulfate acts as an oxidizing agent in the absence of O2. Wood pulping 
processes can release hydrogen sulfide. Hydrogen sulfide commonly occurs as a contaminant of 
petroleum and natural gas. It also affects some kinds of materials, forming a black coating of copper 
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sulfide, CuS, on copper roofing. This coating weathers to a rather attractive green layer (patina) of 
basic copper sulfate, CuSO4·3Cu(OH)2, which protects the copper from further attack. Hydrogen 
sulfide in the atmosphere becomes oxidized to SO2.

Atmospheric H2S is phytotoxic, destroying immature plant tissue and reducing plant growth. 
With a toxicity to animals about the same as that of hydrogen cyanide, and a mode of toxicity resem-
bling that gas, hydrogen sulfide is of particular concern for its toxic effects to humans. A tragic inci-
dent of hydrogen sulfide poisoning occurred in Poza Rica, Mexico, in 1950 as the result of a process 
to recover H2S from natural gas. Incredibly, the hydrogen sulfide by-product was burned in a flare 
to produce sulfur dioxide. The flare became extinguished at night and the toxic hydrogen sulfide 
spread throughout the vicinity, killing 22 people and hospitalizing over 300. A 2003 blowout in a 
natural gas field in southwestern China released hydrogen sulfide that killed almost 200 people in 
the surrounding area. As an emergency measure, the escaping gas was set on fire producing sulfur 
dioxide, SO2, still a toxic gas, but much less deadly than hydrogen sulfide.

Like cyanide, hydrogen sulfide inhibits the cytochrome oxidase system by which the body uti-
lizes O2 for respiration. Symptoms of hydrogen sulfide poisoning are largely in the central nervous 
system and include headache, dizziness, and excitement. Death follows rapidly upon inhalation of 
air containing 1000 parts per million (ppm) by volume of H2S, and lower levels of exposure may 
cause death over a long time period. Exposure to hydrogen sulfide paralyzes the respiratory system, 
resulting in asphyxiation. Localized toxic effects of hydrogen sulfide may also occur at the point of 
contact; one such effect is pulmonary edema manifested by fluid accumulation in the lungs. Direct 
exposure of the eye to hydrogen sulfide gas can result in eye conjunctivitis, an inflammation of the 
thin transparent conjunctiva tissue lining the inner surface of the eyelid and covering the white part 
of the eye (familiar to most people as the result of infectious “pink eye”). Occupational occurrence 
of this condition from exposure to hydrogen sulfide is sometimes called “gas eye” after employees 
who developed it in gas works in which high-sulfur coal was gasified producing H2S by-product.

Generally produced by partial combustion of fuels, largely in the internal combustion engine, 
carbon monoxide, CO, is an air pollutant of some concern because of its direct toxicity to humans. 
Carbon monoxide is toxic because it binds to blood hemoglobin and prevents the hemoglobin from 
transporting oxygen from the lungs to other tissues. Global and regional levels of atmospheric car-
bon monoxide are too low to be of concern. However, local levels in areas with heavy automobile 
traffic can become high enough to pose a health hazard and levels on some congested urban streets 
have reached concentrations of 50–100 ppm. The use of exhaust pollution control devices on auto-
mobiles has lowered these levels significantly during the last 30 years. The numerous fatal cases of 
carbon monoxide poisoning that occur each year are almost always the result of improperly vented 
heating devices in indoor areas. Carbon monoxide is removed from the atmosphere by reaction with 
hydroxyl radical, HO⋅.

7.4  NITROGEN OXIDE AIR POLLUTANTS

Nitrous oxide (N2O), colorless, odorless, nitric oxide (NO), and pungent-smelling, red-brown 
nitrogen dioxide (NO2) occur in the atmosphere. They are discussed in this section.

Nitrous oxide, a commonly used anesthetic known as “laughing gas,” is produced by some chem-
ical syntheses and by microbiological processes and is one of the gaseous species by which nitrogen 
is returned to the atmosphere in the nitrogen biogeochemical cycle. Nitrous oxide is a component of 
the unpolluted troposphere at a level of approximately 0.3 ppm. This gas is relatively unreactive in 
the troposphere where it lasts for a long time and probably does not significantly influence important 
chemical reactions in the lower atmosphere. Its concentration decreases rapidly with altitude in the 
stratosphere owing to the photochemical reaction

	 N O N O2 2+ → +hν 	  (7.12)
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and some reaction with singlet atomic oxygen:

	 N O O N O2 2 2+ → + 	  (7.13)

	 N O O 2NO2 + → 	  (7.14)

These reactions are significant in terms of depletion of the stratospheric ozone layer. The NO 
produced from N2O reacts with stratospheric ozone

	 NO O NO O3 2 2+ → + 	  (7.15)

to produce O2 and NO2, the latter of which in turn reacts with O atoms present as part of the process 
by which stratospheric ozone is produced

	 NO O NO O2 2+ → + 	  (7.16)

to regenerate NO. The two preceding reactions constitute a repeating cycle in which NO originally 
produced in the stratosphere from N2O destroys stratospheric ozone, with a single molecule of NO 
destroying many molecules of O3. With the production of ozone-destroying CFCs now banned and 
the production of hydrochlorofluorocarbons now scheduled to cease by 2030 in accordance with 
the Montreal Protocol on Substances that Deplete the Ozone Layer, nitrous oxide may well emerge 
as the greatest threat to stratospheric ozone.6 This problem may well be exacerbated by increased 
global fixation of nitrogen in the anthrosphere for use as crop fertilizer, accompanied by increased 
microbial production of N2O by microorganisms in soil and in water that stands in rice paddies.

Both NO and NO2, collectively designated as NOx, are produced from natural sources, such as 
lightning and biological processes, and from pollutant sources. Pollutant concentrations of these 
gases can become too high locally and regionally, causing air pollution problems. A major pollutant 
source of these gases is the internal combustion engine, in which conditions are such that molecular 
elemental nitrogen and oxygen react

	 N O 2NO2 2+ → 	  (7.17)

to produce NO. Combustion of fuels that contain organically bound nitrogen, such as coal, also 
produces NO. Atmospheric chemical reactions convert some of the NO emitted into NO2.

Exposed to electromagnetic radiation of wavelengths below 398 nm, nitrogen dioxide undergoes 
photodissociation

	 NO NO O2 + → +hν 	  (7.18)

to produce highly reactive O atoms. The O atoms can participate in a series of chain reactions 
through which NO is converted back to NO2, which can undergo photodissociation again to start the 
cycle over (see Figure 7.5). Nitrogen dioxide is very reactive, undergoing photodissociation within 
a minute or two in direct sunlight. The gas is a major player in tropospheric chemistry, particularly 
in its interactions involving sunlight and atmospheric hydrocarbons, leading to photochemical smog 
formation, discussed in more detail in Section 7.8.

Some of the nitrogen oxides in the atmosphere end up as nitric acid, HNO3, or as nitrate salts, such 
as NH4NO3 or NH4HSO4, which typically are washed from the atmosphere with rainfall. Nitric acid 
contributes to acid rain (see Section 7.6). Figure 7.5 shows a cycle involving NO, NO2, and HNO3. 
This cycle is very much tied with the process of photochemical smog formation (see Section 7.8) 
under conditions of smog formation.
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7.4.1 T oxic Effects of Nitrogen Oxides

Nitrous oxide, N2O, is not particularly toxic and is used as an anesthetic, an application in which it is 
generally regarded as being safe. The anesthetic effects of this gas may present some hazards from 
lowered levels of consciousness, and fatalities have even resulted from overexposure to this gas. 
Long-term exposures to relatively low levels of this gas are suspected of causing central nervous 
system, cardiovascular, and hepatic (liver) symptoms as well as effects on the organs that produce 
blood. Increased risk of adverse reproductive effects including spontaneous abortion, premature 
delivery, and infertility has been implied from epidemiological studies of operating room personnel.

Nitrogen dioxide, NO2, is significantly more toxic than NO, although concentrations of NO2 in 
the outdoor atmosphere rarely reach toxic levels. Accidental releases of NO2 can be sufficient to 
cause toxic effects or even death. Brief exposures to 50–100 ppm of NO2 in air inflames lung tis-
sue for 6–8 weeks followed by recovery. Exposure to 500 ppm or more of NO2 causes death within 
2–10 days. Exposure to 100–500 ppm of NO2 causes a lung condition with the ominous name of 
bronchiolitis fibrosa obliterans that is fatal within 3–5 weeks after exposure. Fatal incidents of NO2 
poisoning have resulted from accidental release of the gas used as an oxidant in rocket fuels and 
from burning of nitrogen-containing celluloid and nitrocellulose moving picture film (nitrocellulose 
has been used as an explosive and has long been banned in film because of catastrophic fires that 
killed numerous people). Plants exposed to nitrogen dioxide may suffer decreased photosynthesis, 
leaf spotting, and breakdown of plant tissue.

7.5  SULFUR DIOXIDE AIR POLLUTION

Sulfur dioxide enters the atmosphere as a result of the following:

•	 Direct emissions from volcanoes
•	 Atmospheric oxidation of H2S emitted into the atmosphere by bacteria and from geother-

mal sources (volcanoes, hot springs, geysers)
•	 Atmospheric oxidation of dimethyl sulfide, (CH3)2S, emitted into the atmosphere from 

marine organisms
•	 Pollutant sources from the combustion of organic sulfur and iron pyrite, FeS2, in fossil 

fuels

The pollutant sources are of most concern because of their contribution to local and regional air 
pollution problems and because they are sources that humans can do something about.

NO HNO3NO2

Nitrogen oxide sources, such as com- 
bustion, lightning, transport from the 
stratosphere, NH3 oxidation

HOO⋅ + NO  →  NO2 + HO⋅
ROO⋅ + NO  →  NO2 + RO⋅

HO⋅ + NO2 ← hν + HNO3

HO⋅  + NO2 → HNO3

O + NO ← hν + NO2

NO + O3 →  NO2 + O2 

Washout with
precipitation

(R is a hydrocarbon
group, such as –CH3)

FIGURE 7.5  Principal reactions among NO, NO2, and HNO3 in the atmosphere. ROO⋅ represents an organic 
peroxyl radical, such as the methylperoxyl radical, CH3OO⋅.
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The fate of sulfur dioxide in the atmosphere is oxidation and reaction with water to produce sul-
furic acid. The overall process is complex, but it can be described by the following reaction:

	 2SO O 2H O 2H SO2 2 2 2 4+ + → 	  (7.19)

This process is generally rather slow in the atmosphere, but it can be quite rapid under conditions 
of photochemical smog formation (see Section 7.8), in which highly reactive oxidizing species are 
present. It is very important because it is the main mechanism for forming acid rain (see Section 
7.6), which can be directly harmful to vegetation, fish (especially fingerlings), and materials, such as 
building stone that can be attacked by acid. Sulfur dioxide forms aerosol droplets of sulfuric acid in 
the atmosphere. As a result, much of the Eastern United States is covered by a slight haze of sulfuric 
acid droplets during much of the year. In recent years, some volcanic eruptions have blasted enough 
sulfur dioxide into the atmosphere to produce a sufficient amount of sunlight-reflecting sulfuric acid 
aerosol to cause a perceptible cooling of the atmosphere.

In addition to indirect effects from the formation of acid rain, sulfur dioxide affects some plants 
directly, causing leaf necrosis (death of leaf tissue). Another symptom of sulfur dioxide phytotoxic-
ity (toxicity to plants) is chlorosis, a bleaching or yellowing of green leaves.

7.5.1 T oxic Effects of Sulfur Dioxide

Although sulfur dioxide is not a particularly toxic material, episodes have occurred in which 
increased deaths have been associated with high levels of sulfur dioxide in the atmosphere. The 
most notable such incident occurred in London in December 1952 when a stagnant layer of dense 
fog and black coal smoke accompanied by high levels of sulfur dioxide descended on the city for 
days, a period during which thousands of excess deaths were recorded. Because of particles and fog 
in the atmosphere, visibility descended to near zero, and the fine particulate pollution was so bad 
that even the underwear of exposed people was soiled by it.

Sulfur dioxide is an irritant that affects eyes, the respiratory system, mucous membranes, and 
skin. Because of its water solubility, it is largely removed in the upper respiratory tract, which 
may be irritated by exposure to the sulfur dioxide, causing bronchioconstriction and increased air-
flow resistance. Some people are hypersensitive to sulfur dioxide and suffer allergic reactions to it. 
Included among such people are some asthmatics who are especially sensitive to exposure to the 
sulfur dioxide.

7.5.2 T oxic Effects of Atmospheric Sulfuric Acid

The toxic effects of sulfuric acid are discussed here because it is an oxidation product of atmo-
spheric sulfur dioxide. Normally, sulfuric acid produced from sulfur dioxide is sufficiently dilute 
that the health effects are minimal, but the workplace atmosphere where it is used may develop 
unhealthy levels of sulfuric acid aerosol. The severely corrosive, dehydrating effects of exposure 
to concentrated H2SO4 are well known, resembling those of severe thermal burns, but slower to 
heal. Workers may become exposed to sulfuric acid fumes and mists in the workplace resulting in 
eye and respiratory tract irritation. Tooth erosion has been observed in workers exposed to sulfuric 
acid mists and fumes. The pulmonary tract may be damaged by exposure to sulfuric acid aerosols 
such as those responsible for acid rain, and sulfuric acid is a much more potent lung irritant than 
sulfur dioxide. Animal studies and limited data from human exposures to atmospheric sulfuric acid 
aerosols suggest increased airway resistance and inhibited bronchial clearance of inhaled particles. 
Asthmatics are susceptible to sulfuric acid inhalation, an effect that likely is synergistic with expo-
sure to sulfur dioxide. In severe air pollution incidents, sulfuric acid particles, other kinds of par-
ticles, and sulfur dioxide are likely to occur together, adding up to a combined effect much greater 
than any one individually.
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7.6  ACID-BASE REACTIONS IN THE ATMOSPHERE AND ACID RAIN

Acids are common constituents of the atmosphere. The acid that is always present in the atmosphere 
is CO2, a very weak acid, which tends to make liquid water in the atmosphere slightly acidic because 
of the following reaction:

	 CO H O H HCO2 2+ → ++ −
3 	  (7.20)

It may be shown that at 25°C, water in equilibrium with unpolluted air containing current levels 
of about 390 ppm carbon dioxide, the value of dissolved CO2(aq) is 1.276 × 10−5 mol/L (M), result-
ing in a pH of 5.62 for the atmospheric water. Therefore, in the absence of pollutants that are stron-
ger acids than CO2, the pH of water from the atmosphere is just slightly acidic.

Along with hydrogen chloride, HCl, emitted into the atmosphere by the combustion of chlorine-
containing organic compounds, sulfur dioxide and nitrogen oxides react in the atmosphere to pro-
duce strongly acidic H2SO4 (see Reaction 7.19) and HNO3 (see Figure 7.5), respectively. Incorporated 
into rainwater, these acids fall to the ground as acid rain. A more general term acid deposition 
refers to the effects of atmospheric strong acids, acidic gases (SO2), and acidic salts (NH4NO3 and 
NH4HSO4). Acid deposition is a major air pollution problem.

Figure 7.6 shows a typical distribution of acidic precipitation in the 48 contiguous U.S. states. 
This figure illustrates that acidic precipitation is a regional air pollution problem, not widespread 
enough to be a global problem, but spreading beyond local areas. (There have been some unfortu-
nate cases where localized release of acidic emissions to the atmosphere, usually as sulfur dioxide 
from metal ore smelting operations, has affected local areas, often devastating vegetation within 
several kilometers of the source.)

Transport processes that move atmospheric acids and their precursor acid gases from their 
sources to downwind areas are very important in determining areas affected by acid rain. The 
northeastern United States and southeastern Canada are affected by acid originating from stack gas 
emissions carried by prevailing southwesterly winds from Missouri, Illinois, Kentucky, and other 
regions to the southwest. Southern Norway, Sweden, and Finland receive acid precipitation originat-
ing farther south in Europe.
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FIGURE 7.6  Isopleths of pH illustrating a hypothetical, but typical, precipitation-pH pattern in the lower 48 
continental United States. Actual values found may vary with the time of year and climatic conditions, but 
generally show lower pH values (more acidic rainfall) in northeastern states.
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Numerous adverse effects have been reported as the result of acidic precipitation. These can be 
divided into the following major categories:

•	 Direct effects upon the atmosphere manifested by reduced and distorted visibility: These 
effects are due to the presence of sulfuric acid droplets and solutions or solid particles of 
acidic salts, such as NH4HSO4.

•	 Phytotoxicity (toxicity to plants) and destruction of sensitive forests: These effects can 
be direct, resulting from exposure of plant leaves and roots to acidic precipitation and to 
acid-forming gases, particularly SO2 and NO2. They can also be indirect, primarily by the 
liberation of phytotoxic Al3+ ion by the action of acidic rainfall on soil.

•	 Direct effects on humans and other animals: These are usually respiratory effects, and 
asthmatics are especially vulnerable.

•	 Effects upon plants and fish (especially fish fingerlings): In acidified lake water where the 
lake is not in contact with minerals, particularly CaCO3, capable of neutralizing acid.

•	 Damage to materials: Stone (especially acid-soluble limestone and marble) and metal used 
in building construction can be corroded and etched by acidic precipitation. Electrical 
equipment, particularly relay contacts and springs, can be corroded by acidic precipitation.

7.7  ORGANIC AIR POLLUTANTS

7.7.1 O rganics in the Atmosphere from Natural Sources

The quantities of organic chemicals emitted into the atmosphere from natural sources exceed those 
emitted as pollutants from the anthrosphere. This ratio is primarily the result of the huge quantities 
of methane produced by anoxic bacteria in the decomposition of organic matter (represented as 
{CH2O}) in water, sediments, and soil:

	 2 CH O bacterial action CO g CH g2 2 4{ }( )→ ( ) + ( ) 	  (7.21)

Flatulent emissions from domesticated animals, arising from bacterial decomposition of food 
in their digestive tracts, add about 85 million metric tons of methane to the atmosphere each year. 
Anoxic conditions in intensively cultivated rice fields produce large amounts of methane, perhaps 
as much as 100 million metric tons per year. Methane is a natural constituent of the atmosphere and 
is present at a level of about 1.8 ppm in the troposphere.

Methane in the troposphere contributes to the photochemical production of carbon monoxide and 
ozone. The photochemical oxidation of methane is a major source of water vapor in the stratosphere.

Natural sources of non-methane hydrocarbons emitted into the atmosphere include microorgan-
isms, forest fires, animal wastes, volcanoes, and vegetation. Plants are the most significant source of 
non-methane biogenic hydrocarbons with several hundred different hydrocarbons released to the 
atmosphere from vegetation sources. One of the simplest organic compounds given off by plants is 
ethylene, C2H4, which is produced by a variety of plants and released to the atmosphere in its role as 
a messenger species regulating plant growth. Because of its double bond, ethylene from vegetation 
sources is highly reactive with hydroxyl radical, HO⋅, and with oxidizing species in the atmosphere 
and is an active participant in atmospheric chemical processes.

Most of the hydrocarbons emitted by plants are terpenes, which are produced by conifers (ever-
green trees and shrubs such as pine and cypress), plants of the genus Myrtus, and trees and shrubs 
of the genus Citrus. Three of the most common terpenes emitted by trees are α-pinene from pine 
trees, limonene from citrus trees and fruit, and isoprene (2-methyl-1,3-butadiene), a hemiterpene, 
from the Hevea brasilinesis tree, the main source of isoprene from which natural rubber is synthe-
sized (see Figure 7.7). In many areas, terpenes from plants, which are highly reactive with atmo-
spheric oxidants including ozone and hydroxyl radical, constitute the main source of hydrocarbons 
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that are oxidized by atmospheric chemical processes to produce secondary organic aerosol, often 
manifested as a haze around forests and citrus groves.7 Such aerosols are particulate atmospheric 
oxidation products of terpenes and other reactive hydrocarbons in the atmosphere as shown by the 
example of pinonic acid in Figure 7.7.

Many different ester compounds are released to the atmosphere by plants as shown by the fol-
lowing example of citronellyl formate. Although the quantities of esters released are small, they are 
largely responsible for the fragrances of plants and their flowers and fruits.

7.7.2  Pollutant Hydrocarbons from the Anthrosphere

Because of their widespread use in fuels and in petrochemical manufacture, hydrocarbons pre-
dominate among organic atmospheric pollutants released from anthrospheric activities, examples 
of which are shown in Figure 7.8. These include alkanes, of which methane, discussed earlier, and 
2,2,3-trimethylbutane, typical of alkanes in gasoline, are examples; alkenes including ethylene (see 
above) and butadiene, which is used to synthesize synthetic rubber; the alkyne acetylene used as 
a fuel for cutting and welding torches; aromatic hydrocarbons with one or more rings; and substi-
tuted aromatic compounds. Alkenes are especially significant because of their high reactivity in the 
atmosphere, their widespread production as synthetic chemicals, and their generation in internal 
combustion engines from partial combustion of fuel.
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7.7.3 N onhydrocarbon Organics in the Atmosphere

Many organic compounds that contain atoms in addition to hydrogen and carbon occur as atmo-
spheric pollutants. Of these, the most significant are compounds containing oxygen, some of which 
are emitted as primary pollutants but are usually formed as secondary pollutants because of the 
tendency for atmospheric hydrocarbons to become oxidized. Important examples of organooxygen 
compounds encountered in the atmosphere are shown in Figure 7.9.

Two important organic oxides, ethylene oxide and propylene oxide, rank among the 50 most widely 
produced industrial chemicals and have a limited potential to enter the atmosphere as pollutants. 
Ethylene oxide is a moderately-to-highly toxic, sweet-smelling, colorless, flammable, explosive gas 
used as a chemical intermediate, sterilant, and fumigant. It is a mutagen and a carcinogen to experimen-
tal animals and classified as a hazardous substance because of both its toxicity and ignitability. Ethanol 
is an alcohol, now produced and distributed in large quantities as a gasoline additive. Although volatile, 
the lower alcohols, methanol and ethanol, are completely water soluble and are readily removed from 
the atmosphere with rain. Phenol is the most common aromatic alcohol. Phenol is toxic and may be of 
some concern as an indoor air pollutant in manufacturing operations and from construction materials.

Compounds that have a carbonyl moiety (group), C=O, on an end carbon (aldehydes) or middle 
carbon (ketones) are often the first species formed, other than unstable reaction intermediates, in 
the photochemical oxidation of atmospheric hydrocarbons. Aldehydes are important in atmospheric 
chemistry because they are second only to NO2 as atmospheric sources of free radicals produced 
by the absorption of light. This is because the carbonyl group is a chromophore, a molecular group 
that readily absorbs light and it absorbs well in the near-ultraviolet region of the spectrum to pro-
duce active species that can take part in atmospheric chemical processes.

Formaldehyde is produced in the atmosphere as a product of the reaction of atmospheric hydro-
carbons beginning with their reactions with hydroxyl radical, HO⋅. With annual global industrial 
production exceeding 1 billion kg, volatile formaldehyde is used in the manufacture of plastics, res-
ins, lacquers, dyes, and explosives and is uniquely important because of its widespread distribution 
and toxicity, especially as a cause of hypersensitivity. Humans may be exposed to formaldehyde in 
manufacturing processes and as emissions from adhesives and resins used in indoor construction 
materials such as paneling and particle board. Because of potential exposure from such sources, 
formaldehyde is one of the indoor air pollutants of greatest concern. However, improved manufac-
turing processes have reduced the hazards from such materials. Acetaldehyde is a widely produced 
organic chemical used in the manufacture of acetic acid, plastics, and raw materials. Approximately, 
a billion kilograms of acetone are produced each year as solvents and for applications in the rubber, 
leather, and plastics industries.
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Carboxylic acids, such as pinonic acid from the atmospheric oxidation of α-pinene shown in 
Figure 7.7, are often the final oxidation products of atmospheric hydrocarbon contaminants. Such 
acids with three or more carbon atoms are not very volatile and tend to be removed from the atmo-
sphere with particulate matter.

7.7.4 O rganohalides

Organohalides consisting of halogen-substituted hydrocarbon molecules, each of which contains at 
least one atom of F, Cl, Br, or I, may be saturated (alkyl halides also called haloalkanes), unsatu-
rated (alkenyl halides), or aromatic (aromatic halides). The organohalides of environmental and 
toxicological concern exhibit a wide range of physical and chemical properties. Although most 
organohalide compounds regarded as pollutants are from anthropogenic sources, it is now known 
that a large variety of such compounds are generated by organisms, particularly those in marine 
environments.

Structural formulas of several organohalides that are potentially important in the atmosphere 
are shown in Figure 7.10. Dichloromethane is a volatile liquid with excellent solvent properties 
and a number of industrial uses. It is commonly used as an extracting solvent for organic-soluble 
substances determined in chemical analysis. Dichlorodifluoromethane is one of the CFC com-
pounds once widely manufactured as a refrigerant and subsequently found to cause stratospheric 
ozone depletion (see Section 7.9). HCFC-124, 2-chloro-1,1,1,2 tetrafluoroethane, was developed 
as a substitute for CFC compounds in refrigerants and propellants. It has a C–H bond that is 
acted upon by hydroxyl radical and, thus, is largely eliminated in the troposphere, but still has 
some capacity to destroy stratospheric ozone. HFC-134a has also been developed as a CFC sub-
stitute. It is destroyed by reaction with hydroxyl radical in the troposphere and does not deplete 
stratospheric ozone, but is a powerful greenhouse gas. Vinyl chloride is the monomer used to 
manufacture huge quantities of polyvinylchloride plastics. Trichloroethylene is a widely used 
solvent used in applications such as dry cleaning. The polychlorinated biphenyl compounds 
consist of a family of compounds containing two aromatic rings joined as shown in the example 
in Figure 7.10 and containing from 1 to 10 chlorine atoms. Brominated alkanes, commonly called 
halons, act to quench fires and have been the predominant materials for aircraft fire extinguishers. 
However, the halons are powerful ozone depleting compounds, which has led to restrictions on 
their use. Although the manufacture of halons has ceased, halon fire extinguishers are still used 
that employ recycled halons.
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7.7.5 T oxicological Chemistry of Organohalides

The levels of organohalides in ambient air are probably too low to cause any toxic effects. At 
higher air concentrations, as might be encountered in the workplace or around waste sites contain-
ing organohalides, a variety of toxic effects may be observed, resulting from inhalation exposure to 
organohalides. The once commonly used CFCs are notable for their low toxicities, and in the 1930s, 
their inventor used to do a demonstration in which he would fill his lungs with dichlorodifluorometh-
ane vapor, then extinguish a candle flame by blowing his breath over it. The alkenyl halides tend to 
be relatively active metabolically because of the C=C double bond. Of this class of compounds, the 
most notorious is vinyl chloride, which has been shown to cause a rare angiosarcoma (cancer) of 
the liver in workers heavily exposed to the compound during polyvinylchloride polymer synthesis. 
Acute short-term inhalation of methyl bromide has caused lung damage in humans, and longer term 
inhalation has resulted in neurological damage. Such effects on workers applying methyl bromide 
as a soil fumigant have led to its being discontinued for general use. The less volatile and poorly 
metabolized organohalides, such as the PCBs, tend to bioaccumulate in lipid tissue.

7.7.6 O rganosulfur Compounds

Substitution of alkyl or aryl hydrocarbon groups such as phenyl and methyl for H on hydrogen 
sulfide, H2S, leads to a number of different organosulfur thiols (mercaptans, R–SH) and sulfides, 
also called thioethers (R–S–R). Structural formulas of examples of these compounds are shown in 
Figure 7.11. Methanethiol and other lighter alkyl thiols are fairly common air pollutants that have 
“ultragarlic” odors. The most significant atmospheric organosulfur compound is dimethylsulfide, 
produced in large quantities by marine organisms and introducing quantities of sulfur to the atmo-
sphere comparable in magnitude to those introduced from pollution sources. Its oxidation produces 
most of the SO2 in the marine atmosphere.

Although not highly significant as atmospheric contaminants on a large scale, organic sulfur 
compounds can cause local air pollution problems because of their bad odors. Major sources of 
organosulfur compounds in the atmosphere include microbial degradation, wood pulping, volatile 
matter evolved from plants, animal wastes, packing-house and rendering-plant wastes, starch manu-
facture, sewage treatment, and petroleum refining.

7.7.7 O rganonitrogen Compounds

Organic nitrogen compounds that may be found as atmospheric contaminants can be classified as 
amines, amides, nitriles, nitro compounds, or heterocyclic nitrogen compounds. Structures of 
common examples of each of these five classes of compounds reported as atmospheric contaminants 
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are shown in Figure 7.12. These organonitrogen compounds can come from anthropogenic pollution 
sources. Significant amounts of anthropogenic atmospheric organic nitrogen may also come from 
reactions of inorganic nitrogen (NO and NO2) with reactive organic species.

Amines consist of compounds in which one or more of the hydrogen atoms in NH3 has been 
replaced by a hydrocarbon moiety. Lower-molecular-mass amines are volatile. These are promi-
nent among the compounds giving rotten fish their characteristic odor—an obvious reason that air 
contamination by amines is undesirable. A number of amines are widely used industrial chem-
icals and solvents, so industrial sources have the potential to contaminate the atmosphere with 
these chemicals. Decaying organic matter, especially protein wastes, produce amines, so rendering 
plants, packing houses, and sewage-treatment plants are potential sources of these substances. The 
simplest and most important aromatic amine is aniline, used in the manufacture of dyes, amides, 
photographic chemicals, and drugs.

The amide most likely to be encountered as an atmospheric pollutant is dimethylformamide. 
It is widely used commercially as a solvent for the synthetic polymer polyacrylonitrile (Orlon, 
Dacron). Most amides have relatively low vapor pressures, which limit their entry into the 
atmosphere. Nitriles, which are characterized by the −C≡N group, have been reported as air 
contaminants, particularly from industrial sources. Both acrylonitrile and acetonitrile, CH3CN, 
have been reported in the atmosphere as a result of emissions from synthetic rubber manu-
facture. Among the nitro compounds, RNO2, reported as air contaminants are nitromethane, 
nitroethane, and nitrobenzene. These compounds are produced from industrial sources. Highly 
oxygenated compounds containing the NO3 group, particularly peroxyacetyl nitrate (PAN, 
see Section 7.8), are end products of the photochemical oxidation of hydrocarbons in urban 
atmospheres.

7.7.8 T oxicological Chemistry of Organonitrogen Compounds

Though probably not toxic at levels found in the ambient atmosphere, organonitrogen compounds 
can be harmful in the workplace atmosphere. The lower aliphatic amines are among the more toxic 
substances in routine, large-scale use. They are basic compounds that hydrolyze to raise the pH in 
tissue that they contact as shown below for monomethylamine:

	 H C NH H O H C NH OH3 2 2 3 3− + → − ++ − 	  (7.22)

Lungs exposed to the lower amines can exhibit hemorrhage and edema (excessive fluid accu-
mulation). Aniline and nitrobenzene may cause the iron(II) in blood hemoglobin to be oxidized to 
iron(III) so that the blood no longer transports oxygen. Some of the aromatic amines are known 
human carcinogens. Two important examples are 1-naphthylamine and 2-naphthylamine, which 
were shown to cause bladder cancer in German dye industry workers exposed to these compounds 
around 1900.
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FIGURE 7.12  Organonitrogen compounds that may be encountered as air pollutants.
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7.8  PHOTOCHEMICAL SMOG

One of the most common urban air pollution problems is the production of photochemical smog. 
As illustrated in Figure 7.13, this condition occurs usually under situations in which a confined mass 
of air is subjected to intense sunlight. Such an air mass normally is held in place by a temperature 
inversion in which warmer, less dense air overlays a mass of cooler, denser, stagnant air, which may 
be held in place by topographical features, especially a mountain range. A smoggy atmosphere con-
tains ozone, O3, organic oxidants, nitrogen oxides, aldehydes, and other noxious species. In latter 
stages of smog formation, visibility in the atmosphere is lowered by the presence of a haze of fine 
particles formed by the oxidation of organic compounds in smog.

The chemical ingredients of smog are nitrogen oxides and organic compounds, both released 
from the automobile, as well as from vegetation (see the discussion of biogenic hydrocarbons and 
terpenes in Section 7.7), and other sources. The driving energy force behind smog formation is 
electromagnetic radiation with a wavelength at around 400 nm or less, in the ultraviolet region, just 
shorter than the lower limit for visible light. Energy absorbed by a molecule from this radiation can 
result in the formation of active species, thus initiating photochemical reactions.

Although methane, CH4, is one of the least active hydrocarbons in terms of forming smog, it 
will be used here to show the smog formation process, because it is the simplest hydrocarbon mol-
ecule. Smog is produced in a series of chain reactions. The first of these occurs when a photon of 
electromagnetic radiation (represented as hν) with a wavelength less than 398 nm is absorbed by a 
molecule of nitrogen dioxide

Solar photon
energy, hν

Reactive hydrocarbons

NO

Confined air mass

Confining
topography

Smog particles,
reduced visibility 

NO2 + hν NO + O 

O + hydrocarbon        hydrocarbon radical + HO∙
Reactive
intermediates

Chain reactions

O3, oxidants

Aldehydes

Warmer confining air layer,
temperature inversion

Health effects

FIGURE 7.13  Photochemical smog formation. A mass of stagnant air receives reactive hydrocarbons from 
natural sources, such as pine trees, and from pollutant sources, such as automobile exhausts. Nitrogen oxides 
from combustion sources form NO2, which is photochemically dissociated to produce reactive O atoms. These 
abstract H from hydrocarbons to produce the reactive HO⋅ (hydroxyl) radical, starting sequences of chain 
reactions that produce the noxious products typical of photochemical smog, including oxidant ozone, organic 
oxidants, aldehydes, and visibility-obscuring fine particles.
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	 NO NO O2 + → +hν 	  (7.23)

to produce an oxygen atom, O. The oxygen atom is a very reactive species that can abstract a hydro-
gen atom from methane

	 CH O HO H C4 3+ → ⋅+ ⋅ 	  (7.24)

to produce a methyl radical, H3C⋅, and a hydroxyl radical, HO⋅. In these formulas, the dot shows 
a single unpaired electron. A chemical species with such a single electron is a free radical. The 
hydroxyl radical is especially important in the formation of smog and in a wide variety of other 
kinds of photochemical reactions. The methyl radical can react with an oxygen molecule

	 H C O H COO3 2 3⋅ + → ⋅ 	  (7.25)

to produce a methylperoxyl radical, H3COO⋅. This is a strongly oxidizing, reactive species. One of 
the very important reactions of peroxyl radicals is their reaction with NO, produced in the photo-
chemical dissociation of NO2 (see Reaction 7.23),

	 NO OO NO H CO2 3+ ⋅→ + ⋅H C3 	  (7.26)

to regenerate NO2, which can undergo photodissociation, reinitiating the series of chain reactions 
by which smog is formed.

Reaction 7.24 is illustrative of abstraction reactions in which an atom of H is abstracted from 
a hydrocarbon. The hydroxyl radical product of this reaction, HO⋅, is very active in carrying out 
abstraction reactions. Even faster addition reactions are possible with alkene hydrocarbons that 
have unsaturated C=C bonds. For example, hydroxyl radical adds to a molecule of propene

	 HO· +
H H H

HH
C C C C C C H

H H H

H H
H HO · 	  (7.27)

to produce a reactive radical species that can undergo additional chain reactions beginning with 
addition of O2:
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As the process of smog formation occurs (see Figure 7.14), numerous noxious intermediates are 
generated. One of the main ones of these is ozone, O3, and it is the single species most characteristic 
of smog. Although ozone is an essential species in the stratosphere, where it filters out undesir-
able ultraviolet radiation, it is a toxic species in the troposphere, which is bad for both animals and 
plants. Another class of materials formed with smog consists of oxygen-rich organic compounds 
containing nitrogen of which PAN

	 C

H Peroxyacetyl nitrate (PAN)

H O

H C O O NO2 	
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is the most common example. This compound and others with high nitrogen and oxygen contents 
are potent oxidizers and highly irritating to eyes and mucous membranes of the respiratory tract. 
Also associated with smog are aldehydes, which are irritants to eyes and the respiratory tract. The 
simplest aldehyde, and one commonly found in smoggy atmospheres, is formaldehyde:
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FIGURE 7.14  Overall scheme for the chemistry of the formation of photochemical smog. The key chemical 
ingredients are reactive hydrocarbons from vehicle engines, from combustion of biomass, such as from burn-
ing savannah grass, and from trees; nitric oxide (NO) from combustion sources; and atmospheric elemental 
oxygen, O2. The initial energy input comes from the photochemical dissociation of NO2 to produce reactive 
O atoms and the energy to sustain the process is from the thermodynamic tendency of elemental oxygen to 
react with hydrocarbons to produce oxidized organic matter. Free radicals are produced by the reaction of O and 
HO⋅ with hydrocarbons to produce R⋅, RO⋅, and RO2⋅, where R is a hydrocarbon group, in the simplest case the 
methyl group, CH3, and the dot represents an unpaired electron. Hydroxyl radical, HO⋅, is a key intermediate 
in the chain reactions involved with smog formation. Ozone, O3, and organic oxidants are produced during the 
formation of photochemical smog, as are aldehydes, which contribute substantially to the noxious character of 
smog. A key step is reaction of NO with RO2⋅ to regenerate NO2, the photochemical dissociation of which initi-
ates the whole process. An important end product consists of very small organic particles with an approximate 
empirical formula of CH2O.
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Literally hundreds of reactions occur as photochemical smog is formed, leading eventually to 
oxidized organic matter that produces the small particulate matter characteristic of smog. In a 
typical daily cycle in which photochemical smog is produced, levels of hydrocarbons and NO are 
relatively high at dawn, but as the sunlight becomes more intense, the concentration of NO falls and 
that of NO2 increases because of the conversion of NO to NO2 by the action of pollutant oxidants. In 
the late afternoon, concentrations of ozone, organic oxidants, aldehydes, and particles, all harmful 
products of smog, reach high levels. At night, in the absence of sunlight, which is responsible for 
the photochemical dissociation of NO2 that starts the smog-producing process (Reaction 7.23), the 
formation of smog is slowed, although reactions continue that are carried out by the nitrate radical, 
NO3, formed by a reaction between NO2 and O3. (Although NO3 forms in the daytime, it is rapidly 
dissociated to NO and O2 by visible light with a wavelength less than 700 nm and to NO2 and O by 
light less than 580 nm; artificial light in the urban atmosphere may be a factor in determining NO3 
concentrations at night as well.) Figure 7.14 summarizes the main chemical processes involved in 
photochemical smog formation.

The formation and reaction of compounds containing nitrogen and oxygen are very important 
in the smog-forming process. In addition to NO, NO2, and NO3, these include the inorganic species 
N2O5, HONO (nitrous acid), HNO3 (nitric acid), and HOONO2 (peroxynitric acid). Also important 
are organic compounds containing N and O, of which PAN was mentioned earlier. Other com-
pounds of this type include the following (where R represents a hydrocarbon group, in the simplest 
case −CH3): RONO (alkyl nitrite), RONO2 (alkyl nitrate), and ROONO2 (peroxyalkyl nitrate).

7.8.1 H armful Effects of Smog

Smog adversely affects human health and comfort, plants, materials, and atmospheric quality. Each 
of these aspects is addressed briefly here. Ozone is the smog constituent that is generally regarded 
as being most harmful to humans, plants, and materials, although very small particles, oxidants 
other than ozone, and some of the noxious organic materials, such as aldehydes, are harmful as well.

Visibility-reducing atmospheric aerosol particles are the most common manifestation of the 
harm done to atmospheric quality by smog. The smog-forming process occurs by the oxidation 
of organic materials in the atmosphere, and as a result, carbon-containing organic materials are 
the most common constituents of the aerosol particles in an atmosphere afflicted by smog. Conifer 
trees (pine and cypress) and citrus trees are major contributors to the organic hydrocarbons that are 
precursors to organic particle formation in smog.

Materials that are adversely affected by smog are generally those that are attacked by oxidants. 
The best example of such a material is rubber, especially natural rubber, which is attacked by ozone. 
Indeed, the hardening and cracking of exposed natural rubber has been used to test for the presence 
of atmospheric ozone.

Plants are harmed by exposure to nitrogen oxides, ozone, and PAN, all oxidants present in a 
smoggy atmosphere. PAN is the most harmful of these constituents, damaging younger plant leaves, 
especially. Ozone exposure causes formation of bleached or yellow spots on leaves, a condition 
called chlorotic stippling (Figure 7.15). Some plant species, including sword-leaf lettuce, black 
nightshade, quickweed, and double-fortune tomato, are extremely susceptible to damage by oxidant 
species in smog and are used as bioindicators of the presence of smog. Costs of crop and orchard 
damage by smog run into millions of dollars per year in areas prone to this kind of air pollution, 
such as southern California.

The adverse toxic effects of ozone on crops are a major sustainability concern. This is especially 
true when coupled with adverse climate effects from human activities such as increased greenhouse 
gas emissions, heat, drought, and sunlight-obscuring particle emissions from increased urbanization.8 
The areas most affected are those with rapidly growing populations and industrialization, with adverse 
effects on production of staple crops such as rice and wheat, giving rise to problems of food security.
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7.8.2 T oxic Effects of Smog and Its Constituents to Humans

People exposed to 0.15 ppm of ozone in air experience irritation to the respiratory mucous tissues 
accompanied by coughing, wheezing, and bronchial constriction. These effects may be especially 
pronounced for individuals undergoing vigorous exercise because of the large amounts of air that 
they inhale. On smoggy days, air pollution alerts may advise against exercise and outdoor activi-
ties. Because of these effects, the U.S. Environmental Protection Agency recommends an 8-hour 
standard limit for ozone of 0.075 ppm and is considering further lowering the standard. In a smoggy 
atmosphere, the adverse effects of ozone are aggravated by exposure to other oxidants and aldehydes.

Studies on the health effects of photochemical smog have concentrated largely on ozone, which 
is known to be toxic to humans. A statistical analysis has been performed on the long-term health 
effects of low-level exposure to ozone (a few parts per billion) and very small atmospheric particles 
less than 2.5 μm (PM2.5) in size, both strongly associated with photochemical smog.9 After correct-
ing for confounding factors, such as smoking, the results showed that long-term exposure to both of 
these pollutants increased the risk of death from cardiopulmonary diseases by about 4%, a small, 
but significant increase. Both of these pollutants were associated with increased death from respira-
tory maladies. Ozone exposure, alone, increased the risk of death from respiratory maladies but, 
corrected for PM2.5, did not increase the mortality rate owing to cardiovascular causes.

In addition to increased mortality, human exposure to ozone in smog decreases pulmonary func-
tions and initiates inflammatory processes in the lung. The biochemical basis of these effects is not 
very well established. One possible mechanism is attack by ozone on endogenous lipids that act as 
surfactants in the lung.

Some of the more adverse health effects of photochemical smog are the result of inhalation of 
particles in the smog aerosol. The health effects of inhaled particles were discussed in Section 7.2.

7.9  CHLOROFLUOROCARBONS AND STRATOSPHERIC OZONE DEPLETION

As mentioned in Chapter 6, Section 6.2, and illustrated in Figure 6.1, stratospheric ozone, O3, serves 
as a shield to absorb harmful ultraviolet radiation in the stratosphere, protecting living beings on the 
Earth from the effects of excessive amounts of such radiation. The two reactions by which strato-
spheric ozone are produced are

	 O O O 242 4 nm2 + → + <hν λ ( . ) 	  (7.29)

	 O O M O M energy absorbing N or O2 3 2 2+ + → + −( ) 	  (7.30)

and it is destroyed by photodissociation

	 O O O 3 nm3 2+ → + <hν λ( )25 	  (7.31)

FIGURE 7.15  The leaf of a lemon tree afflicted with chlorotic stippling because of exposure to oxidants in 
a smoggy atmosphere. This condition, which can seriously damage vegetation, is characterized by bleached 
or yellow spots on the leaves.
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and a series of reactions from which the net result is the following:

	 O O 2O3 2+ → 	  (7.32)

Ozone in the stratosphere is present at a steady-state concentration resulting from the balance 
of ozone production and destruction by the above processes. The quantities of ozone involved are 
interesting. A total of about 350,000 metric tons of ozone are formed and destroyed daily. Ozone 
never makes up more than a minuscule fraction of the gases in the ozone layer. In fact, if all the 
atmosphere’s ozone were in a single layer at surface temperature and pressure conditions of approxi-
mately 273 K and 1 atm, it would be only 3 mm thick!

Ozone absorbs ultraviolet radiation in the 220–330 nm region very strongly. Therefore, it is 
effective in filtering out dangerous UV-B radiation, 290 nm < λ < 320 nm. (UV-A radiation, 
320–400 nm, is relatively less harmful and UV-C radiation, <290 nm, does not penetrate to the 
troposphere.) If UV-B were not absorbed by ozone, severe damage would result to exposed forms of 
life on the Earth. Absorption of electromagnetic radiation by ozone converts the radiation’s energy 
to heat and is responsible for the temperature maximum encountered at the boundary between the 
stratosphere and the mesosphere at an altitude of approximately 50 km. The reason that the tem-
perature maximum occurs at a higher altitude than that of the highest ozone concentration is that 
ozone is so effective in absorbing ultraviolet radiation that most of this radiation is absorbed in the 
upper stratosphere, where it generates heat, and only a small fraction reaches the lower altitudes, 
which remain relatively cool.

Increased intensities of ground-level ultraviolet radiation caused by stratospheric ozone destruc-
tion would have some significant adverse consequences. One major effect would be on plants, 
including crops used for food. The destruction of microscopic plants that are the basis of the ocean’s 
food chain (phytoplankton) could severely reduce the productivity of the world’s seas. Human expo-
sure would result in an increased incidence of cataracts. The effect of most concern to humans is the 
elevated occurrence of skin cancer in individuals exposed to ultraviolet radiation. This is because 
UV-B radiation is absorbed by cellular DNA (see Chapter 2, Section  2.6), resulting in photochemi-
cal reactions that alter the function of DNA so that the genetic code is improperly translated during 
cell division. This can result in uncontrolled cell division leading to skin cancer. People with light 
complexions lack protective melanin, which absorbs UV-B radiation, and are especially susceptible 
to its effects. The most common type of skin cancer resulting from ultraviolet exposure is squamous 
cell carcinoma, which forms lesions that are readily removed and has little tendency to spread 
(metastasize). Readily metastasized malignant melanoma caused by absorption of UV-B radiation is 
often fatal. Fortunately, this form of skin cancer is not very common, although becoming more so.

7.9.1 C hlorofluorocarbons and Stratospheric Ozone Depletion

The major culprit in ozone depletion consists of CFC compounds, commonly known as “freons.” 
Other kinds of compounds are implicated in ozone depletion as well, especially the brominated 
halons used in aircraft fire extinguishers, but never produced in quantities comparable to those 
of the CFCs. The volatile CFCs were manufactured, used, and released to a very large extent in 
the decades following their discovery in the 1930s. The major use associated with CFCs has been 
as refrigerant fluids. Other applications have included solvents, aerosol propellants, and blow-
ing agents in the fabrication of foam plastics. The same extraordinarily high chemical stability 
that makes CFCs nontoxic enables them to persist for years in the atmosphere and to enter the 
stratosphere. In the stratosphere, the photochemical dissociation of CFCs by intense ultraviolet 
radiation

	 CF Cl Cl CClF2 2 2+ → ⋅+ ⋅hν 	  (7.33)
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yields chlorine atoms, each of which can go through chain reactions involving first the reaction of 
atomic chlorine with ozone:

	 Cl O O O3 2⋅ + → ⋅ +Cl 	  (7.34)

In the most common sequence of reactions involved with stratospheric ozone destruction, the 
ClO⋅ radicals react to form a dimer, which then reacts to regenerate Cl atoms, which in turn react 
with ozone to regenerate ClO⋅ in the following reaction sequence (where M is an energy-absorbing 
third body, such as an N2 molecule):7

	 ClO ClO ClOOCl⋅ + ⋅→ 	  (7.35)

	 ClOOCl ClOO Cl+ → ⋅+hν 	  (7.36)

	 ClOO M Cl O M2⋅ + → ⋅ + + 	  (7.37)

	 2Cl 2O 2ClO 2O3 2⋅ + → ⋅ + 	  (7.38)

	 2O 3O net reaction3 2→ ( ) 	  (7.39)

The net effect of these reactions is catalysis of the destruction of several thousand molecules of 
O3 for each Cl atom produced. Because of their widespread use and persistency, the two CFCs of 
most concern in ozone destruction are CFC-11 and CFC-12, CFCl3 and CF2Cl2, respectively. Even 
in the intense ultraviolet radiation of the stratosphere, the most persistent CFCs have lifetimes of 
the order of 100 years.

7.9.2 A ntarctic Ozone Hole

The most prominent instance of ozone layer destruction is the so-called “Antarctic ozone hole” that 
was first firmly established in 1985 by the British Antarctic Survey and observed with great alarm 
in subsequent years. This phenomenon is manifested by the appearance during the Antarctic’s late 
winter and early spring months of September and October of severely depleted stratospheric ozone 
(up to 50%) over the polar region. The reasons why this occurs are related to the normal effect of 
NO2 in limiting Cl-atom-catalyzed destruction of ozone by combining with ClO:

	 ClO NO ClONO2 2+ → 	  (7.40)

During the winter in the polar regions, particularly Antarctica, at temperatures below −70°C, 
NOx gases are removed along with water by freezing to produce ice crystals or aerosols composed 
of liquid supercooled ternary mixtures of HNO3, H2SO4, and H2O in which chlorine originally from 
CFCs is held in the form of ClONO2 and HCl in polar stratospheric clouds. The reaction of HCl 
(which comes primarily from the reaction of stratospheric methane, CH4, with Cl⋅ atoms produced 
from CFCs) with ClONO2

	 ClONO HCl Cl HNO2 2 3+ → + 	  (7.41)

releases Cl2. Under the conditions of low temperature and sunlight that prevail in the lower strato-
sphere above Antarctica in spring, the Cl2 released and the HOCl produced by the reaction of Cl2 
with H2O undergo photodissociation

	 Cl 2Cl2 + → ⋅hν 	  (7.42)

	 HOCl HO Cl+ → ⋅ + ⋅hν 	  (7.43)
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to produce Cl atoms that can undergo the sequence of chain reactions (Reactions 7.35 through 7.38) 
leading to ozone destruction. The preceding reactions are aided by the tendency of the HNO3 prod-
uct to become hydrogen-bonded with water in the cloud particles. The result of these processes is 
that over the winter months, photoreactive Cl2 and HOCl accumulate in the Antarctic stratospheric 
region in the absence of sunlight, then undergo a burst of photochemical activity when spring 
arrives, leading to stratospheric ozone destruction and the formation of the Antarctic ozone hole.

The story of the discovery of the Antarctic ozone hole is an interesting one. Depletion of lower 
atmosphere ozone in Antarctica was first observed in the 1970s, and the first accurate measurements 
were taken in 1985. The drop in ozone levels during the Antarctic spring of 1985 was so dramatic 
that the scientists measuring it assumed that their instruments were faulty and had new instruments 
assembled and flown in, which confirmed the low ozone levels. The TOMS satellite designed to 
provide stratospheric ozone measurements did not pick up the ozone hole because the software ana-
lyzing the satellite data was designed to throw out very low readings as faulty! Subsequent analysis 
of the data showed that the Antarctic ozone hole did in fact occur, and it has been mapped accurately 
every year since 1985.

The largest Antarctic ozone hole on record was 29.8 million km2 reached on September 10, 2000, 
and extending over the southern parts of South America, including the city of Ushuaia, Argentina. 
Again in 2006, the area of the Antarctic ozone hole was essentially as large at 29 million km2. 
In 2012 the Antarctic ozone hole reached 21 million km2 compared to 26 million km2 in 2011, 
22 million km2 in 2010, and 24 million km2 in 2009.

7.9.3 N obel Prize in Environmental Chemistry

A richly deserved Nobel Prize in Chemistry, the first ever for environmental chemistry, was awarded 
in 1995 to three scientists, Paul J. Crutzen, Mario J. Molina, and F. Sherwood Rowland, for their 
work on the role of CFCs in ozone depletion. In 1970, Dr. Crutzen, Director of the Department of 
Atmospheric Chemistry at Max Planck Institute for Chemistry, Mainz, Germany, showed that nitro-
gen oxides are involved with the balance of levels of upper atmospheric ozone, suggesting that cata-
lytic substances from anthropogenic sources, such as NO emitted by high-flying supersonic aircraft, 
could accelerate the natural destruction of stratospheric ozone, lowering the levels of this essential 
substance. Drs. Molina and Rowland working at the University of California Irvine established that 
photodissociation of stratospheric CFC contaminants could put catalytic amounts of atomic Cl into 
the stratosphere, which would be extraordinarily effective in destroying ozone. Their work provided 
the basis upon which the United Nations Environment Programme (UNEP) arrived at the Montreal 
Protocol of 1987, through which production and use of CFCs were to be phased out.

7.10  INDOOR AIR POLLUTION AND THE MICROATMOSPHERE

The indoor microatmosphere (see Chapter 6, Section 6.8) presents some special problems for air 
pollution and health.10 Generally, whatever is in outside air comes inside as well. And additional air 
pollutants may be generated inside from sources such as outgassing of volatile organic compounds 
(VOCs) from paints and resins, combustion by-products from cooking stove burners or incense 
burning, and ozone from laser printers and electrostatic air cleaners. Cigarette smoking produces 
a variety of indoor air pollutants that affect not only the smoker, but other people in the room as 
well with emissions that include formaldehyde, benzene, and fine particles including carcinogenic 
polycyclic aromatic hydrocarbons.

VOCs can present special problems in the indoor microatmosphere. A common source of such 
emissions consists of oil-based paints from which the volatile paint vehicles evaporate as the paint 
dries. Water-based latex paints even have the potential to emit air pollutants. One such source con-
sists of coalescents added to these paints that enable the colloidal particles in the paint to spread, 
giving a uniform painted surface. A Presidential Green Chemistry Challenge award was given to 
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the Archer Daniels Midland Company in 2005 for the development of vegetable-oil-based coales-
cents that do not evaporate but react with oxygen in the air to become part of the paint coating.

Cases have been reported of “sick building syndrome,” in which people occupying certain build-
ings have been afflicted with respiratory distress, allergenic reactions, and other adverse health 
effects attributed to the microatmospheres in the buildings in which they work. In such cases, the 
culprit has often been attributed to emissions such as VOCs emitted from synthetic materials used 
in wall paneling, furniture, and carpets in the building.

Some of the most harmful indoor atmospheres are created in less developed regions where poorly 
ventilated open fires are used for cooking. These may be in regions where cooking fuel is scarce and 
wood, brush, and dried animal dung are used for fuel.

As discussed in Section 7.2, radioactive radon emitted from the geosphere below dwellings can 
be a serious indoor air pollutant. In some areas where radon can be a problem, testing for this indoor 
air pollutant is required when a dwelling is sold, and it may be necessary to install ventilation facili-
ties around the foundations of afflicted buildings.

The workplace can often suffer from unhealthy indoor air quality due to emissions of materi-
als as the result of activities in the workplace. In Chapter 6, Section 6.8, the unfortunate case was 
discussed of workers in Turkey who developed lung silicosis resulting from their sandblasting jeans 
to give them a “distressed” appearance. Because of emissions from primers and paints, the micro-
atmospheres in auto body shops may contain high levels of VOCs and particles produced in spray 
painting.

An important device for controlling indoor air pollutants is the HEPA (high-efficiency particu-
late air) air filtration system that removes at least 99.97% of particles greater than 0.3 μm in size 
from the air passing through the filtration system. Air pollutant molecules such as those of ozone, 
SO2, or NO2 are not removed by particle filtration, but may be reduced by reaction with the filter 
material and particulate matter held on the filtration system.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the text. So in some 
cases, there may be several “right” answers. Therefore, if your answer reflects intellectual effort and 
a search for information from available sources, it may be considered to be “right.”

	 1.	What starts a photochemical reaction? What is it called when a series of reactions initiated 
by a photochemical event continues?

	 2.	What is a free radical?
	 3. In what two important respects may very small particles participate in atmospheric chemi-

cal processes and why are their health effects particularly important?
	 4.	What are the two major classes of atmospheric particles based upon how they are produced?
	 5.	 In the earlier days of coal utilization, fly ash was not a major problem. What has changed 

that has resulted in much greater production of fly ash? What modern mode of coal com-
bustion significantly reduces the production of fly ash and acid gases from combustion?

	 6.	Suggest why lead has become less of a problem as an atmospheric pollutant in recent years.
	 7.	What is the radioactive element that can get into indoor spaces from underground sources?
	 8.	What is the atmospheric phenomenon caused most prominently by particles 0.1–1 μm in 

size? Why are very small particles especially dangerous to breathe?
	 9.	What is the major adverse health effect of carbon monoxide? Using an Internet search, see 

if there is any evidence for the production of carbon monoxide in the human body as part 
of normal metabolic processes.
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	 10.	 In what sense is acid rain a secondary air pollutant? What is the chemistry behind the 
formation of most acid rain constituents? Explain how particles in the atmosphere may be 
either primary or secondary air pollutants?

	 11.	Explain why condensation aerosols are generally regarded as of greater health risks than 
are dispersion aerosols. Give two examples of dispersion aerosols that have caused health 
problems.

	 12.	What is black carbon in the atmosphere? How have sources of this air pollutant changed 
over the last century? Why may it be particularly important in Arctic regions?

	 13.	 It is believed that some victims of residential or industrial fires have been killed by a toxic 
gas released when acrylonitriles, polyurethanes, wool, or silk are burned. What is the 
likely toxic agent in such a case and why is it produced from these materials?

	 14.	Two small-molecule gaseous air pollutants are emitted from rice paddies to the atmo-
sphere. What are these chemicals, and what are their major air pollution effects?

	 15.	What is the condition called bronchiolitis fibrosa obliterans? What common air pollutant 
that may be present at harmful levels in localized atmosphere may cause this toxic effect?

	 16.	 If Yellowstone National Park in the United State was an industrial facility, parts of it might 
be put off limits by regulatory authorities to unprotected workers due to a toxic air con-
taminant. Explain.

	 17.	A search of the Internet will bring up stories that during the Civil War in the United States, 
the atmospheres of battlefields were often afflicted by two organonitrogen pollutants when 
bodies of dead soldiers and animals were left in the field for several days. These com-
pounds had sickening odors and could even be toxic in the atmosphere. What are they and 
how are they produced?

	 18.	What is the serious air pollution phenomenon resulting from an atmospheric reaction of 
sulfur dioxide?

	 19.	 In what form may approximately half of the sulfur in coal be physically separated before 
combustion?

	 20.	What is an important health effect of nitrogen dioxide? Why is NO2 particularly important 
in atmospheric chemistry?

	 21.	 In 2008/2009, indoor air pollution problems arose in newer houses due to toxic dry wall. 
What was the cause of this problem and how does it relate to material covered in this 
chapter?

	 22.	What are five categories of adverse effects from acid precipitation?
	 23.	Chemically, what is distinctive about ammonia in the atmosphere?
	 24.	What is the historic evidence for the toxicity of elemental chlorine in air?
	 25.	What are some sources of atmospheric hydrogen sulfide? Is it a health concern?
	 26.	 In what respect is atmospheric carbon dioxide essential to life on Earth? Why may it end 

up being the “ultimate air pollutant?”
	 27.	What are the ingredients and conditions leading to the formation of photochemical smog? 

Are all the ingredients from what are commonly regarded as pollution sources?
	 28.	Can microorganisms be involved in the destruction of atmospheric carbon monoxide? 

Explain.
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8 Sustaining the Atmosphere
Blue Skies for a Green Earth

8.1  PRESERVING THE ATMOSPHERE

Nothing is more important to the sustenance of life on Earth than the sustainability of the atmosphere. 
At the beginning of Chapter 7, it was noted that humans have a most intimate relationship with the 
atmosphere through the air that they breathe. If the atmosphere contains toxic pollutants, human 
health will be harmed. Toxic substances in the atmosphere may also harm plants and stunt the 
growth of food crops and forest trees. The atmosphere also plays a vital protective role for the 
Earth System, defined and discussed in Chapter 1, Section 1.6, especially in regulating Earth’s 
temperature and in filtering out harmful electromagnetic radiation.

This chapter is about sustaining the atmosphere in a condition most conducive to life on Earth 
and the quality of the Earth System. It emphasizes means of controlling the release of atmo-
spheric pollutants, including measures to destroy or sequester such pollutants before they can be 
released into the atmosphere. It is important to emphasize practices that prevent the production 
of pollutants in the first place, including green chemistry and industrial ecology (see Chapters 14 
through 16). Included is a discussion of threats to the stratospheric ozone layer, which is so 
essential in filtering out damaging ultraviolet solar radiation and measures that may be taken 
to preserve this vital filter. Of overwhelming importance is the influence of the atmosphere in 
regulating Earth’s temperature and the threat of global climate change resulting from release of 
greenhouse gases to the atmosphere. In addition to minimizing the release of these gases, it is 
important to adopt measures to deal with the effects of global climate change that are already 
under way.

In considering sustainability of the atmosphere, it is very important to consider the interac-
tions of the atmosphere with the other global spheres. The anthrosphere is obviously important 
both as a source of atmospheric pollutants and for the effects of atmospheric conditions on it. 
One of the most prominent aspects of the anthrosphere/atmosphere interaction is the production 
and utilization of energy in the anthrosphere, particularly with respect to burning fossil fuels 
that release greenhouse gas carbon dioxide. The biosphere is obviously influenced strongly by 
the atmosphere with respect to such things as the toxic effects of atmospheric pollutants on 
organisms and the influence of meteorological conditions on bioproductivity. The biosphere 
also has strong influence on the atmosphere, including the ability of photosynthetic organ-
isms to remove atmospheric carbon dioxide from the atmosphere and the release of biogenic 
hydrocarbons that are involved in photochemical smog formation. The hydrosphere is strongly 
affected by the atmosphere, especially with respect to the influence of atmospheric conditions 
on rainfall, evaporation of liquid water, melting of snow cover accelerated by the deposition of 
light-absorbing matter (black carbon) from the atmosphere, and the hydrologic cycle in general. 
The geosphere is strongly affected by the atmosphere, especially in conversion of large areas of 
the geosphere to desert resulting from atmospheric climate change. In addition, the geosphere 
influences the atmosphere through volcanic emissions of sulfur dioxide and particles and by the 
topography of the geosphere surface that helps to confine air masses in which photochemical 
smog is formed.
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8.1.1  Preservation of the Atmosphere’s Natural Capital

In Chapter 6, Section 6.4, the atmosphere’s natural capital was described. It includes the raw materi-
als that are taken from the atmosphere such as oxygen used by organisms, for combustion, and as an 
industrial chemical; nitrogen that in the elemental form serves as an inert atmosphere and as a cryo-
genic liquid that is fixed biologically and chemically to serve as an essential plant nutrient and indus-
trial chemical; carbon dioxide required for plant photosynthesis; protection from damaging solar 
ultraviolet radiation; temperature stabilization (greenhouse effect); esthetics (visibility); and capacity 
to absorb and process wastes. Sustaining the atmosphere requires preservation of its natural capital.

There is no danger of diminishing the atmosphere’s store of essential oxygen, nitrogen, or carbon 
dioxide. However, human activities are threatening other parts of the atmosphere’s natural capital. 
The emission of chemical species that have the capacity to diminish the stratospheric ozone layer has 
posed some threat to this valuable ultraviolet radiation filter. Esthetics and visibility are marred by 
emission of particles and gases that react to form particles. The capacity of the atmosphere to process 
wastes is taxed by emissions of acid-forming gases, particles, and organics. And the greatest threat of 
all is posed by increased levels of carbon dioxide and other greenhouse gases that can disturb the deli-
cate equilibrium that keeps Earth’s temperature within limits suitable for life on the planet. These and 
other sustainability matters related to the atmosphere’s natural capital are addressed in this chapter.

8.2  GREATEST THREAT: GLOBAL CLIMATE WARMING

Arguably, the greatest threat posed to the atmosphere and to the Earth System as a whole is the emis-
sion of carbon dioxide and other gases that have a warming effect on the atmosphere. Figure 6.4, in 
Chapter 6, shows the heat balance of Earth’s atmosphere, primarily in the troposphere. The electro-
magnetic solar energy that impinges on Earth comes in primarily as light in a wavelength range of 
400–800 nm with maximum intensity at a wavelength of about 500 nm. An exactly equivalent amount 
of energy must leave the Earth System, which it does primarily as infrared radiation with maximum 
intensity at about 10 μm, mostly within the range between 2 and 40 μm. Infrared-absorbing species, 
the greenhouse gases that include water vapor (H2O), carbon dioxide (CO2), methane (CH4), ozone 
(O3), and other minor species in the atmosphere, absorb some of the outbound infrared radiation, which 
which is eventually all radiated to space. The temporary absorption of infrared radiation warms the 
atmosphere—a greenhouse effect—without which Earth’s average surface temperature would be about 
−18°C and unsuitable for life instead of the relatively comfortable average level now of about 14°C.

An increase in greenhouse gas levels tends to raise the altitude of the region from which infrared 
radiation is emitted into space and to increase the temperature of the troposphere below. Compared 
to preindustrial climate conditions, the extra radiant energy that must be emitted to maintain the 
heat balance of the Earth System is now about 2 W/m2, which is small compared to the solar flux 
of 1340 W/m2, but sufficient to raise atmospheric temperature somewhat more than 0.5°C. The 
Intergovernmental Panel on Climate Change (IPCC) has called this effect radiative forcing, which 
the group defined in 2001 as, “The radiative forcing of the surface-troposphere system due to the 
perturbation in or the introduction of an agent (say, a change in greenhouse gas concentrations) is 
the change in net (down minus up) irradiance (solar plus long-wave; in W/m2) at the tropopause after 
allowing for stratospheric temperatures to readjust to radiative equilibrium, but with surface and 
tropospheric temperatures and state held fixed at the unperturbed values.”1 Basically, radiative forc-
ing is a concept that enables assignment of values of temperature increase or decrease to factors that 
influence global temperature—as examples, a positive value for an increase in atmospheric levels of 
greenhouse gases (carbon dioxide) that have a warming effect and a negative value for factors that 
tend to decrease atmospheric temperature, such as increased levels of radiation-reflecting aerosols.

Atmospheric gases tend to absorb outbound infrared radiation largely throughout its wavelength 
range except for a gap between 8 and 13 μm. Small increases in levels of carbon dioxide, especially, 
have a relatively large effect on infrared absorption because they fill gaps in the infrared absorption 
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spectrum where other gases, especially water vapor, absorb less strongly. Figure 8.1 shows the infra-
red absorption spectrum of carbon dioxide. A strong absorption band spanning about 13–18 μm is of 
particular significance because it is in an area where the main greenhouse gas, water vapor, absorbs 
relatively weakly. Increases in atmospheric carbon dioxide levels effectively widening this band fill 
in the “wings” of the band and increase the absorption of outbound infrared radiation. Sloan and 
Wolfendale2 have called this phenomenon “closing the blinds” on the “window” through which 
infrared radiation leaves the Earth System. Methane, which is present at much lower levels in the 
atmosphere than carbon dioxide, and some other trace-level gases from the anthrosphere likewise 
have a large impact per molecule on the absorption of infrared radiation, although their overall 
impacts are relatively small because of their low atmospheric concentrations.

As shown in Figure 8.2, the atmospheric concentration of carbon dioxide has been increas-
ing. During the past several decades, the increase has been around 1 ppm/year and now may be 
approaching 2 ppm/year. This increase has been so significant that climatologists have used it as a 
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FIGURE 8.1  The infrared absorption spectrum of atmospheric carbon dioxide. The “wings” on the large 
band on the right (see vertical arrows) are particularly significant with respect to atmospheric warming 
because the increase in carbon dioxide levels has the effect of widening the band into these areas of the 
infrared spectrum and filling in a gap in the wavelength region in which atmospheric gases absorb infrared 
radiation leaving the Earth System.
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means of measuring Earth’s evolution into the Anthropocene epoch, which, as noted in Chapter 1, 
Section 1.6, many scientists believe is taking the place of the Holocene epoch during which civiliza-
tion has existed since the end of the last ice age. The beginnings of the Anthropocene are commonly 
dated to around 1800 after which the first perceptible human-caused increases in atmospheric car-
bon dioxide levels began. From around 280 ppm in 1800, the concentration of atmospheric carbon 
had reached 310 ppm in 1950. This date marks the beginning of what has been called “the great 
acceleration” in which levels of atmospheric carbon dioxide have increased at an accelerating pace 
until the present. As shown in the plot, the level of atmospheric carbon dioxide was around 270 ppm 
in past interglacial periods and went down to as low as 180 ppm at the peaks of past glaciations.

Most of the recent increase in atmospheric carbon dioxide has been attributed to combustion of 
fossil fuels and to a lesser extent loss of rain forests. The latter adds carbon dioxide to the atmo-
sphere from the burning of biomass and the decay of biomass forest litter, which is accelerated by 
tree removal. The destruction of vegetation slows the removal of carbon dioxide from the atmo-
sphere by photosynthesis. This phenomenon is shown by the inset in Figure 8.2, which exhibits an 
annual fluctuation of several ppm in atmospheric CO2. This plot is for the Northern Hemisphere 
where abundant vegetation, especially in forests thriving in middle latitudes, is particularly active 
in photosynthesis. The minimum in the annual cycle of atmospheric carbon dioxide in the Northern 
Hemisphere occurs in late September and early October as the growing season ends and the maxi-
mum is observed in April following a winter season with relatively little photosynthesis during 
which carbon dioxide has been entering the atmosphere from combustion and respiration of organ-
isms including biomass decay.

8.2.1 I ncreasing Temperature

The likely consequences of global climate change are many and profound. Global warming of just 
1°C or 2°C would seriously impact the Earth System and it is possible that warming over the next 
century will be more than 2°C. Climate models predict an average global temperature increase of 
1.5–5°C with a doubling of atmospheric carbon dioxide levels. That amount of warming is about as 
much again as the temperature increase that occurred from the last ice age until now. Especially if the 
warming is toward the high side of the projected range, it would greatly affect climate and rainfall.

It is virtually certain that global warming is already under way as Earth enters the Anthropocene 
epoch. There are some uncertainties in measurements of Earth’s temperature with differences 
between land surface temperature and those of the oceans and variations with geographic area. 
Earlier data from a century or more ago are especially uncertain, because they are based on read-
ings of surface temperature taken in scattered locations over the globe. However, since 1979, very 
accurate global temperature readings have been obtained by satellite measurements of Earth’s irra-
diance. Figure 8.3 shows Earth surface temperature anomalies relative to the 1960–1990 average 
as measured from surface monitoring locations. The plot shows a definite upward trend since 1975.

Global temperatures analyzed by the Goddard Institute for Space Studies (GISS) in New York 
City show that the 1980s were the warmest decade on record globally since reasonably accurate 
global temperatures have been measured. The 1980s were followed by a warmer decade in the 
1990s and the warmest decade of all from the beginning of 2000 to the end of 2009. The hottest 
years ever documented historically were 2005 and 2010 with 1998, 2002, 2003, 2006, 2007, and 
2009 all essentially tied for third.

8.2.2  Passing the Tipping Points

The increase in global temperature during recent years shown in Figure 2.5 is small compared to 
normal short-term fluctuations in weather temperature. The Earth System has huge inertia that will 
tend to delay temperature increases. A major factor contributing to this inertia is the great mass of 
the oceans, which average about 4 km deep around the globe and are filled with water, which has 
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the highest heat capacity of all common substances. The second major factor contributing to Earth’s 
vast inertia consists of great ice sheets, which may be 2–3 km thick in Antarctica and Greenland. Ice 
has a very high heat of fusion, which means that a tremendous amount of energy must be absorbed 
to melt it. The Earth System heat inertia has the effect of masking global warming for some time. 
The danger is that climate tipping points will be exceeded before it is obvious that they even exist. 
Tipping points are factors with positive feedbacks, which beyond a certain level feed upon them-
selves. A common example discussed in Section 8.2.3 is melting of surface ice that exposes heat-
absorbing rock and soil leading to additional ice melting.

8.2.3 L oss of Ice Cover

Ice, especially when covered by layers of snow, reflects incoming solar energy. As the ice melts, 
surfaces are exposed, which absorb solar energy much more effectively. As an example, the melting 
of Arctic Ocean sea ice, which is now taking place during summer months, exposes seawater, which 
absorbs solar energy much more effectively than does ice, which leads to increased melting of the 
ice and additional absorption of heat. A second example is provided by the melting of ice that has 
covered Greenland’s land mass for millennia. The melting exposes surface rock and soil that absorbs 
solar energy much more effectively than ice with the result that more heat is absorbed and more of the 
ice melts. Furthermore, the liquid water produced by the melting flows to a low spot on the ice where 
it burrows and creates a vertical shaft called a moulin that penetrates to the base of the ice mass. This 
infiltrating water lubricates the interface between the ice and the surface below, which enables large 
masses of ice to move physically into oceans, further contributing to ice loss. Of particular concern is 
the possible melting and loss of the West Antarctic ice sheet now resting on bedrock below sea level.

Satellite measurements of Arctic sea ice since the late 1970s show a shrinkage of about 30% in 
the late summer ice cap during that period. The loss of Antarctic ice is now around 100 km3/year. 
During the past several decades, the melt area of the Greenland ice cap has increased by 50% with 
an annual loss of about 200 km3/year. (Indications are that snowfall in Greenland above an altitude 
of 2000 m has been increasing as global warming has pumped more water into the atmosphere.)

8.2.4 G laciers and Water Supply

Important collateral damage from the shrinkage of mountain glaciers in the Himalayas, Andes, 
Alps, and the U.S. and Canadian Rockies is the adverse effect on water supply. Some of the world’s 
most notable rivers, crucial as sources of irrigation water and water supply as well as waterways 
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for navigation, are fed by glaciers. One of the most important of these is the Brahmaputra River, 
which goes by several names in its 2900 km course from glacial origins in Tibet, through India, 
and which discharges through Bangladesh into the Bay of Bengal. Prone to catastrophic spring-
time flooding, this river is an essential source of irrigation water for crops that feed millions of 
people and is widely used for navigation. Another great glacier-fed river is the 3200 km long Indus, 
which originates on the Tibetan Plateau (the world’s third largest store of ice after Antarctica and 
Greenland), flows through parts of India, and then across Pakistan to empty into the Arabian 
Sea near Karachi. The major concern with these and some other glacier-fed rivers is that with 
global warming, the glaciers will stop producing liquid water during the late summer causing 
severe shortages of irrigation water and disruptions in navigation. Another possibility is that with 
increased water vapor in the atmosphere due to global warming, huge quantities of snow will 
accumulate in high-altitude glacial regions followed by rapid melting and catastrophic down-
stream flooding in the warmer spring and early summer. This could lead to an annual cycle of 
devastating flooding in part of the year followed by severe drought and water shortages later in 
the year.

8.2.5  Expansion of Subtropical Arid Regions and Drought

An effect of global warming with special implications for food supply is the poleward spread 
of the subtropical dry regions. This occurs as air rises in the tropics and sinks in the subtropics 
causing the subtropics to become drier. This effect is now estimated to have caused movement 
of the subtropic margin toward the poles averaged over all longitudes (east/west around Earth) 
of about 4 degrees of latitude. Areas of Africa, parts of the southern United States, regions of 
Australia, and the Mediterranean region have become drier as a consequence. In 2011, the worst 
drought in 60 years hit African regions of Ethiopia, Somalia, and Northern Kenya putting as 
many as 10 million people at risk of starvation in the region and killing hundreds of thousands 
of farm animals.

Although a warmer Earth with increased water evaporation and subsequent precipitation will 
cause some areas to become wetter and more prone to storms with severe rainfall events, other 
areas, such as the subtropical arid regions discussed in the preceding paragraph, will experi-
ence less rainfall and severe drought. It is anticipated that in the United States, the problem will 
be especially severe in the Colorado River basin where water sources are already stressed by 
population pressures. Increased evaporation of water will intensify water shortages brought on 
by drought by reducing runoff and water available for agricultural, industrial, and municipal 
applications. The demand for irrigation water will increase leading to pumping and depletion of 
underground water aquifers. The irrigation water and runoff water will tend to be more saline 
and of generally lower quality.

8.2.6 S ome Other Effects of Global Climate Change

It is likely that there will be a number of environmental surprises other than increasing tempera-
tures associated with global warming. These include infestations of plant and animal pests such as 
weeds, insects, and rodents likely to thrive better under warmer climate conditions. It is possible 
that the geographic distribution of some diseases now associated with tropical regions will spread 
along with the expansion of warmer areas. One of these of great concern is mosquito-borne malaria. 
Another likely effect of global warming is deterioration of coral reefs resulting from higher ocean 
levels and increased levels of dissolved carbon dioxide in seawater, which has the effect of dissolv-
ing the calcium carbonate that is the structural material of the reefs.
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8.3  DEALING WITH GLOBAL CLIMATE CHANGE

Possible means of coping with global warming may be divided into the three categories of (1) miti-
gation or minimization of emissions of greenhouse gases, (2) counteracting measures consisting 
of geoengineering measures to counteract the effects of greenhouse gases by increasing the frac-
tion of solar radiation reflected back into space, and (3) adaptation to global warming and climate 
change. These possibilities are discussed in Section 8.3.

8.3.1 M itigation and Minimization of Greenhouse Gas Emissions

The minimization of greenhouse gas emissions is strongly connected to the utilization of fossil 
fuels for energy because of the carbon dioxide that is emitted when these fuels are burned. While 
this source of atmospheric carbon dioxide realistically cannot be eliminated, much can be done to 
minimize it with existing technology.

8.3.1.1  Less Carbon Dioxide from Internal Combustion Engines
Internal combustion engines used in transportation are major sources of greenhouse gas carbon 
dioxide emissions and a logical place to look for reductions in such emissions. In keeping with 
that goal, on July 29, 2011, the U.S. government and major automakers announced that the U.S. 
automobile fleet is targeted to reach an average of 54.5 miles per gallon fuel economy by 2025. 
This would double the mileage of 27 mpg, the average for 2011 cars. One area in which greenhouse 
gas emissions from automobiles is being significantly reduced is with increasingly popular hybrid 
vehicles that combine batteries with highly efficient internal combustion engines that can readily 
cut in half the amount of carbon dioxide emitted to the atmosphere in moving equivalent quanti-
ties of passengers and freight. By using batteries that can be recharged from an electrical current 
source, as much as 50 km of driving range can be provided before the internal combustion engine 
is required to maintain propulsion. Such a driving range would enable at least half of routine com-
muting and local freight deliveries with energy taken from the electrical grid, which ultimately can 
be powered primarily with energy sources other than fossil fuels. Provision of charging stations in 
parking facilities can further extend the driving range of hybrids that can be charged from external 
electricity sources. Charging stations are provided by some employers as a fringe benefit.

The use of methane (natural gas, CH4) to power the internal combustion engines in both conven-
tional and hybrid vehicles can significantly reduce greenhouse gas emissions from transportation 
sources. Compared to other fossil fuels, methane contains a much higher proportion of hydrogen to 
carbon so that its combustion produces relatively less carbon dioxide and more water. A problem 
with methane fuel is the limited amount that can be carried as the pressurized gas. That is less of 
a problem with vehicles that are locally driven, and that thus never need be far from a methane 
refueling station. One of the most common examples consists of methane-fueled buses, which now 
make up a large proportion of the buses used around many airport terminals. Long-distance truck 
transportation is also a good candidate for use of methane fuel dispensed from truck stops. Methane 
should make a good fuel for locomotives with the compressed fuel contained in several tank cars 
attached immediately behind the locomotives that could readily be exchanged for filled cars as the 
fuel becomes exhausted. The exceptional fuel economy achieved with hybrid vehicles means that a 
methane-powered hybrid would contain enough fuel to provide acceptable driving range. Efforts are 
being made to develop solid adsorbent materials, generally based on specialized activated carbon, 
that can hold large quantities of methane or elemental hydrogen fuel.

A possible option for trucks and locomotives is the use of engines running primarily on meth-
ane but compression-ignited with diesel fuel.3 With such an engine, air mixed with methane is 
pulled into the engine cylinder on the intake stroke and highly compressed during compression (see 
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Figure 8.8). The mixture is too lean in methane fuel to ignite, but at the peak of the compression 
stroke, a small amount of diesel fuel is injected, which ignites and causes the methane to burn. This 
is an application of the stratified-charge ignition concept that enables internal combustion engines 
to run on a fuel/air mixture that is too lean (fuel-deficient) to ignite with a spark or under compres-
sion but can be ignited by a small fuel-rich ignition zone created by injecting fuel directly into a 
small region of the combustion chamber (in a spark-ignited engine directly onto the spark plug). 
With this kind of engine, about 90% of the energy could come from clean-burning methane with the 
remainder from diesel fuel. It should also be possible to design a stratified charge engine that could 
temporarily switch over completely to diesel fuel if the methane tank were depleted.

8.3.2 T ransportation Alternatives to the Internal Combustion Engine

Greenhouse gas emissions from the transportation sector can be greatly reduced by switching from 
trucks for freight transportation to electrically powered rail using electric power generated by means 
that do not use fossil fuels. Unlike Europe and some Asian countries where electrically powered 
trains are the rule, relatively little of the U.S. rail system is powered with electricity. Since about 
1990, there has been substantial growth in the shipment of containers and trucks by rail, and this less 
energy-intensive means of transport has already saved large amounts of fuel and prevented release 
of much carbon dioxide. Increasing reliance on rail freight transport in the United States would 
benefit from updating the rail network with connections to some locations not now served by rail. 
In some cases, interstate highway rights of way can be used for construction of such connections.

8.3.3 H eating and Cooling

Fossil fuels can be used much more efficiently for heating and cooling. Because of its low carbon 
dioxide emissions, methane is the best fossil fuel for heating buildings. Significant savings in fuel 
and greenhouse gas emissions can be achieved by using methane in hybrid heating and cooling sys-
tems. In such a system, natural gas would be employed in an internal combustion engine coupled to 
a heat pump and to an electrical generator to produce electricity. For heating, all of the engine heat 
normally dispersed in cooling the engine and in the exhaust would be reclaimed. The heat pump 
would pump in heat energy from the outside for heating and reverse the process for cooling during 
hot periods. Numerous such units attached to dwellings and to commercial buildings could serve 
to provide electricity to an electrical grid reducing pressures on centralized electricity distribution 
systems and providing diversity in such systems.

For relatively high-density residential and commercial areas, district heating and cooling 
systems can provide significant economies and reduced greenhouse emissions. Such systems are 
common in Europe and on university campuses in the United States. Basically, they consist of 
centralized power stations from which steam or hot water are distributed in pipes for heating and 
chilled water is distributed for cooling. The outline of such a system is shown in Figure 8.4.

8.3.4 C arbon Capture

Carbon capture refers to measures that at least temporarily remove carbon dioxide from the atmo-
sphere or prevent its release to the atmosphere. One way in which net release of carbon dioxide to 
the atmosphere is prevented is the use of biomass for fuel and raw material in place of petroleum. 
When biomass is burned, carbon dioxide is released, but exactly the same amount of carbon dioxide 
was removed from the atmosphere for the photosynthetic production of the biomass. Therefore, on 
balance, using biomass as fuel does not add carbon dioxide to the atmosphere. If biomass is not 
burned or does not decay, its production amounts to a net loss of atmospheric carbon dioxide.

A tantalizing possibility with respect to the use of biomass fuels arises from the fact that pho-
tosynthesis in most plants is only about 0.5% efficient. Increasing this value to even just 1% would 
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make photosynthetic production of biomass much more attractive. Such an increase may be possible 
using genetically engineered plants. Another possibility is to use algae to produce biomass. Algae 
typically make biomass at a rate several times that of terrestrial plants.

Biomass added to soil in the form of photosynthetically generated stalk or straw by-products 
of crop production has the effect of temporarily removing carbon dioxide from the atmosphere. 
Eventually, most of the biomass incorporated into soil decays and releases its carbon back to the 
atmosphere as carbon dioxide. However, biomass can be pyrolyzed to release volatile matter leaving 
a pure carbon residue called biochar. Biochar does not decay and the elemental carbon of which 
it is composed remains in soil. Biochar is being advocated as a soil additive that retains nutrients 
and water and sequesters within soil the carbon dioxide produced in the decay of plant matter. The 
volatile matter released in making biochar contains liquids and gases that can be used as fuel and 
as feedstocks for chemical synthesis.

Carbon sequestration is employed to capture carbon dioxide generated in combustion, fossil 
fuel gasification, and fermentation (such as in the production of bioethanol) and to place the carbon 
dioxide where it cannot be released into the atmosphere.4 Carbon sequestration works best with 
concentrated sources of carbon dioxide. The carbon dioxide from conventional sources where fossil 
fuels are burned in air is so dilute that its capture for sequestration is challenging and expensive. In 
coal gasification to produce elemental hydrogen, however, carbon in coal is reacted at high tempera-
tures with oxygen and steam in several reactions for which the overall process is

	 2C coal O 2H O 2CO 2H2 2 2 2( ) + + → + 	 (8.1)

The net result is the production of a mixture of equal volume percentage carbon dioxide and 
elemental hydrogen. The hydrogen product is a premium nonpolluting fuel in applications such as 
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fuel cells and as a feedstock that can be used to make synthetic hydrocarbon fuels and a variety of 
chemical products such as ammonia, NH3.

Carbon dioxide can be sequestered in several ways. One approach is to pump the gas deep into 
cold ocean water, although there is concern that the slight lowering of pH of ocean water will be det-
rimental to marine life, particularly by interfering with the formation and settling of calcium carbon-
ate shells in some marine organisms (see the discussion of coral in Section 8.2.6). The carbon dioxide 
can be pumped into secure mineral formations far underground. Saline water in deep aquifers is very 
effective in permanently sequestering carbon dioxide. Installations for pumping contaminant carbon 
dioxide from some natural gas sources have been operated successfully for many years in several 
locations, most notably in the Sleipner gas field off the coast of Norway where about a million metric 
tons per year of carbon dioxide that composes around 9% of the gas is separated and pumped into the 
Ultsira aquifer formation about 800 m below the bed of the North Sea. In some cases, contaminant 
toxic hydrogen sulfide in natural gas sources is being sequestered underground along with the carbon 
dioxide. Another practice is to pump carbon dioxide into petroleum-bearing formations where it 
serves to stimulate release of crude oil in secondary petroleum recovery operations.

An interesting use of carbon dioxide is its conversion to methane or synthetic petroleum fuel. 
For such a system to work, it is necessary to have an abundant and inexpensive source of elemen-
tal hydrogen, H2, made by the electrolysis of water using renewable wind power or (especially in 
Iceland) geothermal energy. The key chemical reaction is a reverse water gas shift reaction

	 CO H CO H O2 2 2+ → + 	 (8.2)

followed by further reaction of CO with H2 to produce methane, CH4

	 CO 3H CH H O2 4 2+ → + 	 (8.3)

or through the Fischer–Tropsch synthesis reaction of CO and H2 to make higher alkanes such as 
isomers of octane, C8H18. The carbon dioxide used in this way is discharged to the atmosphere when 
the hydrocarbon is burned, but the fuel produced substitutes for fossil hydrocarbon fuels that other-
wise would be burned giving a net saving of carbon dioxide emissions.

8.3.5 A voiding Fossil Fuels

The most effective means of avoiding carbon dioxide emissions to the atmosphere is to not use fossil 
fuels. Substantial progress has been made in this area such as in the application of solar energy for 
direct home heating. Another possibility is the development of more efficient photovoltaic cells that 
convert solar energy directly to electricity. Photovoltaics are now marginally competitive with conven-
tional ways of producing electricity and improved efficiencies would make them more so. Development 
of processes for efficient production of hydrogen and oxygen by direct photodissociation of water

	 2H O 2H O2 2 2+ → +hν 	 (8.4)

followed by reaction of H2 and O2 in a fuel cell to produce electricity could also reduce consumption 
of fossil fuels and lower the release of carbon dioxide to the atmosphere.

8.3.6 A voiding Greenhouse Gases Other than Carbon Dioxide

It is important to prevent the release of greenhouse gases other than carbon dioxide, especially 
ultrastable volatile compounds that have a high greenhouse gas potential. An excellent example 
of green chemistry has been the replacement of chlorofluorocarbons (CFCs) (Freons such as 
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CF2Cl2) with analogous compounds having at least one C–H bond, which are rather quickly 
destroyed in the troposphere by chain reactions that begin by the abstraction of the H atom by 
tropospheric hydroxyl radical (HO∙). Although this was done to prevent destruction of strato-
spheric ozone by CFCs, it has been useful to reduce greenhouse warming. Although the com-
pounds that have a C–H bond act as greenhouse gases, their lifetimes during which they are 
available to absorb infrared radiation are much shorter than those of the CFCs. The production 
of extremely stable sulfur hexafluoride, SF6, and completely fluorinated hydrocarbons, such as 
CF4, should be avoided.

Another measure to avoid atmospheric warming is to limit the emissions of methane, CH4. Large 
quantities of methane are released by anoxic bacteria growing in flooded rice paddies. By develop-
ing strains of rice and means of cultivation that enable the crop to be grown in unflooded soil, this 
source of methane can be greatly reduced. Methane collection systems placed in municipal waste 
landfills can prevent the release of methane generated by anoxic decay of biomass in the landfills 
and provide a source of methane fuel.

8.3.7  Economic and Political Measures

In addition to appropriate technologies, economic, regulatory, and political measures are required 
to ensure that such technologies are employed to reduce carbon dioxide emissions. Mileage stan-
dards mandating automotive fuel economy have been effective in reducing use of petroleum and 
lowering amounts of carbon dioxide emitted. Such standards were implemented in the United 
States following shortages of gasoline in the 1970s. Unfortunately, they were not updated during 
the late 1900s and early 2000s, a time when the growing popularity of behemoth “sport utility” 
vehicles contributed to increased fuel consumption and it was not until 2007 that renewed mileage 
standards were implemented. As noted in Section 8.3.1.1, in 2011, regulations were announced 
that would require the U.S. automobile fleet to achieve an average of 54.5 miles per gallon fuel 
economy by 2025.

Carbon taxes on fossil fuel use can be very effective in reducing carbon dioxide emissions to 
the atmosphere. Very high taxes on gasoline and diesel fuel in Europe have resulted in significantly 
reduced automotive fuel use compared to the United States. One result has been a much higher 
percentage of diesel engines in vehicles in Europe; such engines are thermodynamically much more 
efficient than conventional gasoline engines because of their higher peak combustion temperatures. 
Cap and trade systems can be effective in limiting carbon dioxide emissions. Cap and trade regula-
tions applied in this manner allocate maximum amounts of carbon dioxide that firms may emit. 
A firm may buy rights to exceed its cap from another firm that is below its limit. An advantage of 
cap and trade is that it does not mandate the technologies used leaving that aspect to the private 
sector and to the ingenuity of entrepreneurs.

A political initiative to lower carbon dioxide emissions was the Kyoto treaty that resulted from a 
1997 meeting in Kyoto, Japan, of 160 nations representing most of the world’s population. Under the 
terms of this treaty, greenhouse gas emissions were to be reduced to 1990 levels over the 2008–2012 
time period, which would have resulted in a reduction by 23% compared to levels that would have 
been in effect without any action. In addition to carbon dioxide, other greenhouse gases restricted 
by the treaty include methane, nitrous oxide, sulfur dioxide, sulfur hexafluoride, hydrofluorocarbons 
(HFCs), and perfluorocarbons. The treaty was implemented in 2005 with virtually all the nations 
that participated signing it except for the United States. The refusal of the United States to ratify the 
agreement has resulted from the provision that exempts developing nations from the treaty’s terms 
for economic reasons. India and China are of particular concern because even though their emis-
sions per capita are much less than those of countries such as the United States and Australia, their 
huge and growing populations combined with their rapidly developing economies mean that they 
are emitting increasing quantities of greenhouse gases.
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8.3.8 C ounteracting Measures

Counteracting measures, sometimes called geoengineering, are those that potentially could be 
taken to slow greenhouse warming. Most of the measures suggested would operate by increasing 
aerosol particulate matter in the atmosphere, which would reflect incoming solar energy back into 
space. Most of these are based on production of light-reflecting haze produced by the atmospheric 
oxidation of atmospheric sulfur dioxide. The sulfuric acid and sulfates produced from it act as con-
densation nuclei around which atmospheric water vapor condenses to produce the reflective aerosol 
particles. The net effect is to increase the coverage, density, and brightness of the cloud cover that 
reflects incoming solar radiation. Evidence that this approach works in principle is provided by 
documented cooling effects of past massive volcanic emissions that were particularly rich in sulfur 
dioxide. There is also evidence to suggest that pollutant sulfur dioxide emissions cause a cooling 
effect in central Europe and the eastern United States during the summer as well as in urban areas 
of Asia. Some concerns have been expressed that successful efforts to curb sulfur dioxide emissions 
will result in additional atmospheric warming because of a reduction in the aerosol produced by 
sulfur dioxide.

A geoengineering approach based on production of light-reflecting atmospheric sulfate aerosols 
would entail discharging large quantities of sulfur dioxide from the anthrosphere into the atmo-
sphere. The enormous quantities of sulfur dioxide required and the collateral consequences, par-
ticularly increased acid rain, make it unlikely that this solution will ever be employed.

Alterations of surface albedo might be employed to reduce the amount of incoming solar radia-
tion absorbed at Earth’s surface. Freshly exposed dark soil absorbs most of the radiation that reaches 
it, so turning over soil by plowing increases heat absorption. Modern practices of conservation till-
age in which crop cover is left on top of the soil can reduce surface warming in agricultural areas. 
Conversion of cropland to forests and grasslands would also tend to have a cooling effect. Urban 
surfaces may also be modified to reduce absorption of solar radiation. Concrete pavement tends to 
reflect more solar radiation than does asphalt. One approach that has been tried is to cover roofs of 
buildings, typically covered by black roofing, with aluminum roofing or even with soil and energy-
reflecting vegetation.

8.3.9 A daptation

Given the inevitability of at least some (and perhaps a lot) of global warming and resultant cli-
mate change, adaptation in various forms will be required. Adaptation must deal with temperature 
increases and other climate changes  and will be among the main endeavors of the next generation 
of scientists and engineers.

8.3.10 H eat

One of the greater challenges of global warming is simply dealing with the effects of heat on 
people. Excessive heat kills more people each year than any other kind of weather event, with the 
elderly especially vulnerable. The August 2003 heat wave that afflicted much of Europe killed over 
1000 people in the United Kingdom. In that same deadly month, 15,000 people, mostly elderly, 
died from the heat in France where refrigerated warehouses were put into service to store bodies 
until they could be identified and disposed. Increased global temperatures will lead to demands 
for more air conditioning of dwellings, stores, and workplaces. Such will be the case in areas of 
Europe where air conditioning has not been common. There will also be increased demand for 
cooling installations in developing countries in hotter climates, such as India and southern China. 
Such installations will need more electricity, especially from renewable sources. There will also be 
a need for facilities to temporarily meet peak demand for electricity, probably from methane-fueled 
gas turbines.
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8.3.11 D rought

One of the most troublesome aspects of global warming is likely to be drought and the shortage of 
water. Current shortages of water around the world are likely to become worse as areas of drought 
spread. The worst effects of drought will be reduction in the capacity to produce food. Drought-
resistant crops, some developed by genetic engineering, will have to be grown. Irrigation practices 
will need to be as efficient as possible. Trickle irrigation systems that deliver the minimum amount 
of water required for growth will have to be implemented. To prevent excessive salt buildup in soil, 
irrigation water may need to be treated by reverse osmosis to remove ionic solutes. World resources 
of groundwater suitable for irrigation are now being rapidly depleted and will be unavailable as 
global warming progresses. To help alleviate groundwater deficiencies, it will be necessary to estab-
lish groundwater recharge systems to take advantage of periodic wet periods. To enable utilization 
of brackish groundwater, it will be necessary to use reverse osmosis to remove salts employing 
renewable wind energy to power the desalination processes.

A promising approach to food production in arid regions near ocean shores is to grow salt-
tolerant plants called halophytes irrigated with seawater. Among the halophytes that can grow in 
saltwater and produce biomass are salt grass, saltbush, glasswort, and sea blight. Some of these 
plants are capable of producing 1–2 kg of dry biomass per square meter of area, productivity simi-
lar to that of alfalfa grown in soil. Most of these plants do not produce grain, but their biomass can 
serve as forage suitable for animal consumption. Because of the high salt content of this forage, 
animals may require more drinking water.

Salicornia bigelovii is a seed-producing saltwater plant that is often the first to colonize coastal 
mud flats. With a salt content of only about 3%, the seeds contain about 35% protein. With about 
30% content of polyunsaturated oil, similar to safflower oil, the seeds can serve as a rich source of 
lipids for nutrition. One disadvantage of this plant is that the seed residue remaining after extraction 
of oil contains bitter saponins, which limit the amounts that can be fed to animals. It may be pos-
sible to genetically engineer this plant to eliminate the saponins.

The most productive photosynthesizers that can be grown in seawater are algae. Some algae are 
especially productive of oils. There is a significant potential to genetically engineer saltwater algae 
free of toxins and rich in protein and oils making the biomass suitable for animal and even human 
consumption. A promising approach is to grow saltwater algae in impoundments along with fish that 
use the algae as food. This could provide an abundant source of protein for human consumption.

8.3.12  Water Banking

Water banking is now widely employed across the western United States to store and allocate 
water relying on a market system for the most efficient utilization of water. Water banks enable 
interests with water rights to store water and sell it to users including agricultural and industrial 
concerns and municipalities. The idea is to store water, usually in underground aquifers, during 
times when it is in surplus, and release it to buyers when water is in short supply.

The Kern County Water Agency located in California’s Central Valley operates one of the largest 
water banks in the United States. The county is very large with an area almost equal to that of New 
Jersey and includes the city of Bakersfield. Gravel and sand deposited in the area from the Sierra 
Nevada Mountains by the Kern River constitutes a porous layer through which surface water may 
percolate into aquifers below, which make up the water storage capacity of the water bank. Water is 
allowed to infiltrate the aquifer during periods of heavy runoff from mountain snows in the spring-
time and the stored water is sold for use during times of the year when drought conditions prevail. 
A surplus of water is accumulated in wet years and the reservoir of groundwater is drawn down 
during drought years.

As global climate changes due to greenhouse warming, a possible effect will be earlier and 
heavier springtime water runoff from mountain snows increased by greater transport of atmospheric 
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water at warmer temperatures, followed by longer and more intense drought periods the rest of the 
year. Such conditions should increase the importance of water banking as a means of allocating 
the water resource. If the net result of global warming in an area such as the Sierra Nevada snow-
shed is simply less snowfall, however, water banking will suffer due to lack of water for recharge 
(Figure 8.5).

8.4  CONTROL OF PARTICLE EMISSIONS

The removal of particulate matter from gas streams is the most widely practiced means of air pollu-
tion control and is very important in sustaining the quality of the atmosphere. A number of devices 
that differ widely in effectiveness, complexity, and cost have been developed for this purpose. The 
selection of a particle removal system for a gaseous waste stream depends on the particle loading, 
nature of particles (size distribution), and type of gas scrubbing system used.

8.4.1  Particle Removal by Sedimentation and Inertia

The simplest means of particulate matter removal is sedimentation, a phenomenon that occurs 
continuously in nature. Gravitational settling chambers can be employed for the removal of particles 
from gas streams by simply settling under the influence of gravity. These chambers take up large 
amounts of space and have low collection efficiencies, particularly for small particles.

Gravitational settling of particles is enhanced by increased particle size, which occurs spontane-
ously by coagulation (see Chapter 6, Figure 6.11). Thus, over time, the size of particles increases 
and the number of particles decreases in a mass of air that contains particles. Brownian motion of 
particles less than about 0.1 μm in size is primarily responsible for their contact, enabling coagula-
tion to occur. Particles greater than about 0.3 μm in radius do not diffuse appreciably and serve 
primarily as receptors of smaller particles.

Inertial mechanisms used for particle removal depend on the fact that the radius of the path of 
a particle in a rapidly moving, curving airstream is larger than the path of the stream as a whole. 
Therefore, when a gas stream is spun by vanes, a fan, or a tangential gas inlet, the particulate matter 
may be collected on a separator wall because the particles are forced outward by centrifugal force. 
Devices utilizing this mode of operation are called dry centrifugal collectors.

Aquifer, water bank storage

Runoff
Infiltration Withdrawal

FIGURE 8.5  The concept of the water bank in which water is accumulated in underground aquifers during 
times of runoff and sold later to interests needing it.
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8.4.2  Particle Filtration

Fabric filters, as their name implies, consist of fabrics that allow the passage of gas but retain 
particulate matter. These are used to collect dust in bags contained in structures called baghouses. 
Periodically, the fabric composing the filter is shaken to remove the particles and to reduce back-
pressure to acceptable levels. Typically, the bag is in a tubular configuration, as shown in Figure 8.6. 
Numerous other configurations are possible. Collected particulate matter is removed from bags by 
mechanical agitation, blowing air on the fabric, or rapid expansion and contraction of the bags.

Although simple, baghouses are generally effective in removing particles from exhaust gas. 
Particles as small as 0.01 μm in diameter are removed, and removal efficiency is relatively high for 
particles down to 0.5 μm in diameter.

8.4.3 S crubbers

A venturi scrubber passes gas through a duct in which the gas is first constricted and then allowed 
to expand. Injection of the scrubbing liquid at right angles to incoming gas in the constricted part 
of the scrubber breaks the liquid into very small droplets, which are ideal for scavenging particles 
from the gas stream. In the reduced-pressure (expanding) region of the venturi, some condensation 
can occur, adding to the scrubbing efficiency. In addition to removing particles, venturis can serve 
as quenchers to cool exhaust gas and as scrubbers for pollutant gases.

8.4.4  Electrostatic Precipitation

Aerosol particles may acquire electrical charges. In an electric field, such particles are subjected to 
a force that is proportional to the voltage gradient in the electric field and the electrostatic charge 
on the particle. This phenomenon has been widely used in highly efficient electrostatic precipita-
tors, as shown in Figure 8.7. The particles acquire a charge when the gas stream is passed through a 
high-voltage, direct-current corona. Because of the charge, the particles are attracted to a grounded 
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FIGURE 8.6  Illustration of a unit of a single bag in a baghouse for removal of particulate matter from a gas 
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collected at the bottom of the apparatus.
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surface, from which they may be later removed. Ozone may be produced by the corona discharge. 
Similar devices used as household dust collectors may produce toxic ozone if not operated properly.

8.4.5  Where Does It All Go?

It is often the case that solving one pollution problem tends to create another. This is very much so 
with the dusts and sludges produced in cleaning up gas streams, such as those from power plants. 
These materials may be undesirable and potential sources of pollutants such as heavy metals. 
Disposed in landfills, they may have a tendency to leach water pollutants into groundwater.

Kilns used to heat minerals to make lime or Portland cement are major sources of particulate 
matter that must be removed from the kiln exhaust gas before its release. These kilns consist of 
enormous rotating drums inclined at a slight angle and fed with raw solid materials at the upper 
end and fuel at the bottom end where the calcined solids are discharged. For the manufacture of 
quicklime (CaO), the raw material is limestone (CaCO3), and for the manufacture of cement, the raw 
materials are limestone, sand, and clay. Both processes generate finely divided dust that is removed 
from the gas stream. The greenest means of dealing with this material is to simply recycle it into 
the kiln. Lime kiln dust can be used in place of calcium carbonate in a cement kiln. Kiln dusts can 
also be applied to agricultural land to treat acidic soils. In the case of cement kiln dust, care must be 
taken in agricultural applications because of the potential to accumulate excess aluminum, which 
is toxic to plants, and because many cement kilns now burn hazardous wastes as a means of waste 
disposal and as a source of fuel, so the possibility of heavy metals in the dust must be considered.

The combustion of fossil fuels, particularly coal, generates large quantities of solid by-product, 
fly ash, blown out of furnaces with combustion gas. The best way to deal with fly ash is to not make 
it, but that is not possible for most commonly used combustion processes with fuels other than ash-
free natural gas. Petroleum fuels produce much less fly ash than coal, but the petroleum fractions 
that are burned are the heavier ones containing ash-generating mineral matter. One special case is 
that of vanadium-rich Venezuelan crude oils that release an ash rich in vanadium oxide.

Coal typically contains several percent mineral matter and is a huge source of ash in power gen-
eration. The most efficient means of burning coal is to grind it to a powder and blast it into a burner 
much like oil injected into a furnace. As a result, the fly ash product consisting of metal oxides, sili-
cates, and some unburned elemental carbon is ejected from the furnace and must be collected before 
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going up the stack. Much effort has gone into finding uses for fly ash, including as a raw material for 
cement manufacture, in ceramics, as a filler for concrete, as a soil amendment agent in agriculture, 
as a sorbent for liquid wastes, and in sludge conditioning. Some coal fly ash is rich in aluminum that 
can be extracted with HCl for aluminum metal manufacture. This process is not yet competitive 
with preparation of aluminum with bauxite ore (Al2O3), but may become more so if bauxite supplies 
become tight. It must always be kept in mind that coal is a potential source of toxic elements, with 
arsenic in ash being a particular concern.

8.5  CONTROL OF CARBON MONOXIDE EMISSIONS

Toxic carbon monoxide gas resulting from incomplete combustion of carbon-based fuels is not a 
global or even a regional air pollution problem, but can accumulate to dangerous levels in localized 
situations, such as urban areas with heavy motor vehicle traffic. It is a potentially deadly indoor pol-
lutant, and each year, significant numbers of people meet their demise by the action of this silent killer 
generated in improperly vented furnaces or by acts of bad judgment, such as using charcoal grills 
indoors. Until natural gas (CH4) became widely available around 1920, carbon monoxide, mixed with 
elemental hydrogen (H2), was the fuel generated by thousands of municipal gas plants from coal and 
piped into houses for lighting and cooking (it was too expensive to use for heating). During the late 
1800s and early 1900s, many people were killed in their homes by exposure to this lethal gas mixture.

Since the internal combustion engine is the primary source of localized pollutant carbon mon-
oxide emissions, control measures have been concentrated on automobiles and have been very suc-
cessful in reducing carbon monoxide emissions. Carbon monoxide emissions may be lowered by 
employing a leaner air–fuel mixture, that is, one in which the mass ratio of air to fuel is relatively 
high. At air–fuel (mass:mass) ratios exceeding approximately 16:1, an internal combustion engine 
emits virtually no carbon monoxide. Modern automobiles use catalytic exhaust reactors and precise 
computerized control of engine operation to cut down on carbon monoxide emissions.

8.6  CONTROL OF NITROGEN OXIDE EMISSIONS

Collectively designated NOX, colorless, odorless nitric oxide (NO), and pungent red-brown nitro-
gen dioxide (NO2) gases enter the atmosphere from natural sources, such as lightning and biologi-
cal processes, and from pollutant sources. Most NOX enters the atmosphere as NO, which is then 
converted to NO2 by atmospheric chemical processes. As shown in Figure 7.5, Chapter 7, there is 
continuous exchange between NO and NO2 in the atmosphere. Pollutant sources of NOX can lead 
to regionally high NOX concentrations that can cause severe air quality deterioration because of the 
ability of NO2 to undergo photochemical dissociation to produce O atoms that lead to the forma-
tion of ozone, photochemical smog, and nitric acid, which is a contributor to acid rain. Practically 
all anthropogenic NO2 enters the atmosphere as a result of the combustion of fossil fuels in both 
stationary and mobile sources, and NOX control has been concentrated on these sources.

At very high combustion temperatures, the following reaction occurs:

	 N O 2NO2 2+ → 	 (8.5)

High temperatures favor both a high equilibrium concentration and a rapid rate of formation of 
NO. Especially in internal combustion engines, rapid cooling of the exhaust gas from combustion 
“freezes” NO at a relatively high concentration because equilibrium is not maintained. Thus, by its 
nature, the combustion process both in the internal combustion engine and in furnaces produces 
high levels of NO in the combustion products.

The level of NOX emitted from stationary sources such as power plant furnaces generally falls 
within the range of 50–1000 ppm. Generation of NO is favored both kinetically and thermody-
namically by high temperatures and by high excess oxygen concentrations, and these factors must 
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be considered in reducing NO emissions from combustion sources. Reduction of combustion tem-
perature to prevent NO formation in an internal combustion engine is commonly accomplished by 
adding recirculated exhaust gas.

Low-excess-air firing is effective in reducing NOX emissions during the combustion of fossil 
fuels. As the term implies, low-excess-air firing uses the minimum amount of excess air required 
for oxidation of the fuel, so that less oxygen is available for the production of NO in the high-
temperature region of the flame shown in Reaction 8.5. Problems with incomplete fuel burnout as 
well as elevated emissions of hydrocarbons, soot, and CO that occur with low-excess-air firing may 
be overcome by a two-stage combustion process. In the first stage, fuel is fired at a relatively high 
temperature with a substoichiometric amount of air, and NO formation is limited by the absence of 
excess oxygen. In the second stage, fuel burnout is completed at low temperatures in excess air; the 
low temperature prevents formation of NO.

Removal of NOX from stack gas presents some formidable problems. Use of liquid scrubbers 
such as those employed to remove SO2 from stack gas is not very effective for NOX removal because 
of the low solubilities of nitrogen oxides. Sorption onto solids followed by destruction of the sorbed 
gases has been tried. Catalytic reduction and decomposition of nitrogen oxides are employed in 
automobile catalytic converters (see Section 8.8) and may be applicable to stack gas, although sulfur 
gases and particles in stack gas may interfere and poison the catalysts. Another possibility is the 
use of biofilters in which microorganisms held on support media metabolize NOX (see Section 8.9).

8.7   CONTROL OF SULFUR DIOXIDE EMISSIONS

A number of processes are being used to remove sulfur and sulfur oxides from fuel before com-
bustion and from stack gas after combustion. Most of these efforts concentrate on coal, since it is 
the major source of sulfur oxides pollution. Physical separation techniques can be used to remove 
discrete particles of pyritic sulfur from coal. Chemical methods can also be employed for removal 
of sulfur from coal.

Fluidized bed combustion of coal can be used to eliminate SO2 emissions at the point of combus-
tion. The process consists of burning granular coal in a bed of finely divided limestone or dolomite 
maintained in a fluidlike condition by air injection. Heat calcines the limestone to produce CaO, 
which absorbs SO2 as shown by the following two reactions:

	 CaCO CaO CO3 2→ + 	 (8.6)

	 CaO SO O CaSO and CaSO2 2 3 4+ +( )→ ( ) 	 (8.7)

Many processes have been proposed or studied for the removal of sulfur dioxide from stack gas. 
Several of these are in widespread use. They include throwaway and recovery systems as well as 
wet and dry systems.

Slurries of either lime (Ca(OH)2) or limestone can be injected into stack gas scrubbers down-
stream from the boilers. With lime, the reaction is

	 Ca OH SO CaSO CaSO H O2 2 3 4 2( ) + → ( )+ 	 (8.8)

and with limestone, the reaction is as follows:

	 CaCO SO CaSO CO3 2 3 2+ → + 	 (8.9)

The reaction with lime is the more efficient because the pH of the slurry is higher. These scrubbers 
can remove well over 90% of both SO2 and fly ash when operating properly. In addition to corrosion 
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and scaling problems, disposal of lime sludge poses formidable obstacles (about 200 kg of lime are 
required for each metric ton of coal burned). However, the CaSO3 may be oxidized to CaSO4 and the 
gypsum product, CaSO4∙2H2O, made into wallboard as is described in the Kalundborg, Denmark 
system of industrial ecology discussed in Chapter 14, Section 14.2.

Recovery systems in which sulfur dioxide or elemental sulfur is removed from the spent sorb-
ing material, which is recycled, are much more desirable from an environmental and sustainability 
viewpoint than are throwaway systems. Many kinds of recovery processes have been investigated, 
including those that involve scrubbing with magnesium oxide slurry, sodium sulfite solution, ammo-
nia solution, or sodium citrate solution. One type of recovery system uses a solution of sodium 
sulfite to react with sulfur dioxide in the flue gas

	 Na SO H O SO 2NaHSO2 3 2 2 3+ + → 	 (8.10)

followed by heating the sodium hydrogen sulfite product to produce a stream of pure SO2 gas and 
regenerated sodium sulfite:

	 2NaHSO Na SO H O SO3 2 3 2 2→ + + 	 (8.11)

A portion of the sulfur dioxide can be reduced to hydrogen sulfide by reaction with natural gas 
(methane, CH4) or with synthesis gas made from coal (a mixture of CO and H2)

	 SO reducing gas H S CO2 2 2+ → + 	 (8.12)

and the H2S product subjected to the Claus reaction with SO2 to produce elemental sulfur:

	 SO 2H S 3S 2H O2 2 2+ → + 	 (8.13)

Sulfur is in demand for the synthesis of sulfuric acid and other industrial applications. Recovery 
processes such as the one just described are much greener and in keeping with sustainability than 
are throwaway processes that generate large quantities of waste lime.

8.8 � CONTROL OF HYDROCARBON EMISSIONS 
AND PHOTOCHEMICAL SMOG

Hydrocarbon emission control is particularly important in limiting photochemical smog discussed 
as an air pollution phenomenon in Section 7.8. Significant progress has been made in limiting 
emissions of volatile hydrocarbons to the atmosphere by measures such as gasoline delivery hoses 
that are equipped with fittings to prevent release of gasoline vapors as the tank is filled. A greater 
challenge has been in limiting emissions from internal combustion engines including those in 
vehicles.

To understand the production and control of automotive hydrocarbon exhaust products, it is help-
ful to understand the basic principles of the internal combustion engine. As shown in Figure 8.8, 
the four steps involved in one complete cycle of the four-cycle gasoline-fueled engine used in most 
vehicles in the United States are as follows: (1) intake of air or a gasoline/air mixture as the piston 
moves down with the intake valve open; (2) compression at a ratio of around 7:1 as the piston moves 
upward with both valves closed; (3) ignition with a spark plug near the top of the compression stroke 
resulting in a temperature of about 2500°C and a pressure up to 40 times atmospheric pressure, 
which forces the piston downward in the power stroke; and (4) exhaust of gases largely composed 
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of N2, CO2, and H2O vapor with traces of hydrocarbons, CO, and NO as the piston moves upward 
with the exhaust valve open.

Several aspects of the cycle described in the preceding paragraph are related to hydrocarbon and 
other emissions from the engine. Higher compression ratios favor thermal efficiency and complete 
combustion, but may result in “pinging” and increased NO emissions. As the gas volume increases 
with downward movement of the piston in the power stroke, the temperature decreases in a few 
milliseconds. This rapid cooling “freezes” nitric oxide in the form of NO without allowing it time 
to dissociate to N2 and O2, which are thermodynamically favored at the normal temperatures and 
pressures of the atmosphere. The primary cause of unburned hydrocarbons in the engine cylinder 
is wall quench, wherein the relatively cool wall in the combustion chamber of the internal combus-
tion engine causes the flame to be extinguished within several thousandths of a centimeter from 
the wall.

Several engine design and operational characteristics favor lower exhaust hydrocarbon emis-
sions. The production of unburned hydrocarbons from wall quench is diminished by design that 
decreases the combustion chamber surface/volume ratio through reduction of compression ratio, 
more nearly spherical combustion chamber shape, increased displacement per engine cylinder, and 
increased ratio of stroke relative to bore. Spark retard also reduces exhaust hydrocarbon emissions. 
For optimum engine power and economy, the spark should be set to fire appreciably before the 
piston reaches the top of the compression stroke and begins the power stroke. Retarding the spark 
to a point closer to top-dead-center reduces the hydrocarbon emissions markedly. One reason for 
this reduction is that the effective surface to volume ratio of the combustion chamber is reduced, 
thus cutting down on wall quench. Second, when the spark is retarded, the combustion products are 
purged from the cylinders sooner after combustion. Therefore, the exhaust gas is hotter, and reac-
tions consuming hydrocarbons are promoted in the exhaust system.

As shown in Figure 8.9, the air–fuel ratio in the internal combustion engine has a marked effect 
on the emission of hydrocarbons. As the air–fuel ratio becomes richer in fuel than the stoichiometric 
ratio, the emission of hydrocarbons increases significantly. There is a moderate decrease in hydro-
carbon emissions when the mixture becomes appreciably leaner in fuel than the stoichiometric ratio 
requires. The lowest level of hydrocarbon emissions occurs at an air–fuel ratio somewhat leaner in 
fuel than the stoichiometric ratio. This behavior is the result of a combination of factors, including 
minimum quench layer thickness at an air–fuel ratio somewhat richer in fuel than the stoichiometric 
ratio, decreasing hydrocarbon concentration in the quench layer with a leaner mixture, increasing 
oxygen concentration in the exhaust with a leaner mixture, and a higher peak exhaust temperature 
at a ratio slightly leaner in fuel than the stoichiometric ratio.

Air
in

Intake Compression

Exhaust
gases out

Exhaust

Spark plug

Ignition/Power

FIGURE 8.8  Steps in one complete cycle of a four-cycle internal combustion engine. Fuel is mixed with the 
intake air or injected separately into each cylinder.
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8.8.1 C ompression-Fired Engines

The preceding discussion applies to engines in which ignition occurs as a result of a spark set to fire 
near the peak of compression. Such engines are used in most automobiles and light trucks in the 
United States. However, because of their significantly higher peak temperatures and thus greater 
efficiency and fuel economy, compression-fired engines, commonly known as diesel engines, are 
widely used in heavier trucks in the United States and in automobiles in many countries. These 
engines tend to emit particulate carbon and higher levels of NO than do gasoline engines. Diesel 
engines are the major sources of atmospheric particle emissions in many urban areas. Particles 
from diesel engine emissions are very small and fit into the category of nanoparticles (those with 
at least one dimension less than 100 nm), and their inhalation probably has significant pulmonary, 
cardiovascular, and other health effects.5 In addition to measures commonly applied to control NOX, 
CO, and hydrocarbon emissions from gasoline engines, diesel engines may also be equipped with 
filters that filter out particles and then burn them off from the ceramic filter material. One exhaust 
emission control system that is used on diesel engines employs injection of urea into the exhaust that 
produces ammonia to react with and destroy NO. Since commonly used pollution control equipment 
is readily rendered ineffective by exposure to sulfur, the performance of diesel engine exhaust emis-
sion controls has required use of low-sulfur diesel fuel, the production of which has proven to be a 
challenge for producers of the fuel.

8.8.2 C atalytic Converters for Exhaust Gas Control

Catalytic converters are now used to destroy pollutants in exhaust gases. Currently, the most com-
monly used automotive catalytic converter is the three-way conversion catalyst, so called because 
a single catalytic unit destroys all three of the main classes of automobile exhaust pollutants—
hydrocarbons, carbon monoxide, and nitrogen oxides. This catalyst depends on accurate sensing 
of oxygen levels in the exhaust combined with computerized engine control that cycles the air–fuel 
mixture several times per second back and forth between slightly lean and slightly rich relative to 
the stoichiometric ratio. In the first stage of the catalytic converter, a reduction catalyst in which the 
active catalytic metals are platinum and rhodium acts to reduce NO to N2 and O2. In the second stage, 
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FIGURE 8.9  Effects of air/fuel ratio on pollutant emissions from an internal combustion piston engine.
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a platinum and palladium oxidation catalyst uses any excess oxygen in the exhaust gas and oxygen 
released in the reduction stage to oxidize carbon monoxide, hydrogen, and hydrocarbons (CcHh):

	 CO 2O CO2 2+ →1 	 (8.14)

	 H 2O H O2 2 2+ →1 	 (8.15)

	 C H c h 4 O cCO h 2 H Oc h 2 2 2+ +( ) → +/ / 	 (8.16)

Automotive exhaust catalysts are dispersed on a high surface area substrate, most commonly 
consisting of cordierite, a ceramic composed of alumina (Al2O3), silica, and magnesium oxide. 
The substrate is formed as a honeycomb-type structure providing maximum surface area to con-
tact exhaust gases. The support needs to be mechanically strong to withstand vibrational stresses 
from the automobile, and it must resist severe thermal stresses in which the temperature may rise 
from ambient temperatures to approximately 900°C over an approximately 2-minute period during 
“light-off” when the engine is started (during which time the catalyst is ineffective). The catalytic 
material, which composes only about 0.10–0.15% of the catalyst body, consists of precious metal 
rhodium, platinum, and palladium. These are very expensive and catalytic converters are some-
times stolen off from vehicles and sold by thieves for their precious metal content.

Since lead can poison auto exhaust catalysts, automobiles equipped with catalytic exhaust-
control devices require lead-free gasoline, which has become the standard motor fuel. Sulfur in 
gasoline is also detrimental to catalyst performance, so sulfur levels in gasoline are kept very low.

8.8.3  Photochemical Smog and Vegetation

Not all photochemical smog originates from the anthrosphere. Vegetation can be a source of 
the main smog-forming ingredients. As noted in Section 7.7, terpenes from pine and citrus trees 
along with other vegetation sources have double C=C bonds and are very active in smog forma-
tion. Burning vegetation, a practice in destructive “slash-and-burn” agriculture, produces nitrogen 
oxides, which are essential ingredients for photochemical smog formation. For these reasons, some 
largely rural areas afflicted with reactive hydrocarbons and nitrogen oxides may have problems with 
photochemical smog.

Another consideration related to photochemical smog and plants is the sensitivity of some crops 
to ozone and other smog ingredients. In some areas afflicted by smog, consideration may need to be 
given to growing crops that are relatively less susceptible to the effects of smog.

8.8.4  Preventing Smog with Green Chemistry

Smog is basically a chemical problem, which would indicate that it should be amenable to chemical 
solutions. Indeed, the practice of green chemistry and the application of the principles of industrial 
ecology can help to reduce smog. This is due in large part to the fact that a basic premise of green 
chemistry is to avoid the generation and release of chemical species with the potential to harm the 
environment. The best way to prevent smog formation is to avoid the release of nitrogen oxides and 
organic vapors that enable smog to form. At an even more fundamental level, measures can be taken 
to avoid the use of technologies likely to release such substances, for example, by using alternatives 
to polluting automobiles for transportation.

The evolution of automotive pollution control devices to reduce smog provides an example of 
how green chemistry can be used to reduce pollution. The first measures taken to reduce hydro-
carbon and nitrogen oxide emissions from automobiles were very much command-and-control 
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and “end-of-pipe” measures. These primitive measures implemented in the early 1970s did reduce 
emissions, but with a steep penalty in fuel consumption and in driving performance of vehicles. 
However, since about 1980, the internal combustion automobile engine has evolved into a highly 
sophisticated computer-controlled machine that generally performs well, emits few air pollutants, 
and is highly efficient. (And it would be much more efficient if those drivers who feel that they must 
drive “sport utility” behemoths would switch to vehicles of a more sensible size.) This change has 
required an integrated approach involving reformulation of gasoline. The first major change was 
elimination of tetraethyllead from gasoline, an organometallic compound that poisoned automo-
tive exhaust catalysts (and certainly was not good for people). Gasoline was also reformulated to 
eliminate excessively volatile hydrocarbons and unsaturated hydrocarbons (those with double bonds 
between carbon atoms) that are especially reactive in forming photochemical smog.

An even more drastic approach to eliminating smog-forming emissions is the use of electric auto-
mobiles that do not burn gasoline. These vehicles certainly do not pollute as they are being driven, 
but they suffer from the challenging problem of a limited range between charges and the need for 
relatively heavy batteries. However, hybrid automobiles using a small gasoline or diesel engine that 
provides electricity to drive electric motors propelling the automobile and to recharge relatively 
smaller batteries can largely remedy the emission and fuel economy problems with automobiles. 
The internal combustion engine on these vehicles runs only as it is needed to provide power and, 
in so doing, can run at a relatively uniform speed that provides maximum economy with minimum 
emissions.

Another approach that is being used on vehicles as large as buses that have convenient and fre-
quent access to refueling stations is the use of fuel cells that can generate electricity directly from 
the catalytic combination of elemental hydrogen and oxygen, producing only harmless water as a 
product. There are also catalytic processes that can generate hydrogen from liquid fuels, such as 
methanol, so that vehicles carrying such a fuel can be powered by electricity generated in fuel cells.

Green chemistry can be applied to devices and processes other than automobiles to reduce smog-
forming emissions. This is especially true in the area of organic solvents used for parts cleaning and 
other industrial operations, vapors of which are often released into the atmosphere. The substitution 
of water with proper additives or even the use of supercritical carbon dioxide fluid can eliminate 
such emissions.

8.9  BIOLOGICAL CONTROL OF AIR POLLUTION

Living organisms have a large effect on the atmosphere. The oxygen now in the atmosphere was 
put there by the action of photosynthetic cyanobacteria. Carbon dioxide is removed from the atmo-
sphere by the action of plants performing photosynthesis. Organisms may act effectively to purify 
air. There are two major categories of such purification. The first of these uses microorganisms in 
biofilters through which polluted air and gases are forced to filter the air and remove pollutants 
from it. The second uses plants growing in areas afflicted by air pollution to sequester and remove 
pollutant gases, vapors, and particulate matter from air. These two approaches are addressed in this 
section.

8.9.1 B ioreactors for Air Pollutant Removal

Bioreactors that contain microorganisms that degrade pollutants, primarily bacteria and fungi, can 
be used to purify contaminated air from a variety of sources.6 The first such reactors to be used were 
simple biofilters, which removed odorous compounds from wastewater treatment plants, solid waste 
treatment plants, and composting facilities by forcing the air up through a porous bed of biomass 
material, such as wood chips or peat, that held biodegrading organisms and provided nutrients. 
Although the first materials to be removed from air by bioreactors were generally biodegradable 
organic compounds, later research has shown that a variety of substances usually regarded as poorly 



236 Fundamentals of Environmental and Toxicological Chemistry

biodegradable, such as chlorinated ethylene compounds, could be removed by bioreactors as well. 
In addition, inorganic gases including NOX, SO2, H2S, and CO can also be removed.

The kinds of contaminants most commonly removed from air by bioreactors are hydrocarbons, 
such as toluene, and organooxygen compounds, such as formaldehyde and methanol vapors. Such 
substances are mineralized to inorganic carbon dioxide and water and to a certain extent are used 
by microorganisms to produce biomass. For the biodegradation of hydrocarbons and organooxygen 
compounds, it may be necessary to add other nutrients including phosphorus, sulfur, and especially 
nitrogen. One of the most commonly studied compounds is toluene for which the biodegradation 
reaction in a medium supplemented by NH4Cl as a nitrogen source may be represented as follows:

	 1 55C H 12 9O 2NH Cl CH N O bioma7 8 2 4 1 8 2 5. . . . . .+ + →0 0 0 sss 9 85CO 5 6H O 2HCl2 2( ) + + +. . .0 	

� (8.17)

The production of acidic HCl in this reaction may require addition of base to keep the microbial 
medium from becoming too acidic.

Initially, the filter beds used on biofilters were composed exclusively of natural materials includ-
ing wood, peat, compost, and even soil. Such materials served as a source of microorganisms and 
nutrients and were readily disposed after use. However, the nutrients in them could become depleted 
and compaction over time that reduced air flow could occur. More recently, nonorganic materials 
including plastic rings and saddles; silicate-based celite, perlite, or porous lava rock; polyurethane; 
and activated carbon have been used as biomass supports. Activated carbon has the advantage that it 
absorbs vapors and holds them in place for microbial biodegradation to occur. These materials pro-
vide no nutrients, which normally must be added for optimum biotreatment. They do not degrade, 
but can be rejuvenated by, for example, scrubbing processes to remove excess biomass.

A relatively recent development in bioreactors is that of the biotrickling filter similar to trickling 
filters used in wastewater treatment (see Chapter 5, Section 5.12 and Figure 5.8). The configura-
tion for a biotrickling filter for air treatment is shown in Figure 8.10. The major advantage of a 
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FIGURE 8.10  Configuration of a biotrickling filter for air purification. As is the case with a trickling filter 
for wastewater treatment, the microorganisms responsible for removing air pollutants are held on pieces of 
solids in the filter bed. The contaminated air is first run through a filter to remove particles and, if necessary, 
its temperature lowered to a level compatible with the microorganisms in the trickling filter.
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biotrickling filter over a fixed bed reactor is the flowing water phase, which enables pH control, 
removal of metabolites, temperature control, and facile addition of nutrients.

A bioscrubber for air treatment consists of two separate units: (1) a scrubbing tower into which 
water is sprayed, often over a medium that disperses the scrubbing solution, and air is blown coun-
ter to the flow of the scrubbing water, and (2) a biological wastewater treatment unit in which the 
impurities absorbed from the air are degraded, often with an activated sludge treatment process (see 
Chapter 5, Section 5.12 and Figure 5.9). This process is most suitable for removal of water-soluble 
air pollutants.

8.9.2 R emoving Air Pollution with Vegetation

Vegetation in contact with a plume of polluted air can act to attenuate air pollutants by intercepting, 
absorbing, and metabolizing air pollutants and can divert plumes of polluted air carried by wind. 
Advantage has been taken of these capabilities by planting greenbelts of trees and shrubs around 
industrial facilities from which air pollutants may be emitted. A study of such a greenbelt 500 m 
in width planted around a petroleum refinery showed that it was about 40% effective in removing 
SO2, NOX, and small particulate matter and around 90% effective in removing total hydrocarbons, 
volatile organic compounds, and CO.7

For a greenbelt to be effective in controlling air pollution, it must be located such that the pollut-
ant plume flows through it at ground level. Proper location of the greenbelt requires knowledge of 
meteorological conditions, including wind patterns and temperature profiles. Topography must also 
be considered. For example, locating a greenbelt on the upslope of an elevated area in the plume 
means that the polluted air is forced into the vegetation canopy increasing contact of the pollutants 
with the vegetation.

It is important to consider the types of vegetation in the greenbelt. Obviously, plants have to be 
robust and tolerant of the air pollutants. Plant height, flowering and production potential, foliage 
form, and canopy structure should be considered. Another consideration is the possibility of air 
pollutant emissions from the plants themselves. As discussed in Chapter 7, Section 7.7, plants may 
release biogenic compounds. Of these, the ones of most concern for potential contributions to air 
pollution are alkenes, including gaseous ethylene and the terpenes, which have C=C bonds. These 
hydrocarbons react very readily with hydroxyl radical and ozone and in the presence of pollutant 
NOX have the potential to contribute to photochemical smog conditions, which would be counter-
productive to the purpose of a greenbelt for air pollution control.

Although greenbelts around industrial facilities have the potential to control air pollution at the 
local level, on a larger scale, vegetation, especially forest trees, planted over large areas susceptible 
to air pollution may have beneficial effects in limiting air pollution regionally. A concern with 
respect to global warming is reduction of forest growth due to heat and drought and the consequent 
loss of the atmospheric cleansing ability of trees.

8.10  CONTROLLING ACID RAIN

Acid rain and its effects were discussed in Chapter 7, Section 7.6. One of the two major contribu-
tors to acid rain are sulfur dioxide, which produces sulfurous acid, H2SO3, but, more importantly, 
sulfuric acid, H2SO4, and the acidic salt, NH4HSO4. The other major contributor is NOX, which is 
oxidized to HNO3 and may also contribute the acidic salt NH4NO3 to the atmosphere. There is some 
contribution to acid rain by HCl, primarily released in the burning of organochlorine materials, 
especially polyvinylchloride plastic.

Acid rain is best controlled by limiting emissions to the atmosphere of sulfur dioxide and nitrogen 
oxides, discussed in Sections 8.6 and 8.7. Combustion of coal containing sulfur is a major source of 
atmospheric sulfur dioxide, the release of which can be limited by stack gas controls, fluidized bed 
combustion in a sulfur-sequestering medium, and removal of sulfur from coal before combustion 
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(removal of pyrite, FeS2). A more sustainable approach is to use fuels that do not contain sulfur (and 
most sustainable of all are energy sources in which fossil fuels are not burned at all). The most prom-
ising low-sulfur fossil fuel is natural gas, which is now being extracted from abundant shale resources 
of methane. Some natural gas contains sulfur as toxic H2S, but it is readily removed from the methane 
and disposed below ground or used as a raw material to make industrial sulfuric acid. It is important 
to control sulfur emissions from metal refining operations where sulfide ores, including CuS, ZnS, 
and PbS, are used as sources of metal. Some areas around smelters that used sulfide ores have been 
devastated of vegetation killed by sulfur dioxide and sulfuric acid released from the smelters.

Limiting NOX emissions prevents production of acidic HNO3 in the atmosphere. Nitric acid is the 
major inorganic product of NOX in the process of photochemical smog formation so that curtailment 
of smog also prevents production of atmospheric HNO3. This involves not only control of NOX emis-
sions but also reactive hydrocarbons. Sulfur dioxide is rapidly oxidized to sulfuric acid under pho-
tochemical smog–forming conditions and curtailment of smog reduces this source of acid as well.

Potential sources of atmospheric HCl can be limited by scrubbing stack gas from facilities where 
organochlorine compounds, especially polyvinylchloride plastic, are incinerated. To the extent pos-
sible, it is best to avoid incineration of such materials.

8.10.1 D ealing with Toxic and Other Adverse Effects of Acid Rain

Acid rain in the form of rainfall poses little threat to human health; the pH is not low enough to 
affect exposed tissue. However, droplets composing fog may be quite acidic and are respirable, 
which can cause asthma attacks and other adverse health effects to exposed individuals. In addition, 
inhalation of particles containing acidic salts (ammonium sulfates and nitrates) can have adverse 
pulmonary effects.

Acidic precipitation adversely affects vegetation and crops and is now regarded as a major bio-
logical stressor around the world.8 The growth, nutrition, and physiology of crop plants are adversely 
affected by acid rain. The acidification of soil by acidic precipitation leaches essential cations from 
the rhizosphere region of soil where plant roots are located. A significant problem is leaching of 
aluminum from soil minerals, which competes with nutrient metal ions for entry into root systems 
and has the effect of starving plants of other essential cations.

Acid rain adversely affects aquatic organisms in bodies of water that lack a pH buffering capacity 
because of lack of contact with minerals that can neutralize acid, especially limestone, CaCO3. The 
greatest adverse effect is on fish fingerlings that do not thrive in acidic water.

The best way to deal with acid rain is to eliminate its production by limiting emissions of sulfur 
and nitrogen oxides. Consideration may need to be given to growing crops that are relatively less 
susceptible to the adverse effects of acid rain and the nitrogen and sulfur oxides that form it. Acid in 
excessively acidic bodies of water can be neutralized by treatment with CaCO3.

8.11  LIMITING STRATOSPHERIC OZONE DEPLETION

As mentioned in Chapter 6, Section 6.2, stratospheric ozone, O3, serves as a shield against harmful 
ultraviolet radiation from the sun. Threats to this essential shield, especially from CFC compounds 
released into the atmosphere, were discussed in Chapter 7, Section 7.9. This section discusses mea-
sures being taken to protect stratospheric ozone, especially with the development of substitutes for 
CFCs that are much less likely to harm stratospheric ozone.

In a sense, the CFCs now blamed for stratospheric ozone depletion were an example of green 
chemistry, developed in the 1930s long before the concept of green technology was even imagined. 
The fluids that they replaced, sulfur dioxide and ammonia, are quite toxic and had even caused 
fatalities when leaked from refrigerators in homes. The CFC replacements performed ideally and 
were remarkably nontoxic. Several related compounds, such as halothane, 2-bromo-2-chloro-1,1,1-
trifluoroethane, have been used as anesthetics. It was not until the 1970s and later that the analytical 
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capability became available to show that CFCs had persisted throughout the global atmosphere and 
are far from green when considering the global environment as a whole.

The solutions to the problem of stratospheric ozone depletion posed by CFCs provide a good 
example of green chemistry and green technology, taking advantage of fundamental knowledge 
regarding the properties and behavior of chemicals. The reason that CFCs are so stable and do not 
break down at all until they have entered the stratosphere—and then only slowly—is the extreme 
stability of the C–Cl and C–F bonds. Essentially, all anthropogenic chemical species that are broken 
down in the troposphere are attacked by hydroxyl radical, HO⋅, which is abundant in the troposphere. 
This reactive species attacks and breaks C–H bonds, but is not reactive enough to break C–Cl and 
C–F bonds. So, the solution to the problems posed by CFCs has been to develop hydrohaloalkanes 
that possess at least one C–H bond per molecule that is susceptible to attack by HO⋅ radical in the 
troposphere, thereby eliminating the compound with its potential to produce ozone-depleting Cl 
atoms before it reaches the stratosphere.

The first substitutes for CFCs widely used were hydrochlorofluorocarbons (HCFCs), of which one 
of the most popular was HCFC-22 (CHClF2). However, because it is a carrier for the chlorine atom, 
this compound still has an ozone-depletion potential of 0.030 relative to a value of 1.0 for CFC-11, a 
non-hydrogen-containing CFC with a formula of CFCl3, and the use of HCFC-22 and that of other 
HCFCs is being discontinued. The substitutes that were favored as replacements are HFCs, includ-
ing the very popular HFC-134a (CH2FCF3) and HFC-410A (CHF2CF3). The HFCs do not deplete 
ozone because they have no chlorine atoms, the fluorine atom does not affect ozone, and they are 
largely destroyed in the troposphere by attack of hydroxyl radical on the H atom. Unfortunately, 
HFC-134a has a relatively high global warming potential, so replacements are being sought for it.

Several classes of compounds are considered as replacements for HCFCs. Ironically, one of the 
practical replacements is carbon dioxide, the substance most commonly mentioned as a greenhouse 
gas! Hydrocarbon gases can be used as refrigerants. One such replacement is designated HC-12a, a 
mixture of propane and isobutene. It could be used as a “drop-in” replacement for dichlorodifluoro-
methane in automobile air conditioners that did not require any modification of seals or other compo-
nents of the system, but was banned in 1995 because of its flammability. The latest kind of fluid to gain 
favor consists of hydrofluoroolefins (HFOs) that have a C=C double bond. The most popular of these 
is HFO-1234yf, a fluorinated alkene with a chemical formula of CF3CF=CH2, with physical properties 
very similar to those of HFC-134a, which it readily replaces. Like HFC-134a, HFO-1234yf has no abil-
ity to deplete stratospheric ozone. Furthermore, HFO-1234yf has virtually no capacity to cause climate 
warming, unlike HFC-134a, which is a potent greenhouse gas. The reason for the very low potential 
of HFO-1234yf to cause global warming is that in addition to its C–H bonds that are susceptible to 
attack by hydroxyl radical in the troposphere it has a C=C double bond, which undergoes extremely 
rapid addition reactions with HO⋅, leading to very short atmospheric lifetimes for the HFO molecule.

QUESTIONS AND PROBLEMS

	 1.	What is the Gaia hypothesis or theory? What does it have to do with sustaining the atmo-
sphere? Who first proposed this hypothesis and for what discovery related to sustaining the 
atmosphere is this scientist noted?

	 2.	Critique the statement that (Greenhouse gases in the atmosphere prevent a significant frac-
tion of the energy that Earth receives from the sun from ever leaving the Earth System 
thus resulting in a steady increase in the atmosphere’s temperature, which causes global 
warming.) Is that statement true and, if not, in what sense is it false? If you think it is false, 
suggest a better explanation for global warming.

	 3.	Black carbon is a term that is applied both to a material in the atmosphere and to a mate-
rial commonly found in the geosphere (soil). Explain how black carbon in or carried by the 
atmosphere may contribute to global warming. How does the production of black carbon 
that ends up in soil (biochar) tend to reduce global warming?
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	 4.	What is meant by the concept of the Anthropocene and how is it related to sustainability 
of the atmosphere? Who is commonly credited with coining the term “Anthropocene” and 
with which other major environmental issue is this person commonly associated?

	 5.	Some of the most important adverse effects of global warming are mentioned in this chap-
ter as “collateral damage.” One such example of collateral damage from global warming 
is the bark beetle infestation that is devastating forests in the western United States and 
Canada. What has the bark beetle done that is so damaging? How might the infestation be 
related to global warming?

	 6.	What is carbon capture and how is it used to reduce atmospheric warming? What are some 
specific examples of the practice of carbon capture? What are the best places to put cap-
tured carbon and why is it not such a good idea to pump it deep into oceans?

	 7.	How does the cultivation of rice contribute to greenhouse warming? Does rice itself con-
tribute to greenhouse gas emissions? How may changes in the way that rice is grown 
reduce greenhouse gas emissions?

	 8.	 In what sense is the “brown cloud” a counteracting measure against global warming? Does 
that mean that measures should not be taken to counteract the brown cloud?

	 9.	Are there any examples in which volcanic eruptions have acted to counteract global warm-
ing? If so, what is the historical evidence for it?

	 10.	Look up the construction of a venturi gas scrubber. What are the converging section, 
throat, and diverging sections? How does the venturi scrubber work? What air pollutants 
does it remove?

	 11.	What did Frederick G. Cottrell invent that pertains to air pollution control? When was this 
device first used for? Is there any possibility that the production of ozone could be a prob-
lem with this device and, if so, how?

	 12.	Chemically, what is nature’s way of dealing with carbon monoxide emissions so that this 
gas does not accumulate in the atmosphere?

	 13.	 In what sense is nitrogen dioxide, NO2, a secondary air pollutant? Explain. Why is NO2 
especially harmful in the atmosphere?

	 14.	Suggest a series of reactions by which sulfur dioxide can be removed from stack gas and 
converted to a commercially valuable product that ranks high in annual production of 
inorganic chemicals.

	 15.	What pollution problem does a lean mixture aggravate when employed to control hydro-
carbon emissions from an internal combustion engine?

	 16.	The Blue Ridge Mountains in the United States are part of the Appalachian Mountain 
chain extending from Georgia into Pennsylvania. They are noted for the blue haze that 
envelops the mountains. What is the chemical process that makes these mountains “blue” 
and why were they blue even in times when anthropogenic air pollution was not a factor?

	 17.	Vehicles powered by fuel cells are uniquely well suited for Iceland. What is it about the 
geography and resources of Iceland that make it particularly well suited for fuel cells in 
transportation?

	 18.	Explain chemically why pine and citrus trees would not be good choices for a greenbelt to 
control air pollution around an industrial facility from which one of the major air pollut-
ants emitted consists of NOX.

	 19.	Explain why deforestation associated with the heat and drought conditions that occur with 
global warming may contribute to air pollution.

	 20.	Explain how the formation of photochemical smog may contribute to acid rain formation. 
What is the chemistry involved?

	 21.	 If the concept of green chemistry had been around in the 1930s when CFCs were developed 
and used as refrigerants, how would the practitioners of green chemistry probably have 
reacted to this development, given the state of knowledge regarding atmospheric chemistry 
at that time? What happened about 40 years later that would have changed that view?
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9 Environmental and 
Toxicological Chemistry 
of the Geosphere

9.1  GEOSPHERE

As illustrated in Figure 9.1, the geosphere is the solid Earth (which sometimes is not so solid when 
earthquakes or volcanic eruptions occur). The geosphere is an enormous source of natural capital, 
the management and preservation of which are of utmost importance to sustainability.1 It provides 
the platform upon which most food is grown and is the source of plant fertilizers, construction 
materials, and fossil fuels that humans use. As part of its natural capital, the geosphere receives 
large quantities of consumer and industrial wastes, although past and current practices of using the 
geosphere as the anthrosphere’s waste dump are ultimately unsustainable. As shown in Figure 9.1, 
the geosphere interacts strongly with the hydrosphere, atmosphere, biosphere, and anthrosphere.

The geosphere is a layered structure, most of which is hot enough to melt rock. Earth’s core is a 
huge ball of iron at a temperature above the normal melting point of iron, but solid because of the 
enormous pressure that it is under. Above this core is the mantle composed of rock and ranging in 
depth between 300 and 1890 km. The deeper inner mantle, though hot enough for the rock to be 
liquid under ordinary pressures, is solid because of the enormous pressure to which it is subjected. 
On top of the inner mantle is the outer mantle at a depth between 10 and 300 km composed of hot 
molten rock called magma. Floating on the magma is the solid lithosphere composed of relatively 
strong rock, varying in thickness from just a few to as much as 400 km, averaging about 100 km. 
The transition layer between the molten magma and the lithosphere is the athenosphere composed 
of hot rock that is relatively weak and plastic. Earth’s crust is the outer layer of the lithosphere, 
which is only 5–40 km thick.

9.1.1 G eosphere Related to the Other Environmental Spheres

Virtually all things and creatures commonly regarded as parts of Earth’s environment are located 
on, in, or just above the geosphere. Major segments of the hydrosphere including the oceans, rivers, 
and lakes rest on the geosphere, and groundwater exists in aquifers underground. Water dissolves 
minerals from the geosphere that nourish aquatic life. These minerals and rock particles eroded by 
moving water from the geosphere are deposited in layers and transformed into rock again. The atmo-
sphere exchanges gases with the geosphere. For example, organic carbon produced by photosyn-
thetic plants from atmospheric carbon dioxide may end up as soil organic matter in the geosphere, 
and the photosynthetic processes of plants growing on the geosphere put elemental oxygen back into 
the atmosphere. The majority of biomass of organisms in the biosphere is located on or just below 
the surface of the geosphere. Most structures that are parts of the anthrosphere are located on the 
geosphere, and a variety of wastes from human activities are discarded to the geosphere.

Modifications and excavations of the geosphere to accommodate the anthrosphere have major 
effects on the geosphere. Human activities have a tremendous influence on the geosphere as evi-
denced by hills leveled, valleys filled in, and vast areas paved to make freeways, parking lots, and 
shopping centers. One such influence is on surface albedo, defined as the percentage of impinging 
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solar energy reflected back from Earth’s surface. The surface albedo of an asphalt-paved surface 
is only about 8%. A more alarming effect is desertification, in which normally productive soil is 
converted to unproductive desert in areas where rainfall is marginal. This phenomenon is discussed 
in more detail in Chapter 10.

9.1.2  Plate Tectonics

Introduced to much controversy in the mid-1900s, the theory of plate tectonics views Earth’s surface 
as consisting of huge lithospheric plates upon which the continents and Pacific Ocean rest, behaving 
as units.2 Earth’s crust is a dynamic system in which the lithospheric plates move relative to each other 
by, typically, a few centimeters per year. When abrupt plate movement occurs, an earthquake results. 
Magma coming to the surface along plate boundaries results in emissions of hot and molten rock, 
ash, and gases in the form of volcanoes. The major aspects of plate tectonics are shown in Figure 9.2.

9.1.3 R ock Cycle

The rock that composes the geosphere circulates through the geosphere in the rock cycle. Figure 9.3 
illustrates the rock cycle in which rock circulates among liquid magma and solid igneous, sedimen-
tary, and metamorphic rock. As molten magma penetrates near the top of Earth’s crust then cools 
and solidifies, it forms igneous rock. Exposed to water and the atmosphere, igneous rock undergoes 
physical and chemical changes in a process called weathering. Weathered rock material carried 
by water and deposited as sediment layers may be compressed to produce secondary minerals, of 
which clays are an important example. The action of high pressure and elevated temperatures con-
verts sedimentary rock to metamorphic rock.

Sediment

Metamorphic rock

Subduction, rock converted
to magma

Liquid magma to solid
igneous rock

Weathering
 rock, erosion

Mining

Hydrosphere/geosphere
interaction

Biosphere supported
by the geosphere

Lithosphere

Asthenosphere

Magma

Volcanic gases and
particles to the

atmosphere

Wastes from the
anthrosphere to
the geosphere

FIGURE 9.1  The geosphere. The “solid earth” consists of a surface layer of rock about 100 km thick on 
average floating on top of molten magma. Rock cycles occur within the geosphere. It is an enormous source of 
natural capital including essential minerals and provides a thin surface of soil upon which most food is grown. 
The geosphere interacts strongly with the other environmental spheres.
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FIGURE 9.2  Illustration of the tectonic cycle in the geosphere. Divergent boundaries form on ocean floors 
between tectonic plates that are moving apart and are where hot magma undergoes upwelling and cooling to 
form new solid lithospheric rock, creating ocean ridges. Convergent boundaries are where plates move toward 
each other forcing matter downward into the asthenosphere in subduction zones, eventually to form new 
molten magma and, in some cases, forcing matter upward to produce mountain ranges. Two plates moving 
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FIGURE 9.3  The rock cycle. Solid rock is formed initially when liquid magma reaches the surface and 
solidifies to produce igneous rock. The igneous rock undergoes weathering, a slow process in which it is 
broken down physically and chemically. The products of weathering are carried by water and deposited as 
sediments. Buried and subjected to heat and pressure, sediments form metamorphic rock, which can melt to 
produce magma and start the cycle over again.
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A part of the crust crucial for the existence of humans and most other nonaquatic life forms is 
the thin layer of weathered rock, partially decayed organic matter, air spaces, and water composing 
soil that supports plant life. Were Earth the size of a geography classroom globe, the average thick-
ness of the soil layer on it would be only about the size of a human cell! The top layer of soil that is 
most productive of plants is topsoil, which is often only a few centimeters thick in many locations 
or even nonexistent where poor cultivation practices and adverse climatic conditions have led to its 
loss by wind and water erosion. The conservation of soil and enhancement of soil productivity are 
key aspects of sustainability. Soil is discussed in detail in Chapter 10.

9.2 � CHEMICAL COMPOSITION OF THE 
GEOSPHERE AND GEOCHEMISTRY

For the most part, the crust consists of rocks, which in turn are made up of minerals characterized 
by a definite chemical composition and crystal structure. Only about 25 of the approximately 2000 
known minerals compose most rocks. Because most of the crust consists of chemically combined 
oxygen (49.5%) and silicon (25.7%), the most abundant minerals are silicates composed of various 
silicon oxides, examples of which are quartz, SiO2, and potassium feldspar, KAlSi3O8. Other ele-
ments in Earth’s crust are aluminum (7.4%, commonly occurring as Al2O3), iron (4.7% as Fe3O4 
and other iron oxides), calcium (3.6% in limestone, CaCO3, and dolomite, CaCO3•MgCO3), sodium 
(2.8%), potassium (2.6%), and magnesium (2.1%). That leaves only 1.6% of the crust to serve as 
a source of other important mineral substances, including metals other than iron and aluminum, 
phosphorus required for plant growth, and sulfur widely used in industrial applications. Careful 
management of this natural capital resource of scarce essential minerals is one of the primary 
requirements for sustainability.

The rocks that compose Earth’s crust participate in the rock cycle shown in Figure 9.3, a pro-
cess that alters the chemical nature of rocks and forms new minerals. As shown in Figure 9.3, 
igneous rock is produced from the solidification of liquid magma. Exposed to water, atmospheric 
oxygen, and various organisms, igneous rock undergoes weathering and becomes highly altered, 
reaching a state of greater physical and chemical equilibrium with the atmosphere. Weathering 
products end up as soil and sediments in bodies of water and are carried by water to be depos-
ited as sediments. Sediments that become buried and compressed turn into secondary minerals, 
among the most abundant of which are clays, consisting of hydrated silicon and aluminum oxides, 
produced by the weathering of minerals such as potassium feldspar, KAlSi3O8. A common clay is 
kaolinite, Al2Si2O5(OH)4, structural aspects of which are shown in Figure 9.4.

Geochemistry is the branch of chemistry that deals with rocks and minerals and the chemi-
cal interactions of the geosphere with other environmental spheres.3 The specialized branch of 
geochemistry relating to environmental influences and interactions of the geosphere is envi-
ronmental geochemistry. Weathering by chemical processes is a particularly important aspect 
of geochemistry and largely determines the chemical nature of minerals near Earth’s surface. 
Almost imperceptible under dry conditions, weathering proceeds at a much more rapid rate in 
the presence of water. The rate of weathering is also increased by the action of microorganisms, 
some of which secrete chemical species that attack rock and leach nutrients from it. Particularly 
important to weathering are lichens, which are algae and fungi living together synergistically. 
The algae utilize solar energy to convert atmospheric carbon dioxide to plant biomass and the 
fungi utilize the biomass and anchor the organisms to the rock surface and extract nutrients 
from it.

Weathering enables the rock/water/mineral system to attain equilibrium through chemical mech-
anisms of dissolution or precipitation, acid-base reactions, complexation, hydrolysis, and oxidation-
reduction. Water plays a key role in weathering, enabling weathering agents to come into intimate 
chemical contact with rock, removing weathered material from the rock surface, and participating 
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as a reactant in the chemical reactions involved in weathering. Acid-forming gases such as CO2 and 
SO2 produce H+ ion, a key weathering agent, by reactions with water:

	 CO H O H HCO2 2 3+ → ++ − 	 (9.1)

Rainwater, which is free of alkalinity and hardness ions, but is somewhat acidic due to dissolved 
CO2 and sometimes other acidic constituents, such as those characteristic of acid rain (see 
Section 4.8), is an aggressive weathering agent.

There are several important processes in which water is involved in chemical weathering. Water 
acts as a solvent to dissolve minerals,

	 CaSO 2H O s water Ca aq SO aq 2H4 2
2

4 2⋅ ( )( )→ ( ) + ( ) ++ 2− OO 	 (9.2)

may add to minerals in hydration reactions,

	 CaSO s 2H O CaSO 2H O s4 2 4 2( ) + → ⋅ ( ) 	 (9.3)

or be lost in dehydration processes:

	 2Fe OH H O s Fe O s 3 2 H O3 2 2 3 2( ) ⋅ ( )→ ( ) + +( )x x 	 (9.4)
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FIGURE 9.4  Representation of the structure of kaolinite, a two-layer clay, in which layers of hydrated Si(IV) 
oxide alternate with layers of Al(III) oxide.



248 Fundamentals of Environmental and Toxicological Chemistry

The reaction

	 FeCO s H O FeOH aq HCO aq3 2 3( ) + → ( )+ ( )+ − 	 (9.5)

illustrates dissolution accompanied by hydrolysis. Acid hydrolysis is an important process by which 
CaCO3 and CaCO3⋅MgCO3 are dissolved

	 CaCO s H O CO aq Ca aq 2HCO aq3 2 2
2

3( )+ + ( )→ ( )+ ( )+ − 	 (9.6)

and the dissolved carbonates may be transported some distance in solution in water and deposited 
as the solid carbonates as CO2 is lost to the atmosphere or taken up by algal photosynthesis, revers-
ing Reaction 9.6. The dissolution of pyrite through the action of bacterially mediated reactions (see 
Section 3.3) is an example of weathering by oxidation:

	 4FeS s 15O g 8 2 H O 2Fe O H O 8SO2 2 2 2 3 2 4( )+ ( )+ +( ) → ⋅ +x x 22 aq 16H aq− ( )+ ( )+ 	 (9.7)

Complexation of metal ion may enhance weathering. An example is the dissolution of iron(II) 
silicate minerals, such as fayalite, Fe2SiO4, by the action of fulvic acid chelating agents (represented 
as H2FA; see Section 3.11 and Figure 3.14):

	 ) ) )( ( ()( + + → +Fe SiO s 2H FA aq H O 2FeFA aq H SiO aq2 4 2 2 4 4 	 (9.8)

The formation of soluble iron or fulvic acid chelates, represented in general as FeFA (Equation 9.8), 
has been shown to be responsible for soluble iron in runoff from humic-substance-rich peat bog 
leachate carrying iron into coastal seawater off North Scotland.4

The kinds and concentrations of solute species in natural waters are largely determined by 
weathering processes. Acid hydrolysis of silicate minerals is especially important in adding Na+, 
K+, and Ca2+ to water in contact with these minerals.

9.2.1 B iological Aspects of Weathering

As noted previously, organisms, especially lichens, are responsible for much weathering followed 
by soil formation. Miniature ecosystems develop in cavities on rock surfaces where they accumu-
late water and inorganic and organic debris, including weathering products (Figure 9.5). In addi-
tion to lichens, such systems support nitrogen-fixing cyanobacteria, green algae, fungi, bacteria, 
and insects. The organisms release organic acids and produce humic material from the partial 
biodegradation of plant matter that act to weather the rock, enlarging the cavities. As this process 
occurs, small crystals of minerals are released from the rock and may undergo further weathering. 
Eventually, the weathering products, windblown dust, and organic matter produce soil in the cavi-
ties. This enables vascular plants to develop, which may contribute to further weathering of rock 
through, for example, the action of bacteria associated with the plant roots.

Weathering is an important process for releasing trace levels of elements, including nutrients and 
toxic substances, into water and soil. As noted previously, fulvic acids chelate iron in the weather-
ing of iron-rich minerals and may be responsible for maintaining levels of this micronutrient high 
enough in water to support the growth of algae. Also discussed previously, bacterially mediated 
weathering of mineral pyrite, FeS2, can release sulfuric acid and excessive levels of soluble iron 
into water. The acid is toxic to aquatic life as is soluble iron at higher levels. The dissolution of 
aluminum-containing minerals by acidic water, such as that from acid rainwater, can raise levels of 
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dissolved Al3+ high enough to be phytotoxic (toxic to plants). Some toxic elements are released by 
weathering. One of these is radioactive radium released in the weathering of some kinds of shale, 
discussed as a water pollutant in Chapter 4, Section 4.14. Another element is arsenic, commonly 
associated with iron-rich minerals (see Chapter 4, Section 4.4 and Figure 4.1). Lead leached from 
mineral galena, PbS, can be toxic in water consumed by humans and animals.

Weathering can release essential plant nutrients into the soil solution, which is taken up by plant 
roots carrying nutrients with it. One of the most important of these is K+ ion, which goes into solu-
tion from the weathering of minerals such as potassium feldspar, KAlSi3O8. Nutrient phosphorus is 
released in the weathering of hydroxyapatite, Ca5OH(PO4)3. Selenium is leached from minerals that 
contain this element, too much of which can be toxic and a deficiency of which can cause adverse 
health effects, especially in livestock, as well (see Chapter 10, Section 10.5).

9.3  GEOSPHERE AS A SOURCE OF NATURAL CAPITAL

The geosphere is an immense source of natural capital, providing a living environment for most 
humans, minerals required by modern civilizations, and room for disposal of wastes. One of the 
greatest concerns with regard to sustainability is the acquisition of essential elements from the 
geosphere in ways that sustain to the maximum extent possible supplies of these irreplaceable 
resources. As technology advances, priorities for specific geospheric resources change. In recent 
years, numerous uses have emerged for the rare earth elements consisting of the 15 lanthanides 
(elements with atomic numbers 58 through 71 in the periodic table shown in Chapter 19) plus scan-
dium and yttrium, transition elements with atomic numbers 21 and 39, respectively. The chemical 
properties of the lanthanides are generally quite similar to each other, making their separation dif-
ficult. The chemical properties of scandium and yttrium are similar to those of the lanthanides, so 
they are commonly classified as rare earths.

The uses that have emerged for the rare earths are varied. The applications of various rare earths 
include making metal alloys, superconductors, phosphors that glow various colors in light-emitting 
diodes (LEDs), electrodes, electrolytes, electronic filters, lasers, specialty (colored) glasses, x-ray 
tubes, mercury vapor lamps, computer memory, oxidizing agents, and reducing agents. Rare earths 
are widely used in hybrid automobiles and in wind turbines. Each Toyota Prius hybrid automobile 
reportedly requires 1 kg of neodymium for its electric motor with terbium and dysprosium added in 
smaller quantities to preserve magnetic qualities and 10–15 kg of lanthanum for its battery.

Rock

Water

Embryonic soil

Lichen

Cavity in rock containing 
a miniature ecosystem

Microorganisms including
cyanobacteria

FIGURE 9.5  Water, solids of various kinds, and organisms accumulate in cavities on the surface of rocks, 
contributing to weathering. These structures may host miniature ecosystems in which the organisms contrib-
ute to the weathering of rock and make use of materials produced by weathering.
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Lithium has emerged as an important element because of the development of high-powered lith-
ium storage batteries capable of storing and releasing large quantities of energy per unit mass of 
battery. These have largely been used in computers and other electronic devices, but will certainly 
find growing applications in electric and hybrid automobiles.

With the rather sudden development of new applications for rare earth elements and lithium, 
questions of supply have become important. China has had a near monopoly on rare earth elements 
and, with the advancement of high-tech industries in China, which may consume available sup-
ply, other countries have become alarmed regarding availability. China is also a source of lithium, 
although Bolivia is the main supplier. Fortunately, rare earths are not very rare, and the vast U.S. 
deposit in Mountain Pass, California, was the largest supplier until the facility was closed because 
of competition from China where labor costs are very low. Now the mine is being modernized in 
preparation for production to resume. Rare earth deposits also occur in Canada and even Vietnam.

In June 2010 U.S. military officials and geologists revealed that war-torn Afghanistan was a 
treasure trove of desired minerals including rare earths, with a total value of all mineral resources 
estimated at around 1 trillion dollars. The most abundant and valuable of these is iron (estimated 
at $420 billion), copper ($274 billion), niobium ($81 billion), cobalt ($51 billion), gold ($25 billion), 
molybdenum ($24 billion), and rare earths ($7.4 billion). Other minerals of commercial value in 
Afghanistan likely include silver, potash, aluminum, graphite, fluorite, phosphorus, lead, zinc, mer-
cury, strontium, sulfur, talc, magnesite, and kaolin clay. There are also believed to be lithium depos-
its in dry lakebeds of Afghanistan’s eastern province of Ghazni. The lithium deposits may in fact be 
equal to those of Bolivia, which currently produces most of the lithium used in battery manufacture. 
Development of these mineral sources has the potential to help move the economy of the troubled 
country of Afghanistan from dependence on the opium trade (and U.S. military expenditures) to an 
economy based upon mineral resources.

9.4  ENVIRONMENTAL HAZARDS OF THE GEOSPHERE

Volcanoes and earthquakes are manifestations of the awesome, potentially destructive forces 
that reside in the geosphere to which modern civilization is very vulnerable, beyond the power of 
humans to prevent or even accurately predict. Although humans cannot predict or prevent these 
natural disasters, human activities can significantly influence the degree of damage that they cause. 
As examples, structures constructed on poorly consolidated fill dirt are much more susceptible to 
earthquake damage than are those attached firmly to bedrock, and the construction of dwellings in 
areas known to be subject to periodic volcanic eruptions simply means that unstoppable lava flows 
and other volcanic effects will be much more damaging when they occur. Other less spectacular but 
very destructive geospheric phenomena can be greatly aggravated by human activities. Destructive 
and sometimes life-threatening landslides, for example, often result from human alteration of sur-
face soil and vegetation.

9.4.1 V olcanoes

On March 5, 2011, the Kilauea volcano in Hawaii’s Volcanoes National Park suddenly erupted, 
spewing thousands of tons of molten lava into the ocean. The spectacle immediately increased the 
tourist trade to the area, although people were kept away for some distance because of the plume of 
volcanic gas including more than 10,000 tons per day of sulfur dioxide released to the atmosphere. 
A much more serious eruption took place almost exactly a year earlier when, having lain dormant 
for almost two centuries, the Eyjafjallajokull volcano, one of Iceland’s largest, began to ooze lava 
on March 20, 2010, visible as a red glow above the huge glacier covering the volcano. Initially, the 
eruption was nothing more than an interesting tourist attraction and the volcano appeared to revert 
to its normal state after a few days. However, on April 14, an enormous explosion sent volcanic ash 
as far as 11,000 m into the atmosphere, followed by days in which the volcano continued to spew 
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ash high into the sky. This presented a significant problem for commercial aviation as the plume 
of volcanic ash spread eastward across the British Isles and northern and central Europe, because 
volcanic ash can damage jet engines and even cause them to stop running. (In 1982, all four engines 
of a British Airways 747 stopped when it was inadvertently flown into an ash cloud from Indonesia’s 
Mount Galunggung and for several terrifying minutes, what suddenly became the world’s largest 
glider, descended from 11,000 to 4100 m before the engines restarted, enabling an emergency land-
ing in Jakarta.) The result of the Eyjafjallajokull eruption was that within 2 days, most of Europe’s 
major airports were closed, canceling thousands of flights. Because of ripple effects across the 
world, this incident became the worst peacetime travel disruption in history, stranding millions of 
travelers, many with diminished financial resources from limited travel budgets. The result was a 
period of many days of travel chaos as flight bookings were rescheduled to eventually get travelers 
to their destinations. Airlines estimated financial losses of about $1.7 billion, resulting from the 
cancellation of more than 100,000 flights.

Illustrated in Figure 9.6, a volcano results from the presence of liquid rock magma near the 
surface.5 In addition to liquid rock lava at temperatures ranging from 500°C to 1400°C that flows 
from volcanoes, these often very destructive phenomena are manifested by discharges of gases, 
steam, ash, and particles. Volcanic disasters have always plagued humankind. The 79 ad eruption 
of Mount Vesuvius in ancient Rome buried the city of Pompei in ash, preserving a snapshot of life 
in Rome at that time. The astoundingly massive eruption of Indonesia’s Tambora volcano in 1815 
was caused when water infiltrated the hot magma beneath the volcano, resulting in an explosion 
equivalent to 100 million tons of TNT explosive and blasting an estimated 30 km3 of solid material 
into the atmosphere. The May 18, 1980, Mount St. Helens eruption in Washington State blew about 
1 km3 of material into the atmosphere, killed 62 people, and caused about $1 billion in damage.

In addition to their immediate effects upon surrounding areas, volcanoes can affect the atmo-
sphere and climate. The Tambora volcano blasted enough particulate matter into the atmosphere to 
produce a very pronounced cooling effect. The following “year without a summer” caused global 
crop failures and starvation, and perceptible global cooling was observed for the next 10 years. Huge 
quantities of water vapor, dense carbon dioxide gas, carbon monoxide, hydrogen sulfide, sulfur 
dioxide, and hydrogen chloride may be emitted into the atmosphere in volcanic eruptions. Hydrogen 
chloride along with hydrogen sulfide and sulfur dioxide oxidized in the atmosphere to sulfuric acid 
can contribute to acidic rainfall. Volcanic emissions differ in their atmospheric chemical effects. 
The 1982 El Chichón eruption in Mexico generated little particulate mineral matter, but emitted 
vast amounts of sulfur oxides that were oxidized to sulfuric acid in the atmosphere. The tiny drop-
lets of sulfuric acid suspended into the atmosphere effectively reflected enough sunlight to cause a 
perceptible cooling in climate.

Magma
chamber

FIGURE 9.6  A volcano in a classic cone shape produced when molten lava and ash are ejected from a 
magma chamber underground.
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9.4.2 T oxicological and Public Health Aspects of Volcanoes

Volcanic eruptions can cause some harmful health effects. Tourists were kept at some distance from 
the 2011 eruption of the Kilauea volcano (see Section 9.4.1) because of its emissions of sulfur diox-
ide gas. People may suffocate in the carbon dioxide or be poisoned by the toxic carbon monoxide 
and hydrogen sulfide. (If the geothermally active Yellowstone National Park in the United States 
was an industrial installation, it is likely that authorities would consider placing some areas off 
limits because of emissions of hydrogen sulfide, readily detected by visitors by its foul odor.) Fine 
particles blown into the atmosphere from volcanic eruptions can cause respiratory problems when 
inhaled. Plants may be killed or their growth stunted by exposure to sulfur dioxide and hydrogen 
sulfide from volcanoes.

Massive, atmospheric-damaging eruptions of volcanoes in recorded history have caused cata-
strophic crop failures. These will happen again. And since the world as a whole carries little food 
surplus from year to year, the certainty of food supply disruptions due to volcanic activity points to 
the desirability of storing substantial amounts of food for emergency use.

9.4.3  Earthquakes

Earthquakes consist of violent horizontal and vertical movement of Earth’s surface resulting from 
relative movements of tectonic plates. Huge masses of rock in the plates may be locked relative to 
each other for as long as centuries, then suddenly move along fault lines. This movement and the 
elastic rebound of rocks that occur as a result cause the earth to shake, often violently and with 
catastrophic damage.

History provides many examples of astoundingly damaging earthquakes. Over 1 million lives 
(out of a much lower global population than now) were lost by an earthquake in Egypt and Syria 
in 1201 ad. The May 12, 2008, 7.9 magnitude Wenchuan earthquake in Sichuan Province, China, 
left 80,000 people dead or missing. Financial costs of earthquakes in highly developed areas are 
enormous; the 1989 Loma Prieta earthquake in California cost about 7 billion dollars. Phenomena 
caused by earthquakes can add to their destructiveness. In addition to their direct shaking effects, 
earthquakes can cause ground to rupture, subside, or rise. Liquefaction of poorly consolidated 
ground, especially where groundwater levels are shallow, occurs when soil particles disturbed by an 
earthquake separate, become mixed with water, and behave like a liquid, causing structures to sink 
and collapse. Soil liquefaction was a major cause of destruction in the 6.3 magnitude Christchurch, 
New Zealand, earthquake in February 2011 that killed as many as 240 people and caused billions 
of dollars in property damage. Liquefaction damaged large numbers of the city’s sewers, and even 
2 weeks after the event, as many as 158,000 residents were left without functioning toilets; authori-
ties were advising some residents to dig holes in their backyards for temporary toilet facilities! One 
of the more terrifying effects of earthquakes is a tsunami, a giant ocean wave that can reach heights 
of as much as 30 m. On December 26, 2004, a huge earthquake off the coast of Sumatra generated 
a tsunami up to 30 m high, killing more than 150,000 people in countries around the Indian Ocean. 
On March 11, 2011, a magnitude 8.9 earthquake, the largest ever recorded in the country, occurred 
off the coast of Sendai, Japan, northeast of Tokyo. It was followed by a massive tsunami that swept 
boats, automobiles, wreckage of buildings, and other debris far inland along some coastal regions 
of Japan. At least 13,800 people were known to be killed, 14,000 were missing and probably dead a 
month later, and the property damage came to about $300 billion.

Earthquakes have defied efforts to predict them, a fact that makes them all the more frightening. 
(An alarm of an impending earthquake did reach a number of residents in the vicinity of the March 
11, 2011, quake in Japan, a warning of 30 seconds before the quake hit.) Warnings of impend-
ing tsunamis are possible, and many areas have established alarm systems including sirens. Areas 
thousands of miles from the epicenter of a quake may receive word of an impending tsunami hours 
before it hits; such was the case in Hawaii after Japan’s great quake. However, the epicenter of this 
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earthquake was so close to the shore that residents of Japan’s coastal areas, especially in the vicinity 
of Sendai, had very little warning before the massive tsunami generated by the quake hit the coast. 
Earthquake-prone areas, such as southern California, are well known, and loss of life and property 
can be minimized by taking appropriate measures. Buildings can be constructed to resist the effects 
of earthquakes using practices that have been known for some time. For example, some buildings 
in Niigata, Japan, were constructed to be earthquake-resistant in the 1950s. When a destructive 
earthquake hit that city in 1964, some buildings tipped over on the liquefied soil but remained struc-
turally intact! (Current practice calls for the construction of more flexible structures designed to 
dissipate the energy imparted to them by an earthquake.) The construction of buildings, roadways, 
railroads, and other structures to withstand the destructive effects of earthquakes provides an excel-
lent example of designing the anthrosphere in a manner that is as compatible as possible with the 
geosphere and the natural hazards it poses.

Although humans can do nothing to prevent earthquakes, there is some evidence that anthro-
spheric activities have helped cause them. Some seismologists have suggested that the pressure of 
water from newly constructed reservoirs in China provided lubrication between underground rock 
formations that enabled earth movement in the Wenchuan earthquake mentioned previously. One 
experiment near Basel, Switzerland, an area known to be close to a significant geological fault, that 
involved injecting water into hot rock formations to produce steam for power had to be stopped 
because it was believed to have caused a number of very small quakes. The head geologist of the 
company conducting the experiment was put on trial in 2009 for allegedly causing the tremors, but 
was acquitted. A 4.7 magnitude earthquake was recorded near Greenbrier, Arkansas, in February 
2007, the largest in the state in 35 years. It was preceded by a number of smaller quakes that coin-
cided in location and time with drilling and hydrofracking (fracturing by a suspension of highly 
pressurized sand in water containing additives) of underground shale formations to extract natural 
gas, a practice that some authorities have suspected of causing the tremors.

9.4.4 T oxicological and Public Health Aspects of Earthquakes

Direct toxicological effects of earthquakes are relatively unlikely. One possibility is the release 
of poisonous hydrogen sulfide gas from underground deposits or from coastal ocean sediments 
stirred up by sediments. Some concern has been expressed over the potential release of methane 
gas. Another possibility is the release into the atmosphere of suffocating levels of carbon dioxide 
gas produced by subterranean volcanic activity (see the discussion of such a devastating release 
from Africa’s Lake Nyos in Section 3.7).

There can be significant indirect toxicological and health effects from earthquakes. Following 
the great 2011 Japanese earthquake, destruction and fires at petroleum refining facilities released 
toxic substances, possibly including toxic vapors of organic liquids such as benzene as well as car-
cinogenic polycyclic aromatic hydrocarbons from the combustion of hydrocarbons in petroleum 
refinery fires. Of much greater concern was the release of radioactive nuclear fission products from 
the damaged Fukushima Daiichi nuclear power reactor complex following partial meltdown of 
some of the fuel elements.

Significant public health problems are generated by earthquakes’ destruction of housing, water 
supplies, and waste disposal systems. These were especially severe after the January 2010 mag-
nitude 7.0 quake that devastated Port-au-Prince in Haiti and are suspected of contributing to an 
epidemic of cholera late in 2010 that killed a number of people.

9.4.5 S urface Effects

Though less spectacular than major earthquakes or volcanic eruptions, surface earth movement 
causes enormous damage and significant loss of life. Furthermore, surface earth movement is often 
strongly influenced by human activities. Surface phenomena result from the interaction of forces 
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that act to thrust earth upward countered by weathering and erosion processes (see Section 9.2) that 
tend to bring earth material down. Both of these phenomena are influenced by the exposure of earth 
masses to water, oxygen, freeze–thaw cycles, alternate saturation with water and drying, and organ-
isms and human influences.

Landslides occur when finely divided (unconsolidated) earthen material slides down a slope 
often with devastating results.6 The 1970 earthquake-initiated landslide of dirt, mud, and rocks on 
the slopes of Mt. Huascaran in Peru may have killed 20,000 people. A 1963 landslide on slopes sur-
rounding a reservoir held by the Vaiont Dam in Italy suddenly filled the reservoir, causing a huge 
wall of water to overflow the dam, killing 2600 people and destroying everything in its path.

Along with weather and climate, human activities can influence the likelihood and destructive-
ness of landslides. Roads and structures constructed on sloping land can weaken the integrity of 
earthen material or add mass to it, increasing its tendency to slide. In some cases, strong root struc-
tures of trees and brush anchor sloping land in place. However, some plant roots destabilize and add 
mass to soil, increase the accumulation of water underground, and cause earth to slide. Fortunately, 
predicting a tendency for landslides to occur is relatively straightforward based upon the nature and 
slope of geological strata, climate conditions, and observations of evidence of a tendency toward 
landslides, such as movement of earth and appearance of cracked foundations in buildings built on 
slopes. In some cases, remedial actions may be taken, but more important are the indications that 
structures should not be built on slide-susceptible slopes.

Less spectacular than landslides is creep, which is characterized by a slow, gradual movement 
of earth. Creep is especially common in areas where the upper layers of earth undergo freeze or 
thaw cycles. A special challenge is permafrost, which occurs in northern Scandinavia, Siberia, 
and Alaska. Permafrost refers to a condition in which ground at a certain depth never thaws, and 
thawing occurs only on a relatively thin surface layer. Structures built on permafrost may end up 
on a pool of water-saturated muck resting on a mixture of frozen ice and soil (Figure 9.7). One of 
the greater challenges posed by permafrost in recent times has been the construction of the Trans-
Alaska pipeline in Alaska on a permafrost surface. Global warming is causing thawing of perma-
frost in Arctic regions such as parts of Siberia and is resulting in significant structural damage.

Expansive clays that alternately expand and contract when saturated with water, then become 
dried out, can cause enormous damage to structures, making the construction of basements virtu-
ally impossible in some areas. Sinkholes occur in areas where rock formations are dissolved by 

�awed permafrost

Solid permafrost

FIGURE 9.7  The thawing of permafrost due to global warming is causing structural damage in Arctic 
regions such as the northern parts of Siberia.
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chemical action of water (particularly dissolved carbon dioxide acting on limestone). Earth can 
fall into a cavity generated by this phenomenon, causing huge holes in the ground that can swallow 
several houses at a time.

9.4.6 R adon, a Toxic Gas from the Geosphere

A toxicological hazard from the geosphere is radon gas, a radioactive alpha particle emitter that 
may be released into the atmosphere and inhaled, potentially causing lung cancer. Geospheric radon 
originates with uranium, which decays to radium, which in turn decays to radon gas. This noble 
gas has a brief lifetime before it decays to other products, during which it may infiltrate dwellings 
through cracks in basement floors. The radioactive decay products of radon attach to particles in 
indoor air and are taken into the lungs, where they may damage lung tissue and cause cancer. Most 
of the cases of lung cancer attributed to radon have also involved synergistic effects with smoking.

9.5  WATER IN AND ON THE GEOSPHERE

The geosphere is the repository of virtually all the world’s freshwater. As shown in Figure 9.8, this 
water may be in underground aquifers as groundwater; on the surface as streams, rivers, lakes, and 
impoundments; or as deposits of ice (glaciers) resting on Earth’s surface. Water collected by the 
geosphere constitutes virtually all Earth’s freshwater resources. This water is susceptible to pollu-
tion, which in extreme cases can render the water sources virtually useless. One of the greater water 
pollution problems is when water in underground aquifers becomes contaminated with hazardous 
waste material improperly discarded in the geosphere.

Water commonly moves on the geosphere in streams or rivers consisting of channels through 
which water flows. Rivers collect water from drainage basins or watersheds. To protect water quality 
in rivers, pollution and pollution-causing agricultural practices in drainage basins must be avoided. 

Groundwater aquifer

Snow, ice

River

Watershed

Lake, impoundment

Water in soil

FIGURE 9.8  Water is generally abundant on and below the surface of the geosphere. Rain falling as part of 
the hydrologic cycle is spread on a watershed from which it may flow to produce rivers and seep into porous 
geological formations called aquifers as groundwater. Water is an important constituent of soils.
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Rivers continually erode the geosphere over which they flow and leave deposits of sediments. Over 
time, a river will erode earth away and create valleys. An undisturbed river continually cuts curving 
patterns known as meanders in a river valley. The flat area of a valley formed by erosion and sedi-
ment deposition in the valley and susceptible to periodic flooding is the river’s floodplain.

Floods are the phenomena associated with river flow, which are most likely to cause damage to 
anthrospheric structures. Despite their destructiveness, floods are normal phenomena by which a 
river does much of its work of shaping the surface of the geosphere. However, by unwisely build-
ing in floodplains, humans have made themselves susceptible to the damaging effects of floods. 
This was illustrated most tragically in 2005 by the deadly flood of the city of New Orleans follow-
ing Hurricane Katrina, in which many of the areas flooded had been constructed below sea level! 
Human activities on the geosphere surface can make the effects of floods much worse. For example, 
flash floods following intense rainfall in urban areas are made much worse by the removal of veg-
etation from watersheds and its replacement with paving. Concrete and asphalt surfaces do not slow 
down the flow of water like well-rooted plants do and such surfaces prevent the infiltration of water 
into the ground.

Attempts to control water flow and flooding provide interesting examples of how humans inter-
act with their natural environment. Control measures have concentrated on the downstream end 
on the rivers themselves by constructing levees to confine rivers to their banks, by straightening 
and deepening river channels to increase the velocity and the flow of the water in an effort to move 
it quickly downstream away from the potentially flooded area, and by building dams to contain 
floodwater until it can be safely released. Such measures can be deceptively successful, some-
times for many decades, until a massive flood overwhelms them. When a contained river carrying 
vast amounts of water flowing at a high velocity eventually breaks through the levees and dams 
designed to contain it, the resulting damage can be catastrophic. During the record-breaking May 
2011 Mississippi River flood, the U.S. Army Corps of Engineers used explosives to create a 2-mile 
breach in the river levee to enable water to flow into the Birds Point-New Madrid Floodway in 
Missouri in order to save Cairo, Illinois, and Hickman, Kentucky, from flooding. These towns were 
saved, but the 200-square-mile lake that was created inundated 130,000 acres of rich farmland and 
around 100 homes.

An approach to flood control based upon the best practice of sustainability provides a means 
of minimizing flood damage. Such an approach tends to concentrate more on the upstream end, 
the watersheds from which water produced by rainfall flows into the river. With the proper kind of 
vegetation cover, such as forests, and with terraces and small dams designed to temporarily slow the 
flow of water into the river from the watershed, extremes of high water (flood crests) can be greatly 
reduced. With regard to protection of dwellings and agricultural land in the river’s flood plain, a 
fundamental question has to be asked whether houses should even be located in these areas and 
whether the land should be cultivated. In many cases, the answer is no, and the least costly alterna-
tive overall is to pay for removal of the structures and conversion of the land back to an uncultivated 
state, simply allowing the flooding that comes naturally to the river.

9.5.1 G eospheric Water and Health Effects

Water on and beneath the surface of the geosphere plays a strong role in pollution and the distri-
bution of toxic substances. Toxic substances from wastes improperly disposed to the geosphere 
can leach into groundwater and contaminate water supplies. Radioactive radium resulting from the 
decay of uranium in aquifer formations has caused some groundwater sources of drinking water to 
be abandoned.

One of the most tragic examples of water as a vector for toxic substances in the geosphere 
happened in Bangladesh, where tube wells drilled to supply pathogen-free water (Figure 9.9) 
became contaminated with arsenic leached from the aquifers into which they were drilled and 
caused numerous cases of arsenic poisoning. Characterized by the World Health Organization as 
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“the largest mass poisoning of a population in history,” the arsenic-contaminated water may have 
exposed as many as 77 million people, half the population of the country, to toxic levels of arsenic. 
In a study of approximately 12,000 people in Bangladesh over a 10-year period,7 it was concluded 
that more than 20% of the deaths of this group over the course of the study were due to arsenic 
poisoning. The people in the top 25% of arsenic exposures had almost a 70% higher likelihood of 
dying over a 6-year period compared to those exposed to the less than 10 μg/L arsenic, generally 
accepted as an exposure limit. The maladies commonly attributed to arsenic intake include bladder, 
kidney, liver, and skin cancers as well as elevated levels of heart disease. It is believed that excessive 
exposure to arsenic, primarily from drinking water, occurs in approximately 70 countries including 
India, Mexico, and the United States.

There are several possible mechanisms for arsenic to get into water from the geosphere. Probably 
the most common of these is the release of arsenic that has accumulated on iron(III) oxide (goethite, 
FeO(OH)). As shown in Figure 9.9, when the insoluble iron(III) is reduced to soluble Fe2+ by the 
action of anoxic bacteria on organic matter, {CH2O}, arsenic is released as soluble As(III) or As(V) 
species. The oxidation of arsenopyrite, FeAsS, can release arsenic as can the decomposition of 
arsenic-contaminated organic matter (peat) in underground deposits.

9.6  ANTHROSPHERIC INFLUENCES ON THE GEOSPHERE

The urge to “dig in the dirt” and alter Earth’s surfaces seems to be innate in humans. During recent 
decades, the potential of humans to alter the geosphere has been greatly increased by the devel-
opment of massive earth-moving equipment. Flooding of rivers caused by human activities was 
discussed in Section 9.5. Other geospheric disturbances that can be detrimental include landslides 
on mounds of waste mine tailings, adverse effects resulting from exposure of minerals during min-
ing (production of acid mine water from exposure of pyrite, FeS2, in coal mining), and filling and 
destruction of wetlands upon which many forms of wildlife depend for breeding grounds.

FeO(OH)(As)(s) + {CH2O}

Well

Arsenic-contaminated
drinking water

Arsenic-contaminated
irrigation water

Arsenic-contaminated
crops

Peat and humic organic
matter enriched in AsArsenic-contaminated aquifer

Fe2+(aq) + As(aq)

FeO(OH) mineral with
bound As

Arsenopyrite mineral,
FeAsS

Arsenic-contaminated soil

FIGURE 9.9  Tube wells sunk into arsenic-containing aquifer formations may yield water contaminated by 
toxic soluble arsenic. Use of the water for irrigation can contaminate soil with arsenic and provide a pathway 
for arsenic to get into food crops such as rice. The problem has been especially acute in Bangladesh, but has 
occurred in other parts of the world as well.
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Human effects upon the geosphere can be both direct and indirect. Constructing dams and res-
ervoirs, flattening whole mountaintops to get to underground coal seams, and plowing natural prai-
ries to grow crops are obvious direct effects. Indirect effects include pumping so much water from 
underground aquifers that the ground subsides or exposing minerals to the atmosphere by strip min-
ing so that the minerals undergo weathering to produce polluted acidic water. Mineral extraction 
can result in earthen material being disturbed and rearranged in ways that can cause almost irrevers-
ible damage to the environment. A major objective of the practice of green chemistry and industrial 
ecology is to minimize these detrimental effects and, to the extent possible, eliminate them entirely.

Many of the effects of human activities on the geosphere have to do with the extraction of 
resources of various kinds from Earth’s crust. These may range from gravel simply scooped from 
pits on Earth’s surface to precious metals at such low concentrations that tons of ore must be pro-
cessed to get a gram or less of the metal. The most straightforward means of obtaining materials 
from Earth’s crust is surface mining. This often involves removing unusable material in the form of 
the overburden of soil and rock that covers the desired resource. Such surface mining may leave a 
pit that fills with water alongside a pile of the overburden. This kind of mining practice caused many 
environmental problems in the past. However, with the modern practice of surface mining, topsoil 
is first removed and stored, rock removed to get to the resource is either placed back in the pit or on 
contoured piles, and the topsoil is placed over it for revegetation. In favorable cases, the result can 
be attractive lakes that support fish life and vegetated, gently sloping artificial hills.

Underground mining usually does not leave the visible scars that may be inflicted by surface 
mining. However, it can have profound environmental effects. Collapse of underground mines can 
cause surface subsidence. Water flowing through and from underground mines can pick up water 
pollutants. Most ores require a degree of beneficiation in which the usable portion of the ore is con-
centrated, leaving piles of tailings. These may collapse, and materials leached from them can pollute 
water. Examples of the latter include acidic water produced by the action of bacteria on iron pyrite, 
FeS2, removed from coal and radium leached from the tailings remaining from uranium mining 
operations.

9.7  GEOSPHERE AS A WASTE REPOSITORY

As discussed previously, mineral processing produces large quantities of waste solids. Other sources 
of waste solids include ash from coal combustion, municipal garbage, and solid wastes from various 
industrial processes. Ultimately, these wastes are placed on or in the geosphere. Such measures have 
an obvious potential for pollution.

One of the most common waste materials that ends up as part of the geosphere is municipal 
refuse, the “garbage” generated by human activities. This material is largely disposed in sanitary 
landfills made by placing the solid wastes on top of the ground or in depressions in the ground and 
covering it with soil to minimize effects such as windblown waste paper and plastic, emission of 
odorous materials to the atmosphere, and water pollution (Figure 9.10). Although “garbage dumps” 
used to be notably unsightly and polluting, modern practice of sanitary landfilling can result in 
areas that can be used as parkland, golf courses, or relatively attractive open space. The unconsoli-
dated nature of decaying garbage and the soil used to cover it make municipal landfills generally 
unsuitable for building construction. Biological decay of degradable organic material ({CH2O}) in 
the absence of oxygen generates methane gas by a process represented as

	 { }→ +2 CH O CO CH2 2 4 	 (9.9)

Methane is a powerful greenhouse gas in the atmosphere, much more effective per molecule 
at absorbing infrared radiation than is CO2, so it is undesirable to release CH4 to the atmosphere. 
However, modern sanitary landfills may be equipped with pipes and collection systems so that the 
methane can be collected and used as a fuel.
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Although the release of gases, particularly methane, to the atmosphere is a potential air pollu-
tion problem with sanitary landfills, contaminated leachate consisting of water seeping through 
the landfilled wastes can pollute water, especially groundwater. This water may contain heavy 
metals, organic acids, odor-causing organics, and other undesirable pollutants. There are two 
general approaches to minimizing problems from contaminated landfill leachate. One of these is 
to construct the landfill in a manner that minimizes water infiltration, thus reducing the amount 
of leachate produced to lowest possible levels. To prevent the leachate from getting into ground-
water, it is desirable to locate the landfill on a layer of poorly permeable clay. In some cases, 
the bottom of the landfill may be lined with impermeable synthetic polymer liners that prevent 
leachate from getting into groundwater. In cases where significant quantities of badly polluted 
leachate are generated, it is best to collect and treat the leachate, usually by biological treatment 
processes.

It is highly desirable to minimize quantities of materials requiring sanitary landfill disposal 
using the best practice of industrial ecology and green chemistry, preferably by reducing quantities 
of materials at the source, using less material that ultimately will require disposal. Wherever pos-
sible, materials, such as packing materials, that ultimately get into landfills should be biodegradable. 
Recycling programs in which glass, plastic, paper, and food cans are removed from refuse before 
disposal are effective in reducing quantities of material requiring disposal in landfills. Burning of 
garbage with proper pollution control measures can reduce it to a low-volume ash that can be placed 
in a landfill. Although not practiced to a significant extent, anoxic digestion of macerated wet refuse 
in an oxygen-free digester has the potential to produce methane for fuel use and significantly reduce 
the mass of the degradable wastes.

Sanitary landfills are not suitable for the disposal of hazardous substances. These materials must 
be placed in special secure landfills, which are designed to contain the wastes and leachate, thus 
preventing pollution of water, air, and the geosphere. One way in which this is accomplished is 
with impermeable synthetic membranes that do not allow water to seep into the fill and that pre-
vent leachate from draining into groundwater. These landfills are often equipped with water treat-
ment systems to treat leachate before it is released from the system. Unfortunately, many hazardous 
chemicals never degrade and a “secure” chemical landfill leaves problems for future generations to 
handle. One of the major objectives of green chemistry is to prevent the generation of any hazardous 

Soil

Refuse

FIGURE 9.10  A sanitary landfill. The refuse is placed in compartments that may be separated with poorly 
permeable fill dirt, typically after each day’s disposal, then covered with dirt. In larger, more advanced land-
fills, the methane produced by anoxic fermentation of biodegradable biomass is collected and used as fuel.
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materials that would require disposal on land. The best way to do that is to avoid making or using 
such materials. In cases where that is not possible and hazardous materials are generated, they 
should be treated in a way that renders them nonhazardous before disposal.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the text. So in some 
cases, there may be several “right” answers. Therefore, if your answer reflects intellectual effort and 
a search for information from available sources, it can be considered to be “right.”

	 1.	Do some search on the Internet regarding potential shortages of rare earths. What are the 
current major sources of these elements? Are some alternate sources being developed? 
What would be the consequences of drastic shortages of these elements.

	 2.	What is channelization as it applies to the geosphere and hydrosphere (the term has another 
meaning as applied to communication technology)? Can there be adverse effects of chan-
nelization on the geosphere?

	 3.	Suggest the main contributions made by the geosphere to the biosphere.
	 4.	Do an Internet search of melting permafrost as related to global warming. What are some 

of the major detrimental effects? Which areas are the most impacted?
	 5.	What are watersheds located on the geosphere? What are some of the threats to water-

sheds? How may watersheds be sustained?
	 6.	Look up the current status of biogas production from landfills. Where has collection of 

landfill biogas been implemented? What is likely to be its future development?
	 7.	Distinguish between rocks and minerals.
	 8.	How does igneous rock turn into secondary minerals?
	 9.	What is the branch of chemistry that deals with rocks and minerals and their chemical 

characteristics and interactions?
	 10.	Give an example of an air pollutant and of a water pollutant that may be generated by sani-

tary landfills.
	 11.	Why do silicates and oxides predominate among earth’s minerals?
	 12.	Explain how the following are related: weathering, igneous rock, sedimentary rock, soil.
	 13.	What is the distinction between weathering and erosion? Suggest ways in which air pollu-

tion may contribute to both phenomena.
	 14.	 In what sense may volcanoes contribute to air pollution? What possible effects may this 

have on climate?
	 15.	Large areas of central Kansas have vast deposits of halite. What is halite? What does this 

observation say about the geological history of the area?
	 16.	One way in which coal and other fossil fuels may be used without contributing to higher 

levels of greenhouse gas carbon dioxide in the atmosphere is through carbon sequestra-
tion by pumping carbon dioxide into mineral strata. Explain with a chemical reaction how 
formations of limestone (calcium carbonate) might be used for this purpose. Suggest how 
this might cause problems on the surface.

	 17.	Rust-colored deposits of iron oxides have been observed on the soil surface where leachate 
from sanitary landfills leaks onto the surface. Given that iron oxides are not at all water-
soluble and that the iron in the leachate is carried in a soluble form, suggest a pathway by 
which these deposits may be formed. Some review of water chemistry may be required to 
answer this question.

	 18.	Suggest ways in which improved materials, some made by green chemical processes, can 
reduce the effects of earthquakes.
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	 19.	 In what respect do volcanoes have the potential to drastically affect global climate? Is there 
any evidence for such an effect?

	 20.	How may human activities lead to landslides?
	 21.	What are the formations called that contain water underground? What is a major threat to 

groundwater in such formations?
	 22.	What is FeS2? Why is the exposure of this material from mining a potential problem?
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10 Soil
A Critical Part of the Geosphere

10.1  HAVE YOU THANKED A CLOD TODAY?

A common bumper sticker is one that asks the question, “Have you thanked a green plant today?” 
This is an obvious reference to plants whose photosynthesis produces the food that we and most 
other animals depend on for our existence. An even more fundamental question is whether we have 
thanked the soil—the clods of dirt—on which green plants depend for their existence. Good, pro-
ductive soil combined with a suitable climate and adequate water is the most valuable asset that a 
nation can have. Vast areas of the world lack this fundamental asset, and the people living in areas 
with poor soil often suffer poverty and malnutrition as a result. Furthermore, areas that once had 
adequate soil have seen it abused and degraded to the extent that it is no longer productive. One of 
the central challenges faced by the practice of green chemistry and industrial ecology is to retain 
and enhance the productive qualities of soil. The remainder of this chapter addresses soil and the 
aspects of agriculture related specifically to soil.

10.1.1  What Is Soil?

Soil is a term that actually describes a wide range of finely divided mineral matter containing vari-
ous levels of organic matter and water that can sustain and nourish the root systems of plants grow-
ing on it. Soil is largely a product of the weathering of rock by physical, chemical, and biochemical 
processes that produce a medium amenable to the support of plant growth. A healthy soil contains 
water that is available to plants, has a somewhat loose structure with air spaces, and supports an 
active population of soil-dwelling organisms, including fungi and bacteria that degrade dead plant 
biomass and animals, such as earthworms. Although the solids in a typical soil are composed of 
about 95% inorganic matter, some soils contain up to 95% organic matter and some sandy soils may 
have only about 1% organic matter.

Figure 10.1 shows the major aspects of the physical structure of soil. Soil is divided into layers 
called horizons formed by the weathering of parent rock, chemical processes, biological pro-
cesses, and the action of water including leaching of colloidal matter to lower horizons. The most 
important of these for plant growth is topsoil. Plant roots permeate the topsoil and take water and 
plant nutrients from it. Topsoil is the layer of maximum biological activity. The rhizosphere is 
the part of topsoil in which plant roots are especially active and in which the elevated levels of 
biomass are composed of plant roots and microorganisms associated with them. There are strong 
synergistic relationships between plant root systems and microorganisms in the rhizosphere. The 
surfaces of root hairs are commonly colonized by microorganisms, which thrive on carbohydrates, 
amino acids, and root-growth-lubricant mucigel secreted from the roots. The microorganisms in 
turn aid in the uptake of nutrients by plant root hairs, and in the case of legume plants bacteria 
growing in nodules on the roots convert N2 gas to chemically bound nitrogen that the plants can 
utilize as a nutrient.
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10.1.2 I norganic Solids in Soil

Reflecting the fact that the two most common elements in Earth’s crust are oxygen and silicon (see 
Chapter 9, Section 9.2), silicates are the most common mineral constituents of soil. These include 
finely divided quartz (SiO2), orthoclase (KAlSi3O8), and albite (NaAlSi3O8). Other elements that are 
relatively abundant in Earth’s crust are aluminum, iron, calcium, sodium, potassium, and magnesium; 
their abundance is reflected by various minerals such as epidote (4CaO·3(AlFe)2O3·6SiO2·H2O), geo-
thite (FeO(OH)), magnetite (Fe3O4), calcium and magnesium carbonates (CaCO3, CaCO3·MgCO3), 
and oxides of manganese and titanium in soil. Soil parent rocks undergo weathering processes to 
produce finely divided colloidal particles, by far the most abundant of which are clays. These secon
dary minerals hold moisture and mineral nutrients, such as K+ required for plant growth, that are 
accessible by plant roots and are repositories of plant nutrients. Inorganic soil colloids can absorb 
toxic substances in soil, thus reducing the toxicity of substances that would harm plants. It is obvi-
ous that the abundance and nature of inorganic colloidal material in soil are important factors in 
determining soil productivity.

Bedrock

B horizon, subsoil

A horizon, topsoil

Soil solid

Adsorbed
water layer

Root hair

Air space

Moisture uptake
by roots

Water vapor loss from plant
leaves by transpiration

C horizon, weathered parent rock

FIGURE 10.1  Major aspects of soil structure showing a typical distribution of soil horizons: resting on the 
parent rock is the C horizon consisting of weathered parent rock, above which is the B horizon or subsoil. The 
A horizon or topsoil is the top layer and is the most important part of the soil where plants are rooted. The inset 
shows aspects of soil microstructure including solid soil particles, water bound to soil particles, and air spaces.
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10.1.3 S oil Organic Matter

The small percentage of soil mass consisting of organic matter has a strong influence on the physi-
cal, chemical, and biological characteristics of soil. Among its important effects in soil, organic 
matter is effective in holding soil moisture, and it holds and exchanges with plant roots some of 
the ions that are required as plant nutrients. Temperature, moisture, and climatic conditions signifi-
cantly affect the kinds and levels of soil organic matter. Cold, wet conditions in which soil stays 
saturated with moisture preventing the access of microorganisms to oxygen tend to prevent com-
plete biodegradation of plant residues that compose soil organic matter, allowing it to accumulate. 
This is clearly illustrated by the accumulation of peat in Ireland and other locales with similar cli-
matic conditions such that most of the solid soil is composed of organic matter. Tropical conditions, 
especially with alternate wet and dry seasons, can result in loss of soil organic matter. One reason 
that the soil supporting tropical rain forests degrades so quickly when the trees are removed is that 
the organic matter in the soil undergoes rapid biodegradation when the forest cover is removed.

The plant biomass residues that form soil organic matter undergo a biodegradation process by 
the action of soil bacteria and fungi in which the cellulose in the biomass is readily degraded, leav-
ing modified residues of the lignin material that binds the cellulose to the plant matter. This is the 
process of humification and the residue is soil humus, a black organic material of highly varied 
chemical structure.1 A fraction of soil humus is soluble in water (see the discussion on humic sub-
stances in water in Chapter 3, Section 3.11), especially when a base is present in the water. Another 
fraction called humin does not dissolve and stays in the solid soil.

Although usually composing not more than a small percentage of soil mass, soil humus has 
a very strong influence on the characteristics of soil. It has a strong affinity for water and holds 
much of the water in a typical soil. Primarily because of their carboxylic acid, −CO2H, groups, soil 
humic molecules exchange H+ ion and act to buffer the pH of water in soil (the soil solution). Humic 
substances bind metal ions and other ionic plant nutrients. Soil humus also binds and immobilizes 
organic materials, such as herbicides applied to soil.

10.1.4  Water in Soil and the Soil Solution

Water in soil is required for plants. This water is taken up by plant root hairs, transferred through 
the plant, and evaporated from the leaves, a process called transpiration. The quantities of water 
involved are enormous; for example, the water transpired to produce a kilogram of dry hay can 
amount to several hundred kilograms. Most of the water in normal soils is not present as visible 
liquid but is absorbed to various degrees on the soil solids. In fact, a condition in which all the 
spaces in soil are filled with water—waterlogging—slows the growth of most plants. The water that 
is available in soil is called the soil solution and contains a number of dissolved materials, including 
plant nutrients. It plays an essential role in transferring substances, such as dissolved metal cations, 
between roots and the soil solid. Cations commonly present in the soil solution include H+, Ca2+, 
Mg2+, Na+, K+, and NH4

+, along with very low levels of Fe2+, Mn2+, and Al3+. Common anions present 
are HCO3

−, CO3
2−, HSO4

−, SO4
2−, Cl−, and F−.

10.1.5 C hemical Exchange Processes in Soil

Soil holds and releases a number of substances including ions and organics. The most commonly 
exchanged species are cations, which are held by negatively charged sites on the soil. These cation 
exchange sites are usually associated with clays, which have negatively charged sites due to the sub-
stitution of Al(III) for Si(IV) in the clay mineral, and with organic matter, usually humic materials 
with negatively charged carboxylate, − −CO2, functional groups. Negatively charged anions can also 
be exchanged by soil, but they are less strongly held than cations because of the lack of positive 
binding sites on the soil solid.
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Figure 10.2 shows the pathway of a cation, in this case nutrient K+, being desorbed from the soil 
solid and, accompanied by an anion, most likely HCO3

−, entering the soil solution. The soil solu-
tion containing the cation is absorbed by a plant root and transported upward into the plant tissue 
by the osmotic flow of water. The water eventually enters the atmosphere as water vapor through 
the process of transpiration, leaving the K+ in the plant where it participates in essential metabolic 
processes. Other species, including toxic heavy metal ions such as Cd2+, enter the plant tissue by the 
same mechanism.

Soil acidity in the form of H+ ion builds up as plant roots exchange H+ for other cationic nutri-
ents in soil. When acidity reaches excessive levels, the soil is no longer productive. Acidity can be 
neutralized by the addition of lime, CaCO3, which neutralizes acidity according to the following 
reaction:

	
Soil H CaCO Soil Ca CO H O2 3

2
2 2}( ) }+ ++ → + +

	
(10.1)

This process also adds calcium to soil.
The essential plant nutrient nitrogen is very much involved with nature’s nitrogen cycle, which is 

significantly modified by human activities. Major aspects of this cycle are as follows:

•	 At 79% N2, Earth’s atmosphere constitutes an inexhaustible nitrogen resource, although, 
because of the extreme stability of the N2 molecule, it is difficult to extract nitrogen from 
air in a chemically combined form.

Transpiration
H2O vapor

K+–{Soil solid}K+(aq)

H2O with K+(aq)

Soil solution

K+ in plant tissue

Soil solid

FIGURE 10.2  Soil cation exchange and uptake by plants: in the example shown, nutrient K+ is desorbed 
from soil into the soil solution, in which it is absorbed by a plant root and transported upward into the plant 
tissue by the osmotic flow of water. The water eventually enters the atmosphere as water vapor through the 
process of transpiration, leaving the K+ in the plant, where it participates in essential metabolic processes.
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•	 Rhizobium bacteria growing on the roots of leguminous plants, such as clover and soy-
beans, convert atmospheric nitrogen to nitrogen that is chemically bound in biomolecules. 
This nitrogen is converted to ammonium ion, NH4

+, when plant residues and animal feces, 
urine, and carcasses undergo microbial decay.

•	 Lightning and combustion processes convert atmospheric nitrogen to nitrogen oxides, and 
ammonia-manufacturing plants produce NH3 from atmospheric elemental nitrogen and 
elemental hydrogen produced from natural gas (methane).

•	 Soil microbial processes oxidize ammoniacal nitrogen, NH4
+, to nitrate ion, NO3

−, which is 
the form of nitrogen that is most readily used by plants. Microbial processes also produce 
gaseous N2 and N2O, which are released into the atmosphere, a process called denitrifica-
tion that completes the nitrogen cycle.

10.2  PLANT NUTRIENTS AND FERTILIZERS IN SOIL

Plant biomass is composed largely of carbon, hydrogen, and oxygen, which plants extract from 
water, and atmospheric carbon dioxide. Other nutrients that plants require in relatively large quanti-
ties are calcium, magnesium, and sulfur, which are usually present in sufficient abundance in soil, 
and nitrogen, phosphorus, and potassium, which are commonly added to soil as fertilizers.

Natural processes usually do not produce sufficient nitrogen to allow maximum plant growth 
so that artificial means are used to extract nitrogen in a chemically combined form from the atmo-
sphere. This is done by the Haber process, which combines elemental N2 and H2 over a catalyst 
at very high pressures of about 1000 times atmospheric pressure and an elevated temperature of 
500°C. The reaction is

	
N 3H 2NH2 2 3+ →

	
(10.2)

producing ammonia that is 82% chemically bound N. This anhydrous ammonia can be applied 
directly below the soil surface where its tremendous attraction to soil moisture binds it to the soil. It 
can also be applied as a 30% solution of NH3 in water and is sometimes added directly to irrigation 
water. Ammonia, which is held in soil as ammonium ion, NH4

+, is not well assimilated directly by 
most plants. But it is slowly oxidized by the action of soil bacteria using atmospheric O2 as oxidant 
to nitrate ion, NO3

−, which is used directly by plants.
Anhydrous ammonia is a corrosive toxic substance. It can cause frostbite when it evaporates 

from exposed skin. Ammonia is a potent skin corrosive and harms exposed eye tissue. Because of 
its high water solubility, inhaled ammonia is absorbed by the moist tissues of the upper respiratory 
tract. Inhalation of ammonia causes constriction of the bronchioles and can cause lung edema (fluid 
accumulation) and changes in lung permeability. Anhydrous liquid ammonia stored in tanks has 
been a favorite target of operators of illicit “meth labs” in rural areas who use it in the synthesis of 
methamphetamines. Certainly, many of the thieves are harmed by exposure to ammonia, but they 
rarely seek treatment for the injury.

A solid form of nitrogen fertilizer can be made by reacting ammonia with oxygen over a platinum 
catalyst to make nitric acid, HNO3, and reacting the acid with basic ammonia to make ammonium 
nitrate, NH4NO3. This molten material is solidified into small pellets that can be applied to soil as 
fertilizer. Ammonium nitrate mixed with fuel oil is used for blasting to quarry rock, and it was the 
explosive used in the bombing of the Oklahoma City federal building in 1995. A safer alternative to 
ammonium nitrate as a solid nitrogen fertilizer is urea
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which is made by a process that, overall, involves the reaction of carbon dioxide and ammonia:

	 CO 2NH CO NH H O2 3 2 2 2+ → +( ) 	 (10.3)

Phosphorus is an essential plant nutrient required for cellular DNA and other biomolecules. It is 
utilized by plants as H PO2 4

− and HPO4
2− ions. Phosphate minerals that can be used to manufacture 

phosphorus-containing fertilizers occur in a number of places throughout the world. In the United 
States, Florida has especially abundant phosphate resources, largely as fluorapatite, Ca5(PO4)3F, as 
well as hydroxyapatite, Ca5(PO4)3OH. These phosphate minerals are too insoluble to serve directly 
as fertilizers and are treated with phosphoric acid and sulfuric acid to make superphosphates that 
are much more soluble and available to plants:

	
2Ca PO F s 14H PO 1 H O 2HF g 1 Ca H5 4 3 3 4 2 2( ) (( ) + + → ( ) +0 0 PPO H O4 2 2) ⋅

	
(10.4)

	 2Ca PO F s 7H SO 3H O 2HF g 3Ca H PO5 4 3 2 4 2 2 4( ) (( ) + + → ( ) + ))          2 2 4H O 7CaSO⋅ + 	 (10.5)

It may be noted here that along with the production of phosphate fertilizers, elemental white 
phosphorus is often produced as an industrial chemical intermediate and food additive. For the lat-
ter application, white phosphorus, P4, is oxidized to P(V) oxide and reacted with water to produce 
orthophosphoric acid, H3PO4. By going through the elemental phosphorus intermediate in making 
food-grade orthophosphates, toxic arsenic, which occurs with phosphate minerals, can be removed. 
Elemental white phosphorus is highly toxic by exposure through inhalation, the oral route, and 
dermal routes. Its systemic effects include anemia, gastrointestinal system dysfunction, and bone 
brittleness. A characteristic symptom is phossy jaw in which the jawbone deteriorates and becomes 
brittle, the bone may break, and the teeth fall from the jaw. There have been fatalities from exposure 
to white phosphorus, including one case from the 1920s in which a child ate a firecracker containing 
white phosphorus.

Potassium as the potassium ion, K+, is required by plants to regulate water balance, activate some 
enzymes, and enable some transformations of carbohydrates. Potassium is one of the most abundant 
elements in Earth’s crust, of which it makes up 2.6%; however, much of this potassium is not easily 
available to plants. For example, some silicate minerals such as leucite, K2O·Al2O3·4SiO2, contain 
strongly bound potassium. Exchangeable potassium held by clay minerals is relatively more avail-
able to plants. Potassium for fertilizer is simply mined from the ground as salts, particularly KCl, or 
pumped from beneath the ground as potassium-rich brines. Large potassium deposits occur in the 
Canadian province of Saskatchewan.

Plants require several micronutrients, largely elements that occur only at trace levels, for their 
growth. These include boron, chlorine, copper, iron, manganese, molybdenum (for N fixation), and 
zinc. Some of these are toxic at levels above those required for optimum plant growth. Most of the 
micronutrients are required for adequate function of essential enzymes. Photosynthetic processes 
use manganese, iron, chlorine, and zinc. Since the micronutrients are required at such low levels, 
soil normally provides sufficient amounts.

10.3  SOIL AND PLANTS RELATED TO WASTES AND POLLUTANTS

Soil is a repository of large quantities of wastes and pollutants, and plants act as filters to remove 
significant quantities of pollutants from the atmosphere. Sulfates and nitrates from the atmosphere, 
including acid-rain-causing H2SO4 and HNO3, deposit largely on land and the plants growing on it. 
Gaseous atmospheric SO2, NO, and NO2 are absorbed by soil and oxidized to sulfates and nitrates. 
Soil bacteria and fungi are known to convert atmospheric CO to CO2. When leaded gasoline was 
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widely used, soil along highways became contaminated with lead, and lead mines and smelters were 
significant sources of this toxic element. Organic materials, such as those involved in photochemi-
cal smog formation, are removed by contact with plants and are especially attracted by the waxy 
organic-like surfaces of the needles of pine trees.

A number of materials that can be considered as pollutants are deliberately added to soil. The 
most obvious of these consist of insecticides and herbicides added to soil for pest and weed con-
trol. Chemicals from hazardous waste disposal sites can get onto soil or below the soil surface by 
leaching from landfills or drainage from waste lagoons. Some kinds of wastes, especially petro-
leum hydrocarbons, are disposed on soil where adsorption and microbial processes immobilize and 
degrade the wastes. Soil can be effective for the treatment of sewage. Leakages from underground 
storage tanks of organic liquids, such as gasoline and diesel fuel, have created major soil contamina-
tion problems.

Soils in parts of New York State have been contaminated with polychlorinated biphenyls (PCBs) 
discarded from the manufacture of industrial capacitors (see Chapter 4, Figure 4.13 for the structural 
formula of one of the many PCB compounds). Analyses of PCBs in soils of the United Kingdom 
archived for several decades have shown levels of these pollutants that parallel their production. 
Starting with very low levels around 1940 before PCBs were manufactured in large quantities, con-
centrations of PCBs increased markedly, peaking around 1970, when PCB manufacture was ceased. 
More recent soil samples have shown PCB concentrations near the pre-1940 levels. It is believed 
that these results reflect evaporation of PCBs and their condensation onto soil. They are consistent 
with observations of high PCB levels in remote Arctic and sub-Arctic regions, which is believed to 
be due to the condensation of these compounds from the atmosphere onto soil in very cold regions.

The degradation and eventual fate of the enormous quantities of herbicides and other pesticides 
applied to soil are very important in understanding the environmental effects of these substances. 
Many factors are involved in determining the fate of pesticides. One of the main factors is the 
degree of adsorption of pesticides to soil, which is strongly influenced by the nature and organic 
content of the soil surface as well as the solubility, volatility, charge, polarity, and molecular struc-
ture and size of the pesticides. Strongly adsorbed molecules are less likely to be released and thus 
harm organisms, but they are less biodegradable in the adsorbed form. The leaching of adsorbed 
pesticides into water is important in determining their water pollution potential. The effects and 
potential toxicities of pesticides to soil bacteria, fungi, and other organisms have to be considered. 
It must be kept in mind that pesticides may be converted to more toxic products by microbial action.

10.4  SOIL LOSS: DESERTIFICATION AND DEFORESTATION

Soil erosion refers to the loss and relocation of topsoil by water and wind action.2 About a third of 
U.S. topsoil has been lost to erosion since cultivation began on the continent, and at present about a 
third of U.S. cropland is eroding at a rate that is sufficient to lower productivity. About 10% of U.S. 
land is eroding at an unacceptable rate in excess of 14 t of topsoil per acre annually. Soil erosion is 
largely a product of cultivation. Except in cases of extreme slopes, very high winds, and torrential 
rains, uncultivated soils undergo little erosion. Erosion was recognized as a problem in the central 
United States within a few years after forests and prairie grasslands were first plowed to plant crops, 
particularly in the latter 1800s. The observation that precious topsoil was being lost at an unsustain-
able rate led to soil conservation measures going back to 1900, or even earlier. In that sense, soil 
conservation was the first environmental movement, predating efforts to alleviate water and air 
pollution by many decades.

Water erosion is responsible for greater loss of soil than wind erosion. Whereas wind erosion 
tends to move soil around and deposit it in areas where it can still be used for growing crops, water 
erosion normally moves greater quantities of soil and carries them into streams and rivers and 
ultimately to oceans. The overall pattern of soil erosion in the central continental United States is 
shown in Figure 10.3. This figure shows that erosion is especially bad in agricultural areas draining 
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into the Missouri and the Mississippi Rivers; millions of tons of soil are carried by these rivers into 
the Gulf of Mexico each year. These are areas of relatively high rainfall, which can sometimes come 
as very intense rainstorms, especially during the spring. A high proportion of the farmlands in these 
areas are devoted to row crops, which are crops such as corn, soybeans, and sorghum grains planted 
in rows with bare soil in between. This mode of cultivation leaves soil that is especially susceptible 
to water erosion.

The ultimate result of soil erosion and other unsustainable agricultural practices in relatively dry 
areas is desertification. This condition occurs when permanent plant cover is lost from soil so that the 
soil loses its capacity to retain moisture, dries out, and loses fertility so that plants no longer grow on it. 
Among the interrelated factors involved in desertification are wind erosion, water erosion (which occurs 
during sporadic cloudbursts even in arid areas), development of adverse climate conditions, depletion 
of underground water aquifers, lack of water for irrigation, accumulation of salt in water supplies, loss 
of soil organic matter, and deterioration of soil physical and chemical properties. Eventually, the land 
becomes unable to support agriculture, grazing, or even significant human populations. Desertification 
is one of the most troublesome results of global warming caused by greenhouse gases. It is actually 
a very old problem and is a serious concern in many parts of the world, such as the Middle East, the 
southern boundary of Africa’s Sahara, and regions of the southwestern United States. Formerly produc-
tive areas of the Middle East and North Africa, “lands of milk and honey” described in biblical terms, 
have turned into desert, largely due to human agricultural activities. The growth of domestic grazing 
animals on these areas—especially goats, which tend to pull vegetation up by its roots—is a particu-
larly strong contributor to desertification. Much of the productive capacity of arid grasslands in the 
western and southwestern United States has been drastically diminished by overgrazing.

Fortunately, human ingenuity and technological tools can be used to prevent or reverse 
desertification. For example, water, which on occasion falls as torrential rain on normally dry desert 
lands, can be collected and used to recharge underground water aquifers. Advanced cultivation and 
irrigation techniques can be used to establish perennial plant cover on erosion-prone desert soils. 
Potentially, plants can be genetically engineered to grow under severe conditions of temperature, 
drought, and salinity. Environmentally friendly mining practices can be employed to obtain miner-
als, and land surfaces damaged by harmful strip mining practices can be restored.

FIGURE 10.3  Pattern of soil erosion (dark areas) in the major agricultural states of the central continental 
United States: it is seen that erosion is particularly severe in the highly cultivated Missouri and Mississippi 
River watersheds.
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The loss of forest growth to cultivated land—deforestation—has occurred extensively in the 
United States.3 However, much of the colonial United States, particularly New England, which was 
deforested for cultivation of crops, is now undergoing largely spontaneous reforestation as unprofit-
able farmlands are abandoned and trees become established again. Deforestation is a particularly 
severe problem in tropical regions. Rich tropical forests contain most known plant and animal spe-
cies, many of which are becoming extinct as the forests are destroyed. Once destroyed, tropical 
forests are almost impossible to restore. This is because tropical forest soil has been leached of 
nutrients by the high annual rainfalls in tropical regions. When forest cover is removed, the soil 
erodes rapidly, loses the plant roots and other biomass that tend to hold it together, loses nutrients, 
and becomes unable to sustain either useful crops or the kinds of forests it formerly supported.

10.5  TOXICOLOGICAL AND PUBLIC HEALTH ASPECTS OF SOIL

Soil, the plants that grow on it, and the animals that consume these plants constitute an important 
connection between the geosphere and the biosphere and may influence human and animal health. 
In considering such a connection, it is important to keep in mind that the health status of people is 
influenced by several factors. A commonly accepted estimate of these factors is about 50% due to 
lifestyle, 10%–20% from genetic factors, 10%–20% from level of health care, and 20% from envi-
ronment. The environment becomes much more important in highly polluted areas.

There are some striking geographic correlations with the occurrence of cancer. For example, 
breast cancer in women is five to six times more likely in Western Europe and North America than 
in parts of Africa. The difference is even more striking for lung cancer in men in which there are 
very high rates in Eastern Europe compared to very low rates in parts of Africa. Although most of 
these differences are probably associated with diet and lifestyle (the high incidence of lung cancer 
in Eastern Europe is almost certainly due to cigarette smoking), the possibility exists that some of 
the variation may be due to soil type and its influence on food. Such a correlation would be more 
likely in less developed countries where the connection between local soil and the food consumed 
is relatively more direct.

Medical geochemistry addresses the medical effects of deficiencies or excesses of environ-
mental chemicals, usually trace elements. In addition to trace elements, some specific chemical 
species can be important. One that has received much attention is nitrate ion, NO3

−. Chemically 
bound nitrogen gets into soil from the action of nitrogen-fixing bacteria, fertilizers added to soil, 
and decay of nitrogenous biomass, most commonly as ammonium ion, NH4

+. Although this species 
is bound strongly to soil by cation-binding groups and is not toxic at any reasonable levels, it can 
be converted to NO3

− by oxic bacteria exposed to air in soil. Nitrate is not bound well by soil and 
can get into drinking water. Nitrate does not harm adult humans, but it may be converted to toxic 
nitrite, NO2

−, in the digestive systems of ruminant animals (including cattle) and human infants. 
Nitrite oxidizes the iron(II) in hemoglobin to iron(III), producing methemoglobin, which is useless 
for transporting oxygen in the blood. This condition can be very detrimental to the health of rumi-
nant animals and can cause a condition called “blue babies” that is potentially fatal in infants due to 
insufficient oxygen reaching tissues through the blood.

An important connection between soil and the biosphere is the incorporation into food from soil 
of micronutrient elements essential for human health. Excesses or deficiencies of certain chemical 
elements can cause various illnesses. Although it is rare in the United States, but more common 
in China where much of the soil lacks selenium, a deficiency of this element has been related to 
hypothyroidism, weakened immune system, and heart disease. Selenium poisoning from ingestion 
of too much of the element can be manifested by symptoms that include nausea; vomiting; hair loss; 
discoloration, brittleness, and loss of nails; irritability; fatigue; joint pain; and a foul breath odor 
commonly described as “garlic breath.” (Maladies due to too little or too much selenium have been 
commonly observed in livestock.) Goiter is caused by iodine deficiency. There is also a condition 
caused by too much of the wrong kind of iodine, the radioactive iodine-131 isotope produced as a 
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fission product in nuclear power reactors, which accumulates in the thyroid and may cause thyroid 
cancer. As an antidote, children exposed to this isotope in the 1986 Chernobyl reactor fire in the 
former Soviet Union were given large doses of nonradioactive iodide salts, which resulted in the 
elimination of most of the radioactive form through the mass action effect; doses of iodide were 
also made available for administration to affected populations following the partial meltdown of 
power reactor cores in Japan resulting from the massive March 11, 2011, earthquake there. Fluorosis 
characterized by mottled teeth and bone abnormalities results from too much fluoride (F−), and 
arseniasis is the name given to arsenic poisoning. Other trace elements that may cause illness when 
consumed in excess include cadmium, antimony, lead, zinc, copper, and mercury. Concern has long 
been expressed regarding a possible relationship between the lack of essential micronutrient trace 
element ingestion and cardiovascular disease.

A study published quite some time ago reviewed the soil–cancer relationship for gastric, esopha-
geal, urinary, breast, bone, and bronchial cancers as well as pleural mesothelioma.4 In addition to 
general factors, the study considered trace elements including selenium, cesium, and rubidium; 
potassium; and natural radioactivity. Although some correlations between soil constituents and can-
cer have been observed, the cause and effect relationship between soil characteristics and occur-
rence of cancer could not be proved definitively.

A study of health and population has been conducted of the Spissko-Gemerske Rudohorie 
Mountains, Slovakia, an area in which metal mining and smelting activities have been conducted 
for more than 1000 years.5 Of the metals studied, chromium, mercury, lead, and antimony showed 
slight accumulation from contaminated soil into plants, whereas medium accumulation occurred for 
arsenic, cadmium, and copper. The area showed a dearth of older residents, which is suspected to 
be due to deaths from environmental exposure to toxic substances, a high percentage of low-birth-
mass infants, and elevated levels of neoplasms (cancer) and cardiovascular diseases. Elevated levels 
of arsenic and antimony in human tissues reflected the high concentrations of these elements in 
contaminated soils in the area.

It may be concluded that the role of soil in environmental health is not definitively known and 
has not been as extensively studied as it deserves. The amount of research on the influence of soil 
in producing foods that are more nutritious and lower in content of naturally occurring toxic sub-
stances is quite small compared to the research on higher soil productivity (greater crop yields). 
It is to be hoped that the environmental health aspects of soil and its products will receive greater 
emphasis in the future.

10.5.1 T oxicological Aspects of Soil Herbicides

Many chemicals are applied to soil and crops to control insects, fungi, and weeds. The potential toxi
cities of these substances to humans, wildlife, and beneficial plants is of course a concern.6 A com-
prehensive coverage of the toxicological chemistry of agricultural pesticides is beyond the scope of 
this chapter. However, three important herbicides, 2,4-dichlorophenoxyacetic acid (2,4-D), atrazine, 
and glyphosate, are mentioned here; their structural formulas are shown in Figure 10.4. Herbicides 
are mentioned because they are so widely used in agriculture and are spread over wide areas.
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Herbicidal 2,4-D selectively kills broadleaf weeds and is the most widely used of all herbicides 
worldwide on wheat, corn, rice, and other cereal grass crops. It is a synthetic auxin, or plant hor-
mone that is absorbed through leaves, is transferred throughout the plant, and causes unsustainable 
growth that results in plant death. Fortunately, given its widespread use and human exposure, it has 
very low acute toxicity. It is “possibly carcinogenic,” a status shared with many other pesticides, and 
is a suspected endocrine disruptor (see Chapter 2, Section 2.16).

Atrazine is one of a large class of triazine herbicides (those with three N atoms in a ring) and is 
a broad-spectrum herbicide for preemergent and postemergent control of both broadleaf and grassy 
weeds. Inexpensive and effective, atrazine is one of the most widely used herbicides in the world, 
especially in conservation tillage (see Chapter 11, Section 11.11) to eliminate competing weeds prior 
to crop growth. Because of its widespread use, it is a common water contaminant and appears in 
drinking water in some agricultural areas. Its acute toxicity is low, although at least one study has 
associated atrazine exposure with the occurrence of cancer, birth defects, and menstrual problems. 
The European Union has banned the reregistration of atrazine, but it is still widely used in North 
America and elsewhere throughout the world.

Glyphosate (N-(phosphonomethyl)glycine) is a broad-spectrum herbicide of particular inter-
est because crops have been developed that are immune to its herbicidal action so that it can 
be applied directly to the crop to kill competing weeds and grasses. Originally patented by the 
Monsanto Company in the 1970s and marketed under the brand name Roundup, glyphosate is 
the most widely used herbicide in the United States, with around 40 million kilograms being 
applied to crops each year and another approximately 3 million kilograms being used on lawns 
and yards. It acts upon target plants by absorption through foliage and translocation to the 
growth regions of plants where it inhibits the synthesis of the aromatic amino acids tyrosine, 
tryptophan, and phenylalanine. It does not act as a pre-emergent herbicide. The acute toxicity 
of glyphosate is slight, it is not likely carcinogenic, and its potential for endocrine disruption is 
uncertain.

10.6  TOXICOLOGICAL CONSIDERATIONS IN LIVESTOCK PRODUCTION

Livestock production practices may result in the distribution of toxic substances to the environment. 
This has been especially true with concentrated livestock feeding operations that produce large 
amounts of waste products in small areas. The crowding of animals in these kinds of operations is 
conducive to the spread of disease so that antibiotics and other agents are often fed to the animals, 
and these materials and their metabolites appear in livestock wastes.

Since the 1940s, organic arsenic compounds have been fed to chickens to control parasitic infec-
tions, promote weight gain, and improve meat color. Two such additives are roxarsone and nitar-
sone, structural formulas of which are shown in Figure 10.5. On June 9, 2011, the subsidiary of 
Pfizer that had been making roxarsone announced that it would cease the production of roxarsone 
because of concerns raised about elevated levels of potentially carcinogenic inorganic arsenic found 
in the livers of broiler chickens that had been fed the additive.

Antibiotics are another class of feed additives used in concentrated livestock feeding operations 
to control disease and increase weight gain. The greatest concern with the long-term subtherapeutic 
use of antibiotics in livestock feed is the evolution of antibiotic-resistant bacteria.
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QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general infor-
mation, statistics, constants, and mathematical formulas required to solve problems. These 
questions are designed to promote inquiry and thought rather than just finding material in the 
chapter. So in some cases, there may be several “right” answers. Therefore, if your answer 
reflects intellectual effort and a search for information from available sources, it can be consid-
ered to be right.

	 1.	What is the system called in which plants are grown without soil? How does such a system 
work? For what kinds of plants is it used?

	 2.	A common soil mineral is orthoclase (KAlSi3O8). Suggest the kind of secondary mineral 
found in soil that would be formed by the weathering of orthoclase.

	 3.	An important chemical characteristic of soil is its pH buffering ability. What is in soil that 
acts as a buffer? Which chemical group is commonly involved?

	 4.	Which kinds of ions are commonly held and exchanged by soil? What is largely respon-
sible for this ion-exchanging ability?

	 5.	The nitrogen cycle is very important with respect to soil and its productivity. Discuss how 
the demand for plant fertilizer nitrogen is affecting the nitrogen cycle.

	 6.	What is a major advantage of using anhydrous ammonia as a source of nitrogen fertilizer 
in soil? What role is played by bacteria that enables anhydrous ammonia to be an effective 
plant fertilizer?

	 7.	Rock phosphate (hydroxyapatite) used to be applied to soil as a source of phosphorus fertil-
izer. Why is this source of phosphorus relatively ineffective? What is done to it to make it 
a good source of phosphorus fertilizer?

	 8.	Which event or series of events in the United States during the 1900s led to serious con-
cerns regarding soil erosion? What measures have been taken by the U.S. government to 
limit soil erosion and conserve soil?

	 9.	Suggest ways in which global climate change is likely to exacerbate problems with soil 
erosion. Is climate change likely to increase both wind erosion and water erosion? Explain.

	 10.	What are two human health conditions associated with human exposure to iodine, or par-
ticular kinds of iodine?

	 11.	Explain why glyphosate has become a particularly important herbicide in recent times.
	 12.	 In late 2011, concern was raised about elevated levels of arsenic in fruit juices, especially 

apple juice and grape juice. What is the current status of that controversy? Given orchard 
management practices from several decades ago, why might particular attention be paid to 
the possibility of arsenic contamination of apple juice from old orchards?

	 13.	How is soil divided? Which is the top one of these divisions?
	 14.	What is humification, and what does it have to do with soil?
	 15.	What is water in soil called? Give the name of the process by which this water enters the 

atmosphere by way of plants.
	 16.	Name a gaseous form and two solid forms of fixed nitrogen used as fertilizer.
	 17.	Explain what is meant by desertification.
	 18.	What is the good news in the United States regarding deforestation?
	 19.	Of the following, the one that is not a manifestation of desertification is (explain) (a) declin-

ing groundwater tables, (b) salinization of topsoil and water, (c) increased organic matter in 
soil, (d) reduction of surface waters, and (e) unnaturally high soil erosion.

	 20.	Explain how the following are related: weathering, igneous rock, sedimentary rock, and 
soil.

	 21.	What is the distinction between weathering and erosion? Suggest ways in which air pollu-
tion may contribute to both phenomena.
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	 22.	 In what respect is biochar a material that gets into soil by natural processes? Where can 
soils with significant levels of naturally occurring biochar likely be found?

	 23.	 In what respects do humus and biochar perform similar functions in soil? What are the 
main differences between these two kinds of materials?
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11 Sustaining the Geosphere

11.1  MANAGING THE GEOSPHERE FOR SUSTAINABILITY

Humankind often has an uneasy relationship with the geosphere upon which it dwells. 
Frequently, there is a need to modify the geosphere to construct dwellings and other structures, 
to build roads and railroads, to impound water, or for a number of other purposes. Humans may 
be unpleasantly surprised by the results of their efforts as destructive landslides form on slop-
ing grounds, dams collapse releasing devastating floods, and other unforeseen consequences 
result. Some natural geospheric processes are quite destructive of property and even human 
life. The two most dangerous of these are earthquakes and volcanoes. These are internal phe-
nomena that result from changes taking place deep underground. Surface processes, includ-
ing landslides and ground subsidence, can be very destructive to property. Although they are 
usually not threatening to human life, surface processes can cause fatalities. Perhaps the most 
dangerous of such processes are mudslides following extremely high rainfalls that sometimes 
bury whole villages, entombing their residents. Cases have occurred in which vast amounts of 
earthen material have slid into reservoirs, causing them to overflow and violently drowning 
many people downstream.

Human activities have profound effects on the geosphere and its sustainability. Such effects may 
be obvious and direct, such as strip mining or rearranging vast areas for construction projects, such 
as roads and dams. Or the effects may be indirect, such as pumping so much water from under-
ground aquifers that the ground subsides or abusing soil such that it no longer supports plant life 
well and it erodes. As the source of minerals and other resources used by humans, the geosphere 
is dug up, tunneled, stripped bare, rearranged, and subjected to many other kinds of indignities. 
The land is often severely disturbed, air can be polluted with dust particles during mining, and 
water may be polluted. Many of these effects, such as soil erosion caused by human activities, are 
addressed in Section 9.4.

This chapter discusses several major related aspects of the geosphere. It considers destructive 
geospheric phenomena, especially volcanic eruptions, earthquakes, and landslides, and what can be 
done to cope with these often catastrophic phenomena. This chapter discusses preservation of the 
geosphere and modifications to it that can preserve and enhance geospheric quality, such as conver-
sion of contaminated areas back to safe and productive uses. In addition, the geosphere is consid-
ered in this chapter as a source of raw materials, especially essential elements and metals and the 
environmental and sustainability challenges posed by the acquisition of these materials from Earth.

11.2  SUSTAINING THE GEOSPHERE IN THE FACE OF NATURAL HAZARDS

In Chapter 9, Section 9.4, earthquakes and volcanoes are discussed as two great natural hazards 
involving the geosphere. Both of these phenomena are inevitable; they have happened throughout 
Earth’s lifetime and will continue to occur long after Earth becomes uninhabitable by humans. In 
sustaining the geosphere, nothing can be done to prevent these destructive phenomena. Although 
individual earthquakes cannot be forecast, areas that are earthquake-prone are relatively well 
known. The condition of the geosphere in such areas is important in limiting the damage that they 
cause. Structures should be located on terrain that is not prone to liquefaction during earthquakes, 
for example.
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Areas of the geosphere have been rendered uninhabitable by volcanic activity due to the explo-
sive power of volcanic eruptions, the physical hazards of molten lava, and the toxicological hazards 
of sulfur dioxide and finely divided ash. This happened in 2000 when an eruption of the Mount 
Oyama volcano on the small Japanese volcanic island of Miyake, a granitic composite volcanic cone 
located in the Pacific Ocean 180 km south of Tokyo, released an astounding total of 18 Mt of sulfur 
dioxide at a peak rate of about 54 kt/day, and the resulting toxic atmosphere forced the temporary 
evacuation of all the residents of the island. Although the residents of the island were allowed to 
return in 2005, the continued emissions of sulfur dioxide from the volcano since then along with the 
continued threat of further eruptions have caused many residents to stay away from the island, and 
its population had dropped below 2700 and was still shrinking by 2012.

11.2.1 V ulnerable Coasts

Coastal areas are among the most vulnerable regions with respect to natural disasters. This vulner-
ability is highly increased by the tendencies of people to live near coasts and to place structures 
as close as possible to water. About 75% of the U.S. population lives in coastal states, and the total 
coastline (including the Great Lakes) is about 150,000 km. Furthermore, tropical storms, which 
are some of nature’s most damaging phenomena, are at their most destructive along coasts and lose 
their destructive powers rather abruptly as they move inland. The infamous Hurricane Katrina in 
2005, followed by Hurricane Rita, virtually wiped out New Orleans and leveled structures along 
the coasts of Mississippi, Louisiana, and Texas that had stood for more than a century, emphasizing 
the vulnerability of these areas to natural disasters. Insurance costs to replace structures destroyed 
by coastal storms have reached prohibitive levels. Intelligent land use regulations are needed for 
these regions.

There are several main areas of coastal vulnerability. In some regions, the U.S. Gulf Coast, 
for example, the greatest potential for damage is from tropical cyclones, which are called hur-
ricanes in the Atlantic and the Gulf of Mexico and typhoons in the Pacific and the Indian Oceans. 
Commonly developing between 15° south and 8° north of the equator, tropical cyclones release 
enormous amounts of energy as their water vapor condenses to form rain. This energy release 
creates air currents moving vertically and strong winds exceeding 100 km/h, often approaching 
150 km/h, and getting as high as 300 km/h. The most devastating effects of tropical cyclones occur 
when they hit coastal areas at high tide accompanied by a storm surge. Storm surges develop as 
the consequence of low pressures in cyclones that raise water levels by several meters. In addition 
to damage from storm surges and high winds, coastal areas hit by tropical cyclones are subject to 
flooding from the extreme rainfall from the storms. Rainfall amounts approaching a meter over two 
or three days have been reported, causing great problems from conventional flooding.

The coastal geosphere may also be damaged by tsunamis resulting from earthquakes. The giant 
breakers produced by tsunamis can reach heights of 10–15 m, or even higher. The geosphere along 
coasts can be eroded and damaged by tsunamis. Tsunamis carry large quantities of saltwater inland, 
contaminating soil such that its capacity to support plant life is impaired.

The geosphere in coastal regions takes a severe beating from coastal storms and from normal 
water and wind processes aggravated by unwise human management of the shoreline. As shown in 
Figure 11.1, a coastline typically consists of a bank of earthen material composed of a seacliff of 
some height below which is a sandy beach. In many cases, such as much of the Gulf Coast region 
that was ravished by Hurricane Katrina in 2005 or the coastal areas of Bangladesh that were dev-
astated by the destructive tropical cyclone that hit that area in November 2007, the coastal land is 
not much higher than the sea that it borders, which makes it susceptible to flooding by tidal surges.

Shorelines are subject to destructive forces that erode the banks. Houses originally constructed 
at a comfortable distance from the edge may eventually end up perched precariously above the 
beach, often supported by poles extending downslope. Such structures frequently collapse following 
an extreme weather event or normal coastline erosion. Usually during winter, heavy storm waves 
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pound the base of a seacliff, washing sand away from it and exposing it to damage from the waves. 
In addition to wave action, the seacliff may be eroded by a number of other factors including rain 
wash, weathering, the action of some organisms such as boring mollusks, and tree roots that pen-
etrate the seacliff rock and force it apart. Anthrospheric constructs can exacerbate seacliff erosion. 
Paving of surface areas without proper diversion of rainwater runoff can cause erosive flows of 
water that erode the seacliff.

The most valued part of a coastline is often the sandy beach. Sand is washed into the ocean as 
the result of weathering of silicon-rich quartz and feldspar rocks upstream and distributed along the 
shoreline by the action of ocean currents and waves. Human intervention has reduced the amount 
of sand available. Dams built on streams trap sand as sediment, depriving the ocean of its source of 
sand. Improper beach management can result in loss of beach sand. The term littoral cell applies to 
a region of shoreline that includes inflow of sand from a stream or from seacliff erosion, transport 
of sand generally parallel to the coast by ocean currents and wave action, and eventual loss of sand 
from the coastal region.

A number of measures may be taken to preserve the coastline. Foremost among these is to avoid 
doing those things that result in damage to the shoreline and destruction along it. Dwellings and 
other structures that may be subject to damage by natural forces along the coast simply should not 
be placed where they are likely to be harmed. Damaging rain runoff can be diverted to drainage 
pipes extending to the base of a seacliff. Water infiltrating from excessive watering of vegetation 
along the edge of a seacliff can infiltrate and flow out of the base as seeps and springs that weaken 
the shoreline rock.

Areas that have lost beach sand are sometimes restored by expensive programs of beach 
nourishment to haul in more sand. This is usually a losing proposition in that the forces that caused 
the loss of beach sand originally will simply wash away the new sand. Walls composed of large rock 
or concrete constructed along a shoreline can be used in attempts to enhance beach areas. A common 
such structure consists of groins composed of dams perpendicular to the coastline that intercept the 
flow of water and suspended sediment in a littoral cell (see earlier in this section). These are gener-
ally constructed in groups constituting a groin field in a littoral cell. Sand accumulates in the upflow 
direction from each groin, leading eventually to a segment of beach extending out to the end of the 
cell. However, erosion of the beach occurs downflow from the groin, leading to an irregular beach.

Rockslide from
seacliff erosion

Seacliff

Ocean
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FIGURE 11.1  Coastal regions are subject to damage from storm surges, normal erosive processes, and 
human influences. Much of the damage and loss stems from unwise construction practices along the coastline.
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Perhaps the most massive undertakings to prevent coastline damage are high seawalls that 
are designed to intercept ocean surges and prevent damage onshore. Following the deadly 1900 
Galveston, Texas, hurricane that killed around 8000 people, the city undertook the construction of 
a concrete seawall 17 ft high, 16 ft thick at the base, and 7 mi long. In addition, sand was pumped 
into the city to raise the grade substantially. For a century following the construction of the seawall, 
Galveston avoided major damage from seawater surges until Hurricane Ike breached the seawall 
and flooded the city in 2008. A disadvantage of seawalls is the loss of beach sand that their con-
struction often causes. Hurricane Ike caused massive loss of sand along the Galveston seawall, 
which was subsequently replaced by 400,000 m3 of sand hauled in from land.

About 40% of Japan’s 32,000-km coastline is protected by seawalls designed primarily to hold 
back tsunamis caused by earthquakes. Much of the damage from the March 11 earthquake off the 
coast of Sendai, Japan, occurred when seawalls were breached by the tsunami that followed. Large 
areas of farmland were contaminated by seawater as a result.

11.2.2 T hreat of Rising Sea Levels

Large numbers of people live at a level near, or in some cases below, sea level. As a result, any sig-
nificant temporary or permanent rise in sea level poses significant risk to lives and property. Such 
an event occurred on February 1, 1953, when high tides and strong winds combined to breach the 
system of dikes protecting much of the Netherlands from seawater. About one-sixth of the country 
was flooded as far inland as 64 km from the coast, killing about 2,000 people and leaving approxi-
mately 100,000 without homes.

Although isolated instances of flooding by seawater caused by combinations of tidal and weather 
phenomena described earlier in this section will continue to occur, a much more long-lasting threat is 
posed by long-term increases in sea level. These could result from global warming due to the green-
house gas emissions discussed in Chapter 8. Several factors could raise ocean levels to destructive 
highs, which is also a result of greenhouse warming. Simple expansion of warmed oceanic water 
could raise sea levels by about 1/3 meter over the next century. The melting of glaciers, such as those 
in the Himalayas, has probably raised ocean levels by about 5 cm during the last century, and the 
process is continuing. The greatest concern, however, is that global warming could cause the great 
West Antarctic Ice Sheet to melt, which would raise sea levels by as much as 6 m.

The measurement of sea levels has proved to be a difficult task because the levels of the sur-
face of land keep changing. The land most recently covered with ice age glaciers in areas such 
as Scandinavia is still “springing back” from the immense mass of the glaciers, so that sea levels 
measured by gauges fixed on land actually appear to be dropping by several millimeters per year 
in such locations. An opposite situation exists on the east coast of North America where land that 
was pushed outward and raised around the edge of the enormous sheet of ice that covered Canada 
and the northern United States about 20,000 years ago is now settling back. Factors such as these 
illustrate the advantages of remarkably accurate satellite technology now used in the determination 
of sea levels.

11.3  SUSTAINABLE DEVELOPMENT ON THE GEOSPHERE’S SURFACE

The most direct interaction between the geosphere and the anthrosphere occurs when humans build 
structures on the geosphere or below its surface. Such endeavors involve engineering geology, 
which addresses the ways in which geological materials and structures are used and dealt with tech-
nologically with respect to structures, materials science, and other engineering aspects.1 Practically 
anything that is built on or near the surface of Earth requires a consideration of geological engineer-
ing aspects. For example, if a structure is to be built on a slope, it is important to consider the geo-
logical properties of the surface on which it is to be built. The degree of the slope and the nature of 
the material on which it is located can be used to predict the likelihood of earth slides and to design 
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structures to avoid these natural disasters. Engineering geology is used to design rock quarries and 
to determine the most efficient means of removing rocks from the ground.

Large public works projects are the human endeavors most likely to affect the geosphere because 
they entail earthmoving, digging, boring, and other operations performed on the geosphere. In 
turn, the nature, costs, and safety of structures constructed as part of huge public works projects 
are all highly dependent on the characteristics of the geological formations on which they are built. 
Therefore, public works projects require a high degree of sophisticated geological engineering 
throughout their planning and construction stages, and their maintenance and operation require 
consideration of geological engineering as well. Large public works projects include dams, roads, 
railroads, airports, pipelines, canals, tunnels, and other structures. Much of the engineering that 
goes into such projects involves evaluation of the geologic strata upon which the structures are 
located and development of measures to prevent problems. For example, dams should be located on 
and anchored to strong formations of rock, preferably igneous or metamorphic rock. Fractures in 
the rock formations along which leaks may develop should be detected and filled with a wet mixture 
of cement and sediment called grout. Numerous factors must be considered in highway construc-
tion. To a greater extent than with most structures, highways have to use surrounding geological 
materials, which must be evaluated for their suitability for fill and roadbed. Topography (surface 
configuration) and slope are crucial for grading and drainage. Geologic engineering is a crucial 
consideration in the siting and construction of large structures, such as buildings or nuclear or fossil-
fueled power plants. The underlying strata must be carefully evaluated for its load-bearing capacity 
and to discover unexpected features, such as faults or fractures that might shift or caverns that might 
cause subsidence and sinkholes.

11.3.1 S ite Evaluation

Before placing a structure on or below the surface of Earth, it is important to consider a number of 
factors regarding the suitability of the construction, a process called site evaluation. A number of 
factors must be considered in site evaluation. Site topography is important; for some applications, 
steep slopes may be detrimental. The present and former use of the site must be considered. For 
example, if the site was formerly employed in an application that might have involved leakage and 
infiltration of wastes, extensive site remediation must be considered. The physical, chemical, and 
engineering properties of the earthen material must be known. In many cases, structures should 
rest on bedrock, so depth to bedrock should be measured. Natural hazards have to be evaluated. 
These include possibilities of earthquake (locating a critical structure directly on a seismic fault 
can be particularly troublesome) or volcanic activity. The potential for less spectacular but much 
more common hazards should be evaluated, including tendency to landslides and erosion. Potential 
interactions with the hydrosphere are crucial. These include surface runoff characteristics, surface 
water infiltration underground, flooding potential, depth of the water table, and groundwater flow.

11.3.2 K inds of Structures on the Geosphere

Numerous kinds of structures are located on or below the surface of the geosphere, most requiring 
some degree of excavation. The most common of these are as follows:

Highways: Important considerations are topography, considering limits to permissible gra-
dients, excavation required such as in constructing cuts through hills, stability of slopes 
related to the likelihood of landslides onto the highway, strength of base rock, potential 
for flooding, and availability of construction materials including rock and sand to use in 
making paving.

Railroads: In general, the same considerations given to highway construction apply to rail-
roads. Gradient is much more important with railroads and must be much lower for them 
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than for highways. This requirement leads to the consideration of the need for cuts through 
hills and tunnels.

Bridges: Both highways and railroads require bridges to cross rivers, estuaries, and deep val-
leys. In planning a bridge, it is essential to assess the earthen material upon which it rests. 
In some cases pilings must be driven to bedrock, and in other cases grout must be pumped 
underground to fill voids and provide stability.

Airports: Important considerations are topography including the presence of, or potential 
for, essentially level areas of sufficient size to construct long runways, soil characteristics 
including good load-bearing capacity, surface drainage and absence of flooding potential, 
and availability of rock and sand to use in construction.

Tunnels: An important consideration is whether a tunnel is constructed through solid rock or 
through poorly cohesive earth, thus requiring structures to prevent the flow of earth into 
the tunnel. It is common for both types of material to be encountered in the same tunnel. 
Rock structure and rock fractures must be considered. Also important is the potential for 
water infiltration and for means to remove water.

Buildings: The larger the building, the more important the considerations given to siting it. 
Often, extensive drilling and coring are performed to evaluate the suitability of the mate-
rial on which the building will rest. In areas where underground voids may exist, it is cru-
cial to make sure that none are in the vicinity of the building. In some areas, the potential 
to make structures earthquake resistant is crucial. Soil that can undergo liquefaction (see 
Chapter 9, Section 9.4) during earthquakes must be avoided if at all possible. Another con-
sideration is the potential for soil to expand and contract, which may crack or even destroy 
basement walls. The likelihood of groundwater infiltration must be considered; in some 
unfortunate cases, building excavations have intercepted springs or aquifers with a high 
flow potential.

Dams: Both concrete and earth dams require careful assessment of the geological strata 
involved. A dam is almost always placed across a valley, which then fills upstream with 
water. The susceptibility of the reservoir slopes to landslides must be considered; such 
slides may be more likely as the bottom parts of the slopes become constantly saturated 
with water from the reservoir. The rate of sediment accumulation in the reservoir should 
be evaluated. The strata upon which the dam rests are very important, and its strength, 
stability, and potential to develop routes for leakage of water must be evaluated. Especially 
in the case of earthen dams, the suitability of earthen material in the vicinity for construc-
tion is important.

Mines: There is not much choice of locations of mines because they must be placed exactly 
where the desired minerals are found. However, an evaluation of the geosphere at the 
location of a mine can be used to determine its construction. A major issue in designing a 
mine is the choice between an underground mine and an open pit. The type of mine con-
struction depends strongly on the type and stability of the earthen material that must be 
excavated. Water infiltration from groundwater sources is a very important consideration 
and may require elaborate measures for pumping and drainage. Especially for coal mines, 
the potential for the infiltration of explosive methane must be known. Also important is the 
consideration of locations for the placement of mine spoils (wastes).

11.4  DIGGING IN THE DIRT

One of the most common human interactions with Earth is its excavation to extract materials, con-
struct structures such as roadways, construct basements for buildings, alter surface slope, or simply 
put holes in the ground for uses such as harbors. The ease with which earthen material is exca-
vated and moved and the measures required to do so depend strongly on the nature of the mate-
rial excavated. Earthen material may vary in hardness from dirt through rock of varying degrees 
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of hardness and consolidation to extremely hard rock. The easiest means of excavation is simply 
scooping up unconsolidated material composed of relatively small particles. When this is not pos-
sible, the earthen material can be loosened by a process called ripping. A ripper consists of a strong, 
vertical blade mounted on the back of a heavy tracked tractor that extends a meter or more below the 
ground and is pulled through the earth so that it breaks up the earthen material. Material that cannot 
be broken down by ripping may require blasting, in which holes are drilled at intervals and packed 
with explosives that are detonated to break the hard rock into small pieces that can be removed with 
a scoop.

The properties of an excavation may deteriorate with time. One way in which this occurs is 
by slumping of walls, which is more likely and more severe with more steeply angled walls. The 
removal of earthen material reduces the mass resting on the floor of an excavation so that it may 
have a tendency to rise. Some of the greater challenges in maintaining an excavation occur when it 
extends to below the water table. Tapping a large, highly permeable aquifer can result in an excava-
tion rapidly filling with water, which can be a major problem unless the purpose of the excavation 
is to construct a water reservoir. In some cases, problems with water can be solved by surrounding 
the excavation with wells that are constantly pumped, which not only prevents water infiltration but 
also stabilizes the floor and walls of the excavation.

Numerous means are employed to stabilize slopes to prevent slumping. Rock bolts and rock 
anchors can be installed in holes drilled into a slope to hold it in place. Anchors embedded deep 
within a slope can be used to fasten concrete panels to the sloping surface, preventing material from 
sliding down. The loss of the integrity of a slope face due to water infiltration can be mitigated to 
a large extent by applying cement pneumatically to the surface, which cures to provide a relatively 
impervious material that resists weathering.

11.4.1 S ubsurface Excavations

The most challenging excavations are those that are made subsurface for tunnels, mines, subways, 
and underground caverns. Among the factors to be considered in such excavations are the integrity 
and hardness of the earthen material, presence of faults, and groundwater infiltration. These condi-
tions can be assessed prior to construction by indirect methods from the surface, such as seismic 
testing, or by direct methods, including drilling, coring, and pilot tunnels.

Seismic testing that uses vibrational waves generated on the surface to assess subsurface condi-
tions is the most commonly used indirect method of examining subsurface strata. Seismic testing 
involves the generation of shock waves on the surface by an explosive charge or by mechanically 
dropping a heavy weight and monitoring the resulting seismic P-waves and S-waves (both observed 
during earthquakes). The waves generated are monitored by geophones placed appropriately rela-
tive to the shot point where the waves are initiated. Times at which the waves reflected by the under-
lying strata are received are very accurately monitored along with their intensities by the geophones. 
Computer analysis of the data enables evaluation of the geometry and lithology (hardness, integrity, 
and strength of the underlying strata). Faults, joints, synclines, and anticlines can also be mapped 
by seismic testing.

Figure 11.2 illustrates a subsurface excavation for a water tunnel used for water supply to a large 
urban area. In addition to a tunnel to conduct water, such an installation has shafts extending from 
the surface to the tunnel. Shafts are excavated from the surface; when they are excavated upward 
from below the surface, they are called raises. A large water system may also have caverns consist-
ing of large voids hollowed out of the underground strata for water storage.

11.4.2 G reen Underground Storage

Underground storage facilities offer a number of advantages and rank high in sustainability. Such 
facilities must be located in suitable strata free from major water infiltration. They will maintain 
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a particular temperature within a relatively narrow range regardless of outside conditions. With 
suitable insulation, they can be maintained at almost any reasonable temperature including low 
temperatures for cold storage.

The most commonly used underground storage facilities are located in limestone formations. In 
some cases natural caves have been used, but underground limestone quarries are usually superior. 
One of the largest such installations is the Atchison Storage Facility located along the Missouri 
River about 2 mi southeast of Atchison, Kansas. This huge facility was mined from limestone in a 
river bluff. It covers 127 acres and consists of a series of caverns with a limestone ceiling supported 
by 78 pillars of undisturbed limestone, each around 10 m in diameter. During World War II, the U.S. 
War Food Administration leased the Atchison Storage Facility and converted part of it to a refriger-
ated food storage facility maintained at 0°C for the storage of sides of beef, eggs, vegetables, fruits, 
butter, lard, and salt pork. An initial delivery of 12 railcars of dried eggs in 1944 expanded to 8,900 t 
of eggs along with 48 t of dried milk; 1,000 t of raisins; and 20,000 t of prunes by 1949. Considering 
that the war ended in 1945 and that dried eggs and prunes were very low on the soldiers’ dietary 
preferences, it is likely that much of this food was eventually discarded.

During the 1950s, parts of the Atchison Storage Facility were converted to warehouse space 
for specialized military hardware. An ammonia-to-brine dehumidification system was installed to 
reduce the humidity to 42% relative humidity and to maintain the temperature of the facility at a 
range of 18°C–22°C. Later, the facility was used for record storage.

11.4.3 S alt Dome Storage

Salt domes were formed when deposits of salts (predominantly sodium chloride) were left from the 
evaporation of water from vast inland seas. Eventually, the salt deposits became covered with sedi-
ments. Being less dense than the sedimentary material that covered them, the salt deposits rose over 
time, forming domes 1–10 km in diameter and up to 6.5 km in thickness. The salt in salt domes is 
generally dry and impermeable.
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FIGURE 11.2  An underground tunnel for conveying water: underground caverns can be used for water stor-
age. Access to the tunnel and caverns is through vertical shafts.
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Initial interest in salt domes was as sources of salt that could be extracted by forcing water 
through wells into the domes, pumping out the resulting brine, and evaporating the water sol-
vent to obtain a solid salt residue. It was also found that petroleum deposits are often encountered 
above the domes, and such deposits constitute the dominant source of petroleum along the Gulf of 
Mexico. More recently, salt domes have come into use for petroleum storage, especially for the U.S. 
Strategic Petroleum Reserve,2 which is located in salt domes in Texas and Louisiana. The Strategic 
Petroleum Reserve has a capacity of about 727 million barrels (116 million cubic meters) of petro-
leum. Figure 11.3 shows a basic salt dome facility with a cavern in the dome for petroleum storage. 
In such a facility, the crude oil floats on top of a layer of brine (salt solution). When the crude oil is 
to be removed, brine is pumped in from a surface reservoir and the oil is forced out. The process is 
reversed to place petroleum back into the storage cavity.

11.5  EXTRACTION OF MATERIALS FROM EARTH

A large number of minerals are extracted from the geosphere. As an example, the following is 
an impressively long list of minerals published by the World Mineral Exchange:3 alunite, andalu-
site, andradite, apatite, aragonite, arsenic, asbestos, asphalt, ball clay, barites, bauxite, bentonite, 
beryl, beryllium, biotite, bismuth, borates, borax, bornite, boron, brines, cadmium sulfide, cadmium 
telluride, calcite, carbonatite, cassiterite, celestite, chalcopyrite, china clay, chromite, chrysoprase, 
coal, cobalt, columbite, copper, corundum, cryolite, diatomite, diamond, dimension stone, diop-
side, dolomite, epidote, fayalite, feldspar, fire clay, flint, fluorite, galena, gallium, garnet, gold, gran-
ite, graphite, gypsum, halite (sodium chloride), hornblende, ilmenite, iodine, iridium, iron ore, iron 
oxide pigments, kaolinite, kyanite, lazulite, lead, limestone, lithium, magnesite, manganese, marble, 
mercury, mica, molybdenite, monazite, nickel, ochre, opal, palladium, palygorskite, perlite, phos-
phate, platinum, potash, pumice, pyrite, pyrochlore, pyrophyllite, quartz, rare earths, selenium, 
siderite, silica, sillimanite, silver, slate, sodium, sodium bicarbonate, sodium carbonate, sodium 
sulfate, staurolite, strontium, sulfur, talc, tin, tourmaline, ulexite, uranium, vanadinite, vermiculite, 
wollastonite, wulfenite, xenotime, zeolites, zinc, zircon, and zoisite. Many human effects on the 
geosphere result from the extraction of multitudes of minerals such as these from Earth’s crust.
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FIGURE 11.3  Salt dome storage of petroleum such as that used for the U.S. National Strategic Petroleum 
Reserve: a cavity is formed in the dome by the action of water. Petroleum floats on top of a layer of brine and 
is pumped out of the storage cavern by pumping in more brine.
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The most potentially damaging method of mineral resource extraction is surface mining, 
employed in the United States to extract virtually all of the rock and gravel that is mined, well 
over half of the coal, and numerous other resources. In earlier times, before strict reclamation 
laws were in effect, surface mining, particularly of coal, left large areas of land scarred, devoid 
of vegetation, and subject to erosion. However, with appropriate excavation and restoration prac-
tices, the damage from surface mining can be minimized and surface mining may even be used 
to improve surface quality, such as by the construction of reservoirs where rock or gravel has 
been extracted.

Several approaches are employed in surface mining. Sand and gravel located under water are 
extracted by dredging with draglines or chain buckets attached to large conveyers. In most cases, 
resources are in deposits beneath an overburden of earthen material that does not contain any of 
the resource that is being sought. This material must be removed as spoil. As the name implies, 
open-pit mining is a procedure in which gravel, building stone, iron ore, and other materials are 
simply dug from a big hole in the ground. Some of these pits, such as several pits from which copper 
ore has been taken in the United States, are truly enormous in size.

The best known (sometimes infamous) method of surface mining is strip mining, in which strips 
of overburden are removed by draglines and other heavy earthmoving equipment to expose seams 
of coal, phosphate rock, or other materials. Heavy equipment is used to remove a strip of overbur-
den, and the exposed mineral resource is removed and hauled away. Overburden from a parallel 
strip is then removed and placed over the previously mined strip, and the procedure is repeated 
numerous times. On highly sloping terrain, overburden is removed on progressively higher terraces 
and placed on the terrace immediately below.

Because of past mining practices, surface mining got a well-deserved bad name. With strip 
mining, the common practice was to dump waste overburden in rather randomly constructed spoil 
banks consisting of poorly compacted, steeply sloped piles of finely divided material. The rock and 
soil on spoil banks was highly susceptible to erosion and physical and chemical weathering. No 
effort was made to replace topsoil on the surface of the spoil banks, and the topsoil that was there 
quickly eroded away, so that vegetation on these unsightly piles was sparse. Now, however, with 
modern reclamation practices, topsoil is first removed and later placed on top of overburden that 
is replaced such that it has gentle slopes and proper drainage. The topsoil spread over the top of 
the replaced spoil, which is often carefully terraced to prevent erosion, is seeded with indigenous 
grass and other plants, fertilized, and watered, if necessary, to provide vegetation. The end result 
of carefully done mine reclamation projects is a well-vegetated area suitable for wildlife habitat, 
recreation, forestry, and other beneficial purposes.

A controversial practice that has developed in recent years is mountaintop removal strip 
mining that is being practiced in West Virginia and to a lesser extent in Kentucky and Virginia.4 
This procedure involves blasting the tops off mountains and pushing the overburden into valleys 
to get to coal seams that are then dug up with huge draglines and shipped for use in power plants. 
Proponents contend that the practice does minimal harm and even provides flatland in areas notably 
short of level areas. Opponents cite destruction of hardwood forests and damage to water sources 
as major problems.

The extraction of minerals from placer deposits formed by deposition from water has obvious 
environmental implications. Placer deposits can be mined by dredging from a boom-equipped 
barge. Another means that can be used is hydraulic mining with large streams of water. One inter-
esting approach for more coherent deposits is to cut the ore with intense water jets and then suck up 
the resulting small particles with a pumping system.

For many minerals, underground mining is the only practical means of extraction. An under-
ground mine can be very complex and sophisticated. The structure of the mine depends on the nature 
of the deposit. It is of course necessary to have a shaft that reaches to the ore deposit. Horizontal 
tunnels extend out into the deposit, and provision must be made for sumps to remove water and for 
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ventilation. Factors that must be considered in designing an underground mine include the depth, 
shape, and orientation of the ore body, as well as the nature and strength of the rock in and around 
it; thickness of overburden; and depth below the surface.

Usually, significant amounts of processing are required before a mined product is used or even 
moved from the mine site. Such processing, and its by-products, can have significant environ-
mental effects. Even rock to be used for aggregate in cement road construction must be crushed 
and sized, a process that has the potential to emit air-polluting dust particles to the atmosphere. 
Crushing is also a necessary first step for further processing of ores. Some minerals occur to an 
extent of a small percentage or even less in the rock taken from the mine and must be concen-
trated on site so that the residue does not have to be hauled far. For metals mining, these pro-
cesses, as well as roasting, extraction, and similar operations, are covered under the category of 
extractive metallurgy.

11.5.1  Environmental Effects of Mining and Mineral Extraction

Some of the environmental effects of surface mining have been mentioned in Section 11.5. Although 
surface mining is most often considered for its environmental effects, subsurface mining can also 
have a number of effects, some of which are not immediately apparent and may be delayed for 
decades. Underground mines have a tendency to collapse, leading to severe subsidence. Mining 
disturbs groundwater aquifers. Water seeping through mines and mine tailings may become pol-
luted. One of the more common and damaging effects of mining on water occurs when pyrite, FeS2, 
commonly associated with coal, is exposed to air and becomes oxidized to sulfuric acid by bacte-
rial action to produce acid mine water (see Chapter 3, Section 3.5). Some of the more damaging 
environmental effects of mining are the result of the processing of mined materials. Usually, ore is 
only part—often a small part—of the material that must be excavated. Various beneficiation pro-
cesses are employed to separate the useful fraction of ore, leaving a residue of tailings. A number 
of adverse effects can result from environmental exposure of tailings. For example, residues left 
from the beneficiation of coal are often rich in pyrite, FeS2, which produces acidic water pollutants 
as described in Section 3.5. Uranium ore tailings unwisely used as fill material have contaminated 
buildings with radioactive radon gas.

One of the more environmentally troublesome by-products of mineral refining consists of waste 
tailings. By the nature of the mineral processing operations employed, tailings are usually finely 
divided and prone to chemical weathering processes. Heavy metals associated with metal ores 
can be leached from tailings, producing water runoff contaminated with cadmium, lead, and other 
pollutants. Adding to the problem are some of the processes used to refine ores. Large quantities 
of cyanide solution are used to extract low levels of gold from its ore, posing obvious toxicological 
hazards.

11.6  SUSTAINABLE UTILIZATION OF GEOSPHERIC MINERAL RESOURCES

An essential part of Earth’s natural capital consists of minerals containing metals and other essen-
tial raw materials that the geosphere provides for use by humans. Important considerations in uti-
lizing mineral resources include a finite supply of essential minerals, the need to utilize less rich 
sources of minerals as better sources are depleted, and environmental damage associated with min-
eral exploitation. There are numerous kinds of mineral deposits that are used in various ways. The 
most available deposits have already been exploited. As the more available mineral resources are 
exploited, a major challenge is to find sustainable ways to utilize available resources in a cost-
effective manner that is consistent with maximum conservation of the resource, environmental 
protection, and material recycling.
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In order to make their extraction worthwhile, sources of minerals must be those that are enriched 
at a particular location in Earth’s crust relative to their average percentage abundance in Earth’s 
crust. Such an enriched deposit is called an ore, a term usually applied to metal deposits. The value 
of an ore is expressed in terms of a concentration factor:

	
Concentration factor

concentration of mater= iial in ore

average crustal concentration  	
(11.1)

Obviously, higher concentration factors are always desirable. Required concentration factors 
decrease with average crustal concentrations and with the value of the commodity extracted. A 
concentration factor of 4 might be adequate for iron, which makes up a relatively high percentage 
of Earth’s crust. Concentration factors must be several hundred or even several thousand for rela-
tively low-value metals that are not present at very high percentages in Earth’s crust. However, for 
an extremely valuable metal, such as platinum, a relatively low concentration factor is acceptable 
because of the high financial return obtained from extracting the metal.

In addition to large variations in the concentration factors of various ores, there are extremes in 
the geographic distribution of mineral resources. With some exceptions, the United States is reason-
ably well endowed with mineral resources, possessing in terms of its mineral resources, possessing 
significant resources of copper, lead, iron, gold, and molybdenum but virtually no resources of 
some important strategic metals, including chromium, tin, and platinum-group metals. For its size 
and population, South Africa is particularly blessed with some important metal mineral resources.

11.6.1 M etals

With an adequate supply of all of the important elements and energy, almost any needed mate-
rial can be manufactured. Most of the elements, including practically all of those likely to be in 
short supply, are metals. Some metals are considered especially crucial because of their impor-
tance to industrialized societies, uncertain sources of supply, and price volatility in world markets. 
One of these is antimony, which is used in automobile batteries, fire-resistant fabrics, and rub-
ber. Chromium, another crucial metal, is used to manufacture stainless steel (especially for parts 
exposed to high temperatures and corrosive gases), jet aircraft, automobiles, hospital equipment, 
and mining equipment. The platinum-group metals (platinum, palladium, iridium, rhodium) are 
used as catalysts in the chemical industry, in petroleum refining, and in automobile exhaust anti-
pollution devices. Around 90% of these metals used in the United States are imported with the 
remainder obtained from recycling.

Mining and processing of metal ores involve major environmental concerns, including distur-
bance of land, air pollution from dust and smelter emissions, and water pollution from disrupted 
aquifers. These problems are aggravated by the fact that the general trend in mining involves the 
utilization of less rich ores. This is illustrated in Figure 11.4, which shows the average percentage of 
copper in copper ore mined since 1900. The average percentage of copper in ore mined in 1900 was 
about 4%, but by 1982 it was about 0.6% in domestic ores and 1.4% in richer foreign ores. Ores as 
low as 0.1% copper may eventually be processed. Increased demand for a particular metal, coupled 
with the necessity to utilize lower grade ores, has a multiplying effect on the amount of ore that must 
be mined and processed and on accompanying environmental consequences.

Metals have a wide variety of properties and uses. The metals in ores occur in a number of 
different compounds; in some cases, two or more compounds are significant mineral sources 
of the same metal. Usually, these compounds are oxides or sulfides. However, other kinds of 
compounds and, in the cases of gold and platinum-group metals, the elemental (native) metals 
themselves serve as metal ores. Table 11.1 lists the important metals and their properties, major 
uses, and sources.
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FIGURE 11.4  Average percentage of copper in ore that has been mined.

TABLE 11.1
Geospheric Metal Resources

Metals and Major Uses Aspects of Resources

Aluminum: metal products, autos, electrical transmission 
lines

From bauxite (Al2O3), limited U.S resources, ample world 
resources

Chromium: metal plating, stainless steel, specialized alloys, 
chemicals

From chromite, an oxide mineral; virtually none in the 
United States, most in South Africa, Zimbabwe, Russia

Cobalt: alloys, magnet alloys, pigments Co3S4 and other minerals, abundant resources

Copper: ductile, excellent electrical conductor, valuable 
metal with many uses

In low percentages in sulfides, oxides, carbonates, 
increasingly short supply

Gold: jewelry, currency, electronics, industrial and high 
technology uses

In various minerals as low as several parts per million, 
greatly increased prices in recent years, limited supply

Iron: most widely used metal, usually as steel containing 
0.3%–1.7% carbon

Abundant U.S. and global resources of hematite (Fe2O3), 
goethite (Fe2O3·H2O), magnetite (Fe3O4)

Lead: storage batteries, electronics, chemicals (limited 
because of toxicity)

Galena (PbS), limited U.S. and marginal global resources, 
heavily recycled

Manganese: alloys, dry cells, chemicals Few U.S. but adequate world resources

Mercury: instruments, electronics, chemicals, use curtailed 
because of toxicity

From cinnabar (HgS), no U.S. production, from China, 
much is recycled

Molybdenum: alloys, chemicals Large U.S. and global resources

Nickel: stainless steel, alloys, rechargeable batteries, 
catalysts

Associated with iron ores, tight supplies with most from 
Russia, Australia, Canada

Silver: jewelry, bearings, solder, electronics, no longer used 
much in photography

Sulfide minerals along with Cu, Pb, Zn, relatively short 
supply

Tin: coatings, solders, bronze, alloys, chemicals including 
organometallics

No U.S. production, largely from China, Indonesia, Peru, 
much is recycled

Titanium: strong, corrosion resistant, used in alloys, white 
paint pigment

TiO2, abundant in Earth’s crust, produced in the United 
States and worldwide

Tungsten: very strong, high-melting alloys, drill bits, 
turbines, nuclear reactors

As scheelite (CaWO4), abundant U.S. and world resources

Vanadium: used for strong steel alloys Largely from China, Russia, South Africa

Zinc: alloys, galvanized steel, paint pigments, chemicals, 
ranks fourth in the world

In many ore minerals in the United States and other 
countries, relatively short supply
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11.6.2 N onmetal Mineral Resources

A number of minerals other than those used to produce metals are important resources. There are so 
many of them that it is impossible to discuss them all in this chapter; however, mention will be made 
of the major ones. As with metals, the environmental aspects of mining many of these minerals 
are quite important. Typically, even the extraction of ordinary rock and gravel can have important 
environmental effects.

Clays are secondary minerals composed predominantly of aluminum, silicon, and oxygen, 
which occur widely in the geosphere (see Chapter 9, Section 9.2). Other than stone tools, clays were 
the first minerals used by humans, especially in making pottery containers. Various clays are used 
for clarifying oils; as catalysts in petroleum processing; as fillers and coatings for paper; and in the 
manufacture of firebrick, pottery, sewer pipe, and floor tile. A typical clay mineral is kaolin, chemi-
cal formula Al2(OH)4Si2O5, which is used in numerous applications such as paper filler, refractories, 
pottery, dinnerware, and petroleum-cracking catalysts. The U.S. production of clay is several tens of 
million metric tons per year, and global and domestic U.S. resources are abundant.

Fluorine compounds are widely used in industry. Large quantities of fluorspar, CaF2, are required 
as flux in steel manufacture. Synthetic and natural cryolite, Na3AlF6, is used as a solvent for alu-
minum oxide in the electrolytic preparation of aluminum metal. Sodium fluoride is added to water 
to help prevent tooth decay, a measure that is commonly called water fluoridation. World reserves 
of high-grade fluorspar are adequate for several decades with about 13% of the production in the 
United States. A great deal of by-product fluorine is recovered from the processing of fluorapatite, 
Ca5(PO4)3F, which is used as a source of phosphorus.

Micas are complex aluminum silicate minerals, which are transparent, tough, flexible, and 
elastic. Muscovite, K2O·3Al2O3·6SiO2·2H2O, is a major type of mica. Better grades of mica are 
cut into sheets and used in electronic apparatus, capacitors, generators, transformers, and motors. 
Finely divided mica is widely used in roofing, paint, welding rods, and many other applications. 
Sheet mica is imported into the United States, and finely divided “scrap” mica is recycled domesti-
cally. Shortages of this mineral are unlikely.

In addition to its consumption in fertilizer manufacture (Chapter 10, Section 10.2), phosphorus 
is used for supplementation of animal feeds, synthesis of detergent builders, and preparation of 
chemicals such as pesticides and medicines. The most common phosphate minerals are hydroxy-
apatite, Ca5(PO4)3(OH), and fluorapatite, Ca5(PO4)3F. Ions of Na, Sr, Th, and U are found substituted 
for calcium in apatite minerals. Small amounts of PO4

3− may be replaced by AsO4
3−, and the arsenic 

must be removed for food applications. Approximately 17% of world phosphate production is from 
igneous minerals, primarily fluorapatites. About three-fourths of world phosphate production is 
from sedimentary deposits, generally of marine origin. Vast deposits of phosphate, accounting for 
approximately 5% of world phosphate production, are derived from guano droppings of seabirds 
and bats. World production of phosphate is several tens of millions of tons annually with the United 
States, Morocco, and China among the largest producers. Although current phosphate reserves are 
adequate for the immediate future, their eventual exhaustion is of concern for the long-term outlook 
for food production.

Pigments and fillers of various kinds are used in large quantities. The only naturally occurring 
pigments still in wide use are those containing iron. These minerals are colored by limonite, an 
amorphous brown-yellow compound with the formula 2Fe2O3·3H2O, and hematite, which is com-
posed of gray-black Fe2O3. Along with varying quantities of clay and manganese oxides, these 
compounds are found in ocher, sienna, and umber. Manufactured pigments include carbon black, 
titanium dioxide, and zinc pigments. About 1.5 million metric tons of carbon black, which is manu-
factured by the partial combustion of natural gas, are used in the United States each year, primarily 
as a reinforcing agent in tire rubber.

Several million metric tons of minerals are used in the United States each year as fillers for 
paper, rubber, roofing, battery boxes, and many other products. In addition to the aforementioned 
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clays, some of the minerals used as fillers are carbon black, diatomite, barite, fuller’s earth, kaolin, 
mica, limestone, pyrophyllite, and wollastonite (CaSiO3).

Although sand and gravel are the cheapest of mineral commodities per ton, the average annual 
dollar value of these materials is greater than all but a few mineral products because of the huge 
quantities involved. In tonnage, sand and gravel production is by far the greatest of nonfuel miner-
als. Almost 1 billion tons of sand and gravel are employed in construction in the United States each 
year, largely to make concrete structures, road paving, and dams. Slightly more than that amount is 
used to manufacture portland cement and as construction fill. Although ordinary sand is predomi-
nantly silica, SiO2, about 30 million tons of a more pure grade of silica are consumed in the United 
States each year to make glass, high-purity silica, silicon semiconductors, and abrasives.

At present, old river channels and glacial deposits are used as sources of sand and gravel. Many valu-
able deposits of sand and gravel are covered by construction and lost to development. Transportation 
and distance from source to use are especially crucial for this resource. Environmental problems 
involved with the defacement of land can be severe, although bodies of water used for fishing and 
other recreational activities frequently are formed by the removal of sand and gravel.

The biggest single use for sulfur is in the manufacture of sulfuric acid. However, the element is 
employed in a wide variety of other industrial and agricultural products. Several tens of millions 
of metric tons of sulfur are produced worldwide each year. The most important sources of sulfur 
are sulfur recovered from sour natural gas (as H2S) and petroleum and sulfur recovered during the 
processing of mineral ores, such as galena, PbS. Deposits of elemental sulfur are mostly mined with 
hot water (Frasch process). Supply of sulfur is no problem either in the United States or worldwide. 
The United States has abundant deposits of elemental sulfur, and sulfur recovery from fossil fuels 
as a pollution control measure provides a large source of this element.

Sodium chloride, gypsum, and potassium salts are all important minerals that are recovered as 
evaporites remaining from the evaporation of seawater and from brines pumped from below the 
ground. Sodium chloride in the form of mineral halite is used as a raw material for the production 
of industrially important sodium, chlorine, and their compounds. It is used directly to melt ice on 
roads, in foods, and in other applications. Potassium salts are, of course, essential ingredients of 
fertilizers and have some industrial applications as well. Gypsum, hydrated calcium sulfate, is used 
to make plaster and wallboard and is an ingredient in the manufacture of portland cement.

Graphite, a form of elemental carbon in flat sheetlike structures, is mined in a number of coun-
tries and is also made synthetically from carbonaceous feedstocks. Worldwide production of mined 
graphite is about 1 million metric tons per year. High-quality flake graphite is the most desirable 
natural form of graphite and has a number of applications. The use of this form of graphite is 
expected to rise significantly as high-energy-density lithium-ion batteries come to dominate the 
market for hybrid vehicles.

11.6.3 H ow Long Will Essential Minerals Last?

During about a 30-year period following World War II, demand for most important mineral com-
modities increased at a very rapid rate. Coinciding roughly with the “energy crisis” of the early to 
mid-1970s, demand slowed. Now, however, the emergence of newly developing economies, par-
ticularly those in the highly populous countries of China and India, is causing a greatly increasing 
demand for strategic minerals.

To a degree, the economic demand for and the price of a resource determine its availability. 
Higher prices lead to greater exploration, exploitation of less available resources, and often spec-
tacular increases in supply. This phenomenon has led to the misinterpretation of the resource supply 
and demand equation by authorities whose understanding of economics is limited to only conven-
tional monetary supply and demand models, without due consideration of sustainability aspects. 
The fact is that the total available amounts of most resources are limited, painfully so in terms of 
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the time span over which they will be needed by humankind. Although higher prices and improved 
technologies can increase supplies of critical resources significantly, the ultimate result will be the 
same: the resource will run out. Furthermore, exploitation of lower and lower grades of resources 
results in ever-increasing environmental disruption, adding significantly to the cost considering 
environmental economics.

Mineral resources may be divided into several categories based on current production and con-
sumption and known reserves. In the first category are those minerals that are in relatively comfort-
able supply, with supply of at least 100 to several hundred years. Minerals in this category include 
bauxite, the source of aluminum; iron ore; platinum-group metals; and potassium salts. In an inter-
mediate category are minerals with a current projected lifetime supply of 25–100 years. These 
include chromium, cobalt, copper, manganese, nickel, gypsum, phosphate minerals, and sulfur. The 
most critical group consists of minerals for which the supply based on current rates of consumption 
and known reserves is 25 years or less. Among these minerals are sources of lead, tin, zinc, gold, 
and silver.

The United States is essentially without economic reserves of a number of essential minerals. 
These include aluminum, antimony, chromium, cobalt, manganese, tantalum, niobium, platinum, 
nickel, and tin. Domestic reserves of fluorine, gold, potash, silver, tungsten, sulfur, vanadium, 
and zinc are limited. As far as the United States is concerned, metals of most concern are chro-
mium, manganese, and cobalt. These substances are essential for a modern industrialized economy. 
Although global supplies are adequate for the immediate future, they are threatened by the potential 
instability of the countries from which they come—Zaire, Zambia, South Africa, and Russia and 
other countries in the former Soviet Union.

As discussed in Chapter 9, Section 9.3, there is current concern regarding the availability of 
rare earth elements and the monopoly that China has developed for supplies of these elements.5 
Although they are not really very rare and potentially can be produced in several places around the 
world including the United States, there are some serious environmental challenges involved in the 
development of rare earth resources.

The world economy will never totally run out of any of the aforementioned minerals. However, 
severely constrained supplies of any one or several of them will have some marked effects. For 
example, world food production now depends on fertilizers, which require phosphorus, of which 
resources are limited. Within the next century, a food crisis related to phosphate shortages may be 
anticipated.

11.6.4 G reen Sources of Minerals

One of the most crucial aspects of green technology is the sustainable utilization of minerals. In 
a sense, the concept of sustainable mineral utilization is an oxymoron because minerals removed 
from the geosphere are not replaced. However, the idea of sustainability can greatly extend sup-
plies of minerals. This section addresses the approach to sustainability in obtaining minerals. The 
broader questions of green utilization of materials, substitution of materials, and recycling are dis-
cussed in more detail in Chapters 14 and 16.

As discussed in Chapters 14–16, modern technology and human ingenuity are very effective 
in alleviating shortages of important minerals. Applications of materials science (see Chapter 14) 
continue to produce substances made from readily available materials that provide good substitutes 
for more scarce resources. For example, concrete covered by strong layers of composite materials 
can often be substituted for iron in construction. Ceramics with special heat- and abrasion-resistant 
qualities are being used where high-temperature metal alloys were formerly required.

As minerals become less available, one of the measures to be taken is one that has been taken 
historically: find more. Modern technology provides a number of useful tools for finding new min-
eral deposits. Arguably the most useful approach to finding new mineral deposits is through the 
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applications of geology. Recent advances in plate tectonics, for example, have contributed to the 
understanding of likely locations of significant mineral deposits.

Slight differences in magnetic field, gravity, and electrical conductivity can be detected very 
sensitively, and they reflect differences in density, magnetic properties, and electrical properties that 
indicate the presence of remote mineral deposits. These techniques are in the realm of geophysical 
prospecting. Another useful technique for finding mineral deposits is geochemical prospecting. 
As its name implies, this method depends on detecting the presence of chemical species, usually 
specific metals. In addition to finding such substances directly in rock, geochemical prospecting can 
reveal evidence of minerals in water some distance from the mineral sources. Even gas analysis can 
be indicative of some minerals, such as volatile mercury or sulfur compounds from sulfur deposits. 
Plants, particularly those that concentrate some elements, such as copper, can be analyzed to indi-
cate the presence of minerals, a process called biogeochemical prospecting.

Photography and the measurement of light and infrared radiation from aircraft and from satel-
lites have greatly increased human understanding of Earth and its resources. These remote sensing 
techniques make it unnecessary to go to remote, poorly accessible, and dangerous regions. With 
satellite measurements, it is possible to cover huge areas of Earth’s surface in a reasonable period 
of time. The most ambitious program of remote sensing for mineral exploration is the Landsat sat-
ellite system, which was first launched in 1972 and subsequently followed by other launches from 
the United States and other countries. The sensors on these satellites measure visible and infrared 
radiation. The Landsat images reveal numerous features of Earth’s surface, including abundance 
and types of vegetation, soil and rock type, and moisture. Such features in turn may reflect the pres-
ence of various kinds of mineral deposits with potential for exploitation. An interesting aspect of 
satellite-based minerals exploration is geobotany in which, for example, trees poisoned by heavy 
metals indicative of metal deposits may be observed. More subtle changes, such as the timing by 
which deciduous trees start to produce leaves in the spring and change color and lose leaves in the 
fall, may provide clues to mineral deposits.

11.6.5  Exploitation of Lower Grade Ores

Modern technology enables the exploitation of lower grade ores, thus significantly increasing sup-
plies. A striking example of this phenomenon has been provided by copper. About 100 years ago, 
the average copper content of ore mined in the United States was around 5%; now, it is only about 
one-tenth that figure or less for copper ore mined globally. Despite the decline in copper ore quality, 
during the latter half of the 1900s known copper reserves increased about fivefold and, adjusted for 
inflation, the price of copper became less than it was a century earlier (although for about the last 
decade it has increased rapidly because of strong demand from developing economies).

The ability to exploit much less rich sources of ores has resulted from improved technologies. Of 
particular importance are advances in the means of moving huge quantities of rock, which is essen-
tial for the exploitation of lower grade ores. Earthmoving equipment has greatly increased in size 
and versatility during the last several decades. There has been an environmental cost, of course, for 
these advances. As an approximation, for each 10-fold decrease in mineral content, it is necessary 
to move 10 times as much material to obtain the same amount of metal. In addition to disruption 
of land, disturbed material is more prone to erosion, landslides, and water pollution. Much more 
energy is required, as is more water for those mining operations that use large quantities of water. 
Not the least of the factors required for exploiting lower grade resources is the need for additional 
capital and operating investment, which may be in short supply.

All the rich mineral ores in readily accessible areas have already been found and exploited. 
Therefore, any rich deposits will be found in remote locations and hostile environments, such as 
locations deep under the ocean. One major possibility is Antarctica, a remote continent noted for 
its ice, wind, and generally hostile conditions. It is very likely that rich mineral deposits are buried 
beneath the thick Antarctic ice sheet. However, the probability of severe environmental damage 
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from extracting minerals there is very high even if the extreme climate conditions can be overcome. 
In recognition of this concern, 26 nations involved in Antarctic exploration signed a treaty in 1991 
banning mineral extraction for 50 years. However, if shortages of crucial minerals become severe, 
it is likely that efforts will be made to find and extract them in Antarctica.

Exciting possibilities exist for the extraction of minerals from very hostile places, especially at 
great depths. One possibility is ultradeep mining under conditions too severe to enable human par-
ticipation. It may one day be possible to use robots to mine deposits several kilometers deep, where 
extreme pressures and heat would make it impossible for humans to work.

11.6.6 M ining the Ocean Floors

Another potentially abundant remote source of minerals is the ocean floor, which remains largely 
unexplored to this day. Compared to space exploration, only small amounts of money and time have 
been devoted to the exploration of the ocean floor. Despite their vast unrealized potential as a source 
of natural capital, relatively little has been done to take advantage of ocean-floor resources.

The potential for developing deep sea resources has been greatly increased in recent years by the 
development of remotely operated vehicles. With probes, robots, and sensors controlled by comput-
ers from the surface, these unmanned submarines are capable of operating in the cold, extreme-
pressure regions of ocean depths, opening new possibilities for exploration and resource utilization. 
It may be anticipated that in the future remotely operated mining equipment will be developed that 
will permit the mining of minerals on the ocean floor.

Large areas of the ocean are covered with manganese-rich lumps called manganese nodules.6 In 
addition to manganese, these lumps also contain other metals, including valuable platinum, copper, 
and nickel. Extraction of these metals as by-products adds to the economic attractiveness of mining 
manganese nodules.

11.6.7  Waste Mining

Waste mining is the term given to the extraction of useful materials from waste streams. Sulfur is 
one of the best examples of waste mining. Technology has been developed for the removal of sulfur 
from flue gas in nonferrous metal smelters. The recovery of sulfur from the smelting of lead, copper, 
zinc, and other metals also provides an example of policy-driven waste mining because it is man-
dated by law in most developed countries. Waste mining is employed to recover some metals as part 
of the production of other metals. By-product metals can be recovered from the gangue remaining 
from beneficiation of ore, slag from smelting, or dust collected from flues in metal refining opera-
tions. Arsenic and cadmium are recovered from the production of copper and zinc, respectively. 
Coal ash is a huge untapped resource for the waste mining of aluminum and ferrosilicon. Factoring 
in the costs of waste disposal and potential environmental degradation can make the economics 
of waste mining relatively more attractive. Some caution is suggested in that policy-driven waste 
mining of some substances creates a need to market them, sometimes to the detriment of the envi-
ronment. Cadmium and arsenic are both examples of substances recovered from waste mining that 
should not be used any more than necessary because of their toxicities.

Related to waste mining is the utilization of scrap materials, especially scrap metal. There are 
two major categories of scrap: new scrap consists of materials that are reclaimed during the manu-
facture of an item, such as metal shavings from machining. Old scrap consists of material that has 
been in products used in the consumer market and reclaimed as scrap material. The quality of new 
scrap can be carefully controlled, and it can be reclaimed very quickly and efficiently. However, old 
scrap has a recycling time that depends on the life of the product in which it is contained, and it is 
difficult to control its quality. Furthermore, the percentage return of material is lower from old scrap 
because of the products that are discarded and not recycled.
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The anthrosphere provides a large reservoir of materials that eventually can be recycled. A prime 
example of such a material is that of copper contained in copper wiring and plumbing in buildings, 
electrical lines, and other anthrospheric structures. The relatively high price of copper metal makes 
it attractive to reclaim the metal from these sources, and copper is commonly stolen from unoccu-
pied buildings, including even buildings under construction. Another example is the large amount 
of iron contained in vehicles, machinery, rail lines, bridges, and other artifacts.

Landfills constitute another anthrospheric construct that contains large amounts of materials, 
including metals. Unfortunately, the usable materials in landfills are usually too dispersed and 
mixed with materials of no value to be reclaimable. Any metals that are put in landfills should be 
put in segregated areas from which they may later be reclaimed.

11.6.8 R ecycling

Recycling should be practiced for all major mineral commodities. Fortunately, both economic and 
environmental concerns have resulted in vastly increased efforts to recycle materials in recent 
years. The largest quantity of metal that is recycled consists of ferrous metals (iron). During the last 
30 years, electric arc furnaces for iron processing have become commonplace. Fortunately, these 
devices require scrap iron as feedstock and have resulted in a continuing market for recyclable iron 
scrap. Aluminum ranks next to iron in quantity of metal recycled; at least one-third of aluminum 
is recycled in the United States and globally. Particular success has been achieved in the recycling 
of aluminum beverage cans. The refining of aluminum metal from bauxite ore is particularly 
energy consumptive, so a big advantage of aluminum recycling is reduced energy consumption. In 
addition, recycling produces only about 5% the amount of wastes and potential pollutants as are 
generated by refining aluminum from its ore. Cost savings are huge as well. Other metals that are 
largely recycled are copper and copper alloys; cadmium; lead; tin; mercury; zinc; silver; and, of 
course, gold and platinum.

A crucial consideration in recycling is the nature of source material. Copper is relatively easy 
to recycle because it is often found in a relatively pure form in wire, pipe, and electrical apparatus. 
The lead in lead storage batteries can simply be melted down and recast into battery electrodes. 
Large amounts of aluminum are available from waste cans and structural materials. Although iron 
is largely recycled, it often occurs as specialized alloys containing varying contents of other metals, 
such as titanium or tungsten. The contents of these elements complicate the utilization of scrap iron.

11.7 � TOXICOLOGICAL IMPLICATIONS OF MINERAL 
MINING AND PROCESSING

A potential toxicological hazard from fluoride may be caused by the processing of fluorapatite min-
eral, Ca5(PO4)3F, to make superphosphate fertilizer and to produce phosphorus compounds. The 
reaction of fluorapatite with sulfuric acid to produce superphosphate is as follows:

	
2Ca PO F 7H SO 3H O 7CaSO 3Ca H PO5 4 3 2 4 2 4 2 4 2( ) + + → + ( ) ⋅HH O 2HF2 +

	
(11.2)

Toxic hydrogen fluoride, HF, is a product of this reaction as a gas or an aqueous solution of 
hydrofluoric acid. Hydrogen fluoride is so reactive that it is used to etch glass. Both the gas and the 
acid are extremely corrosive irritants, causing potentially gangrenous lesions on exposed tissue and 
ulcers in the upper respiratory tract. Although beneficial in preventing tooth decay when added 
to water at levels of around 1 ppm, fluoride ion, F−, at higher levels can cause fluorosis, a condi-
tion that is characterized by bone abnormalities and mottled teeth. Pollution of grazing land by 
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fluoride fallout can harm livestock, causing lameness and even death in extreme cases. Obviously, 
the control of HF and fluoride exposure is very important in the processing of fluorapatite and other 
fluoride minerals.

11.7.1  Pneumoconiosis from Exposure to Mineral Dust

Pneumoconiosis is the term given to lung disease caused by the inhalation of mineral dust. The 
cause of this malady is often exposure to dusts in mining and processing minerals.

The most common cause of pneumoconiosis is silicosis, a chronic fibronodular lung disease 
manifested by fluid buildup and scar tissue in lungs accompanied by reduced pulmonary function 
resulting from exposure to silica, SiO2. Sand, sandstone, slate, and granite all contain silica, and 
occupational exposure to dusts from these minerals has caused silicosis. Silicosis has been known 
for centuries and was called potters rot in Victorian England. The introduction of mechanical min-
ing that produced copious quantities of silica dust from drilling and rock-cutting operations greatly 
increased the incidence of silicosis, but effective industrial hygiene measures have reduced the 
number of workers afflicted by this disease.

Black lung disease is a form of pneumoconiosis caused by inhalation of coal dust that has 
afflicted many coal miners. Although the silica in coal dust contributes to black lung disease, it is 
a separate condition resulting from exposure to carbonaceous material in coal. Black lung disease 
is also caused by exposure to other carbonaceous dusts including graphite dust in the mining and 
processing of natural graphite. Early-stage black lung disease, simple pneumoconiosis, does not 
seriously impair those who are afflicted. It can progress to a debilitating form called complicated 
pneumoconiosis or progressive massive fibrosis. There is no specific treatment for black lung dis-
ease, and the condition is not reversible.

11.7.2 H eavy Metal Poisoning

There are numerous potential toxicological effects of mining, processing, and recycling metals. 
The materials of concern include heavy metals, especially lead, and other materials such as silica 
dust and coal dust. Most exposures are through inhalation. Lead has adverse effects on many parts 
of the body including the central nervous system, kidney, and blood and may cause developmental 
problems in children. Due to lead’s toxicity to the nervous system, a condition called lead palsy used 
to be a common affliction of lead miners and lead smelter workers.

There is serious concern about lead poisoning among workers and others exposed to the metal in 
recycling operations in Mexico. Because of the less stringent regulations pertaining to occupational 
lead exposure in Mexico compared to the United States, it has become a common practice to send 
old lead storage batteries to Mexico from the United States for recycling. In the United States, lead 
battery recycling operations are carried out in highly mechanized sequestered plants in which the 
stacks from lead smelting are fitted with effective scrubbers and lead emission monitors, but as of 
2011 such safeguards allegedly had not been in place in Mexico. According to a report in the New 
York Times,7 recycling operations commonly occur in poor neighborhoods where workers dismantle 
old batteries by beating on their cases with hammers and the scrap lead is melted in furnaces lack-
ing adequate stack emission controls. A major concern is lead fallout onto nearby residential areas 
and schools. In 2011, about 20 million old lead batteries, each containing about 18 kg of lead, were 
sent from the United States to Mexico for recycling.

Occupational exposure to zinc oxide fumes can cause metal fume fever, which is manifested 
by fever, chills, fatigue, and other flu-like symptoms. The condition is reversible with recovery tak-
ing place usually within a few hours after exposure to the fumes has stopped. Although the most 
common cause of zinc metal fume fever is from exposure during welding and metal cutting of 
zinc-coated (galvanized) steel, it may also occur during processing of zinc ore and zinc recycling 
operations. Mining, processing, and recycling of cadmium and mercury also presents hazards from 
these highly toxic metals, but they are used much less than lead and zinc.
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11.8  SUSTAINING THE GEOSPHERE TO MANAGE WATER

Some of the most extensive modifications of the geosphere are those undertaken to manage water. 
The interaction of water with the geosphere is important and is addressed by the science of hydro-
geology. Water is encountered both on top of the geosphere in streams, lakes, and reservoirs and 
beneath the geosphere surface as groundwater contained in aquifers. This section addresses human 
efforts to manage water in the geosphere other than saline water in oceans and seas.

Most water falls on the geosphere as precipitation (rain, snow, sleet) from the atmosphere. Much 
of this water flows along the surface in streams; it may be held in soil, evaporate into the atmo-
sphere, or infiltrate into the ground. Water falling on the surface of the geosphere may infiltrate 
downward; if it reaches a zone of saturation, the process is called percolation. Percolation is an 
important process by which groundwater recharge of underground aquifers occurs. Groundwater 
recharge is essential to maintaining crucial underground water resources. Paving land in urban 
areas is detrimental to groundwater recharge, and in some cases artificial recharge is employed to 
pump water into aquifers. In some places, paving materials are now made of permeable solids that 
allow surface water to penetrate and eventually recharge groundwater reservoirs.

An important effect of the hydrosphere on the geosphere consists of flooding from streams and 
rivers. A flood occurs when a stream develops a high flow such that it leaves its banks and spills out 
onto the floodplain of the stream. Floods are arguably the most common and damaging of surface 
phenomena in the geosphere. Although they are natural and in many respects beneficial occur-
rences, floods cause damage to structures located in their paths, and the severity of their effects is 
greatly increased by human activities.

Floods are made more intense by higher fractions and higher rates of runoff, both of which may 
be aggravated by human activities. This can be understood by comparing a vegetated drainage basin 
to one that has been largely denuded of vegetation and paved over. In the former case, rainfall is 
retained by vegetation, such as grass cover. Thus, the potential floodwater is delayed, the time span 
over which it enters a stream is extended, and a higher proportion of the water infiltrates into the 
ground. In the latter case, less rainfall infiltrates, and the runoff tends to reach the stream quickly 
and to be discharged over a shorter time period, thus leading to more severe flooding. These factors 
are illustrated in Figure 11.5.

The conventional response to the threat of flooding is to control a river, particularly by the 
construction of raised banks called levees. In addition to raising the banks to contain a stream, the 
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FIGURE 11.5  Influence of runoff on flooding.
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stream channel may be straightened and deepened to increase the volume and velocity of water flow, 
a process called channelization. Although effective for common floods, these measures may exac-
erbate extreme floods by confining and increasing the flow of water upstream such that the capacity 
to handle water downstream is overwhelmed.

One of the most common human modifications of the geosphere to manage water is the construc-
tion of reservoirs in which flowing water is retained for water supply, for recreational areas, to gener-
ate hydroelectric power, and for flood control. Figure 11.6 shows the basic components of a reservoir. 
It is seen that a reservoir is constructed when a dam is placed across a stream. The streambed and 
parts of the valley occupied by the stream compose the bed of the reservoir. The dam contains a 
sluiceway through which water from the reservoir can be drained to a very low volume, or the sluice-
way may serve as a conduit to hydroelectric turbines attached to generators for hydroelectric power. 
Somewhat below the top of the dam is a spillway through which excess water automatically overflows 
when the water level in the reservoir reaches that of the spillway. Water flowing over the top of a dam, 
particularly an earthen one, can destroy it rather quickly and is to be avoided. In addition to water 
held behind the dam, water in bank storage in rock formations along the edge of the reservoir may 
flow into it as the water level is lowered, adding to the useful storage volume of the reservoir.

Many factors must be considered in constructing a dam to make a reservoir. These include 
stream flow, rainfall, geologic conditions, and topographic conditions. Ideally, dams are constructed 
in locations where the stream is constricted and where the banks are high and steep so that a small 
dam will impound a large reservoir volume. It is particularly important to have relatively watertight 
reservoir walls so that there is no excessive loss of water. One of the major sources of dam failure 
has been dam construction in regions where underground channels exist through which leakage can 
take place from the reservoir to below the dam. Eventually, such leakage can erode the earth on 
which the dam rests, leading to its collapse. In some cases, channels and voids can be filled with 
fluid cement (grout) prior to dam construction.

An often-cited case of reservoir failure occurred with the Baldwin Hills Reservoir near Los 
Angeles, California, in 1963. This rectangular basin had been carved on top of a hill in 1951 and 
rested on poorly consolidated earthen material consisting primarily of silt, sand, and clay. Pumping 
of oil in the vicinity had led to ongoing settling of the land. Movement of faults beneath the reservoir 
dam led to an abrupt loss of water, erosion of material from beneath the dam, and an abrupt breach 
of the dam. The sudden rush of water from the reservoir that resulted killed 5 people and caused 
$15 million of damage.

Reservoir, volume
for useful storage

Spillway

Stream bed composing bottom of  the reservoir

Sluiceway

Dam

FIGURE 11.6  A dam placed across a stream impounds water in the stream valley above the dam, producing 
a reservoir. The maximum level of water in the reservoir is at the level of the spillway, and it can be lowered 
to the level of the sluiceway.
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As discussed in Chapter 3, Section 3.3, bodies of water tend to become stratified, with significant 
effects on aquatic chemistry. Impoundment of water in reservoirs leads to stratification such that 
reduced chemical species predominate in the bottom hypolimnion layer of the water. This can cause 
the production of relatively high concentrations of soluble Fe2+ and Mn2+ species, which can be 
undesirable water contaminants. Toxic hydrogen sulfide, H2S, and methane, CH4, a gas that can con-
tribute to global warming, are also produced in reservoir sediments.

11.8.1 C hina’s Three Gorges Dam Project

One of humankind’s most ambitious efforts to control water and a truly vast project of construc-
tion on the geosphere is China’s Three Gorges Dam project on the Yangtze River. The dam was 
completed in 2006 followed by construction of additional power stations associated with it. This 
project has set numerous world records including largest dam and largest single power plant project 
in one location. Its construction involved the greatest consumption of dirt, concrete, and stone of 
any construction project ever completed. About 1.13 million people were displaced by the reservoir 
created by the dam. Since its construction, the project has controlled floods that annually caused 
much misery and destruction along the Yangtze and has added an enormous amount of clean hydro-
electric power–generating capacity to China’s electrical power grid. But it has caused significant 
environmental problems. Water pressure from the 175-m-deep reservoir is thought to have affected 
surrounding geological strata and contributed to landslides around the shoreline. Sediment accu-
mulation in the reservoir is a problem. Many of the environmental problems have resulted from 
the activities of the largely rural population that was displaced to higher ground. Farmers have 
attempted to cultivate the steeply sloping land and have stripped it of forests. This has increased 
problems from landslides, causing the Chinese government to undertake reforestation programs.

11.8.2  Water Pollution and the Geosphere

Water pollution is addressed in detail in Chapter 4. Much water pollution arises from interactions of 
groundwater and surface water with the geosphere. These aspects are addressed briefly here.

The relationship between water and the geosphere is twofold. The geosphere may be severely 
damaged by water pollution. This occurs, for example, when water pollutants produce contami-
nated sediments, such as those polluted by heavy metals or polychlorinated biphenyls. In some 
cases, the geosphere serves as a source of water pollutants. Examples include acids produced 
by exposed metal sulfides in the geosphere or synthetic chemicals improperly discarded in 
landfills.

The sources of water pollution are divided into two main categories. The first of these consists of 
point sources, which enter the environment at a single, readily identified entry point. An example of 
a point source is a sewage-water outflow. Point sources tend to be those directly identified as to their 
origins from human activities. Nonpoint sources of pollution are sources from broader areas. Such 
a source is water contaminated by fertilizer from fertilized agricultural land or water contaminated 
with excess alkali leached from alkaline soils. Nonpoint sources are relatively harder to identify and 
monitor. Pollutants associated with the geosphere are usually nonpoint sources.

An especially common and damaging geospheric source of water pollutants consists of sedi-
ments carried by water from land into the bottoms of bodies of water. Most such sediments originate 
from agricultural land that has been disturbed such that soil particles are eroded from land into 
water. The most common manifestation of sedimentary material in water is opacity, which seriously 
detracts from the esthetics of the water and inhibits the growth of light-requiring algae. Sedimentary 
material deposited in reservoirs or canals can clog them and eventually make them unsuitable for 
water supply, flood control, navigation, and recreation. Suspended sediments in water used for water 
supply can clog filters and add significantly to the cost of treating the water. Sedimentary material 
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can devastate wildlife habitats by reducing food supplies and ruining nesting sites. Turbidity in 
water can severely curtail photosynthesis, thus reducing primary productivity necessary to sustain 
the food chains of aquatic ecosystems.

11.9  WASTE DISPOSAL AND THE GEOSPHERE

The geosphere receives many kinds and large amounts of wastes. Its ability to cope with such 
wastes with minimal damage is an important part of the geosphere’s natural capital. A variety of 
wastes, ranging from large quantities of relatively innocuous municipal refuse to much smaller 
quantities of potentially lethal radioactive wastes, are deposited on land or in landfills. These are 
addressed briefly in Sections 11.9.1 and 11.9.2.

11.9.1 M unicipal Refuse

Currently, the most widely practiced method for disposing of municipal solid wastes—household 
garbage—is in sanitary landfills (Chapter 9, Section 9.7), which consist of refuse piled on top of the 
ground or into a depression such as a valley, compacted and covered at frequent intervals by soil (see 
Figure 9.10). An important aspect of sustaining the geosphere is to construct and operate municipal 
landfills so that they are of net environmental benefit. Some landfills are equipped for the collection 
of methane gas fuel from the anoxic biodegradation of wastes, a practice that is certainly in keeping 
with sustainability. Because of production of combustible gases, settling, and surface instability, 
closed landfill sites are generally not suitable for building construction but can be attractive sites for 
parks, forests, or even gardens and agricultural land.

11.9.2 H azardous Waste Disposal

Hazardous chemical wastes are disposed of in so-called secure landfills. Equipped with a variety 
of measures to prevent contamination of groundwater and the surrounding geosphere, they are 
designed to prevent leakage and geospheric contamination of toxic chemicals disposed in them. 
The base of the landfill is made of compacted clay that is largely impermeable to leachates. An 
impermeable polymer liner is placed over the clay liner. The surface of the landfill is covered with 
material designed to reduce water infiltration, and the surface is contoured with slopes that also 
minimize the amount of water running in. Elaborate drainage systems are installed to collect and 
treat leachates.

The best way to manage hazardous waste disposal to the geosphere is to render all wastes non-
hazardous before disposal. Unlike radioactive wastes that eventually decay (see later in this section), 
some hazardous chemical wastes never degrade and no secure landfill can be assumed to be secure 
forever. Organic wastes, such as refractory organochlorine compounds, should be destroyed by 
thermal process, and toxic heavy metals should be separated and recycled.

One of the more pressing matters pertaining to geospheric disposal of wastes involves radioac-
tive wastes. Most of these wastes are low-level wastes, including discarded radioactive laboratory 
chemicals and pharmaceuticals, filters used in nuclear reactors, and ion-exchange resins used to 
remove small quantities of radionuclides from nuclear reactor cooler water. When disposed of in 
properly designed landfills, such wastes pose minimal hazards.

Of greater concern are high-level radioactive wastes, primarily fission products of nuclear power 
reactors and by-products of nuclear weapons manufacture. Many of these wastes are currently 
stored as solutions in tanks, many of which have outlived their useful lifetimes and pose leakage 
hazards, at sites such as the federal nuclear facility at Hanford, Washington, where plutonium was 
generated in large quantities during the post–World War II years. Eventually, such wastes must 
be placed in the geosphere such that they will pose no hazards. Numerous proposals have been 
advanced for their disposal, including disposal in salt formations, subduction zones in the seafloor, 
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and ice sheets. The most promising sites appear to be those in poorly permeable formations of 
igneous rock. Among these are basalts, which are strong, glassy igneous types of rock found in 
the Columbia River plateau. Granite and pyroclastic welded tuffs fused by past high-temperature 
volcanic eruptions are also likely sites for disposing of nuclear wastes and keeping them isolated for 
tens of thousands of years.

11.10  DERELICT LANDS AND BROWNFIELDS

Derelict lands, commonly called brownfields, consist of properties that have been damaged by 
anthrospheric activities and are generally unsuitable for further use without restoration.8 Often, 
such lands are contaminated with potentially hazardous substances and require cleanup and decon-
tamination. Generally, brownfields are the result of abandoned industrial enterprises and mining. 
In the latter case, subsidence into voids excavated underground can be a major problem. Chemical 
contamination can result from industrial activity and mining.

Vast amounts of land are covered by brownfields that were formerly sites of enterprises such as 
factories, mills, quarries, petroleum refineries, trucking depots, and rail yards. The Environmental 
Protection Agency estimates that there are 450,000 brownfield sites in the United States, with many 
more in other countries. It has been estimated that England has approximately 66,000 ha of brown-
field land. Some of the most challenging brownfield sites are located in nations of the former Soviet 
Union where the collapse of former state-owned manufacturing enterprises combined with a disregard 
of environmental considerations have given rise to many impaired areas with severe contamination 
problems. Brownfields present both problems and opportunities. Abandoned industrial sites at best are 
eyesores and at worst pose real problems with respect to pollution and dispersion of toxic substances to 
groundwater and surrounding areas. However, they are usually centrally located near population centers 
with good access to rail lines, highways, and utilities, thereby providing excellent potential development 
opportunities. In recognition of these factors, in 1995 the U.S. Environmental Protection Agency initi-
ated a brownfield program to encourage cleanup and conversion to beneficial purposes of abandoned 
contaminated sites. This program provides funds for cleanup and limits liability, particularly in the 
event of discovery of additional hazardous contamination during cleanup. The program was strength-
ened by legislation in 2002, which provided additional funds for cleanup and further limited liability.

Restoration of brownfields may entail physical remediation as well as treatment or removal of 
chemical contamination. Often, particularly where they are located at abandoned mine sites, brown-
fields are afflicted by subsidence. In some cases, concrete and stone salvaged from old structures 
and their foundations can be used as fill to treat subsidence. Some kinds of chemical contamination 
can be treated in place. If excavation and disposal of contaminated soil is required, the costs of 
brownfield restoration may increase dramatically.

In recent years, a strong driving force behind brownfields development has been greatly increased 
real estate prices. Therefore, it has become attractive to construct dwellings and commercial devel-
opments on brownfield sites. Housing developments for private homes have been constructed on 
renovated brownfields, although such sites are usually more attractive for higher density develop-
ments such as condominiums and apartment complexes. Many people are willing to trade the open 
spaces and greenery of suburbs for the convenience and much shorter commutes offered by more 
concentrated developments closer to urban centers. Ideally, such developments should conform to 
the standards of smart growth defined by the Urban Land Institute as development that is environ-
mentally sensitive, economically viable, community oriented, and sustainable.

11.10.1 L and Restoration from the Fukushima Daiichi Nuclear Accident

As of 2012, one of the greater land cleanups ever undertaken was that associated with the release of 
radioactivity from the Fukushima Daiichi Nuclear Power Station, which was the consequence of the 
March 11, 2011, earthquake off the coast of Honshu, Japan, and the resulting tsunami that destroyed 
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the power station (see Chapter 4, Section 4.14). The greatest problem with radioactivity from this 
incident has come from cesium-137, a fission product with a 30-year half-life. As a result of the 
Fukushima disaster, an area within a radius of 20 km from the damaged reactors was evacuated as 
was another area beyond this radius afflicted by a plume of radioactive fallout from the reactors. 
Radiation levels within the evacuated zone have been measured at up to 510 mSv/year, about 25 
times the level at which evacuations are required. (A millisievert is a measure of radiation damage 
to tissue. The average person in the United States receives about 6 mSv/year radiation dose from 
natural sources, and a limit of 1 mSv/year is recommended from artificial sources.) The cleanup in 
Japan includes removal and burial of topsoil in an area potentially as large as that of the U.S. state 
of Connecticut. A major barrier to this cleanup has been the lack of places willing to accept the 
contaminated soil.

11.11  SUSTAINING SOIL

The most crucial part of the geosphere to sustain is soil, the thin layer on the surface of much of the 
geosphere that supports the plant life on which humans depend for their sustenance. As discussed in 
Chapter 10, Section 10.4, the thin layer of soil is fragile and much of it has been lost to erosion (see 
Figure 10.3). In this section, we discuss some means of sustaining this precious resource, preventing 
erosion, reversing the desertification process by which soil is degraded to unproductive desert, and 
reversing deforestation.

The key to preventing soil loss from erosion as well as preventing desertification lies in a group 
of practices that agriculturists term soil conservation.9 A number of different approaches are used 
to retain soil and enhance its quality. Some of these are old, long-established techniques such as 
construction of terraces and planting crops on the contour of the land (see Figure 11.7). Crop rota-
tion and occasional planting of fields to cover crops, such as clover, are also old practices. A rela-
tively new practice involves minimum cultivation and planting crops through the residue of crops 
from the previous year. This practice, now commonly called conservation tillage, is very effective 
in reducing erosion because of the soil cover of previous crops and the roots that are left in place. 
Conservation tillage makes minimum use of herbicides to kill competing weeds until the desired 
crop is established enough to shade out competing plants. There is some concern that fungi (molds) 
will thrive in old crop residues and cause problems with new crops.

The ultimate in no-till agriculture is the use of perennial plants that do not have to be planted 
each year. Trees in orchards and grapevines in vineyards are certainly such plants. The roots of 
perennial plants are very effective in holding plants in place. Efforts to develop perennial plants that 
produce grain have had only limited success so far. This is because a productive grain-bearing plant 
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FIGURE 11.7  Construction of terraces on the contour of land and planting crops on the contour are practices 
that have been very effective in reducing soil erosion.
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is one that dedicates its metabolic processes to the production of large quantities of seed that can 
be used for grain, whereas perennial plants put their energy into the development of large, bulbous 
root structures that store food for the next growing system. It is possible that sometime in the future 
genetic engineering may be applied to the development of perennial plants capable of producing 
high grain yields.

An interesting application of perennial plants (trees) to sustainable agriculture is agroforestry in 
which crops are grown in strips between rows of trees, “alley cropping across the slope” as shown 
in Figure 11.8. The trees stabilize the soil, particularly on a sloping terrain. By choosing trees with 
the capability to fix nitrogen, the system can be partially self-sufficient in this essential nutrient. 
Fast-growing, nitrogen-fixing trees hold the sloping soil in place. In between crop seasons, the trees 
are pruned and the nutrient-rich prunings are spread on the soil where crops are grown, fertilizing 
the soil, adding organic matter, and holding the soil in place. The trees potentially have economic 
value in providing wood for construction, firewood for cooking, fruits, and nuts. At the bottom of 
the slope, a buffer strip of grass can serve to filter nutrients and suspended soil from runoff from 
the fields. Potentially, rich topsoil collected by the buffer strip can be returned to higher levels to 
enrich the soil.

11.11.1 B iochar for Soil Conservation and Enrichment

An interesting measure that may be taken to enhance soil quality is the use of biochar as a soil 
amendment. Biochar is made by the pyrolysis of organic matter such as crop residues. It is a natural 
constituent of soil as the result of forest and prairie fires, but it is now produced artificially for addi-
tion to soil.10 The two major advantages of biochar are its high affinity for nutrients by adsorption 
and its extremely high persistence; unlike humic material, it never degrades. Furthermore, the pro-
duction of elemental carbon in biochar has the net effect of permanently sequestering atmospheric 
carbon dioxide fixed by photosynthesis, thus helping to alleviate global warming.

11.11.2 R eversing Desertification

As discussed in Chapter 10, Section 10.4, desertification is a process in which vegetation is removed 
from once-fertile land; streams and groundwater sources dry up; and the atmospheric, terrestrial, 
and living environments assume characteristics of desert conditions. There are several causes of 
desertification. The most troubling potential cause is greenhouse warming. “Slash-and-burn” agri-
culture by which trees and other vegetation are stripped from rain forests for short-term production 
of pasture and agricultural land is currently a major contributor to desertification. Excessive grazing 
is ruinous to soil and pushes land along the path to desert formation. Desertification has a strong 
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FIGURE 11.8  Alley cropping of crops between rows of trees running across sloping land can be an effective 
means of practicing agroforestry sustainably.



304 Fundamentals of Environmental and Toxicological Chemistry

tendency toward positive feedback, which means that it feeds on itself. Decreased plant cover leads 
to erosion and rapid loss of water from soil, which in turn further decreases the capacity of land to 
support plant life. Obviously, desertification is a major environmental problem that must be dealt 
with firmly and vigorously if Earth is to sustain its present populations.

Fortunately, human ingenuity and technological tools can be used to prevent or reverse deserti-
fication. One of the first points to recognize with respect to desertification is that deserts are the 
natural state of much of Earth’s surface area. Some substantial problems have occurred because of 
humankind’s insistence on trying to convert desert lands to cropland, lawns, golf courses, and other 
applications unsuitable for regions in which deserts occur naturally.

In areas where land has been converted to desert from grassland or cropland, it is important to 
stop doing the things that cause desertification. This means, particularly, not cultivating land that 
should not be cultivated and not overgrazing land with ruminant animals.

In the United States alone, several million acres of once-productive rangeland have deteriorated 
to desert conditions by overgrazing so that rangeland restoration is the most important counter-
measure to desertification. A key aspect of rangeland restoration is to remove cattle and other graz-
ing animals from rangeland for periods of up to several years to give grasses and other native plants 
the opportunity to be reestablished. Another helpful measure is to plant riparian (stream bank) areas 
with hardy trees, such as aspens, cottonwoods, willows, and fast-growing hybrid willows, in order 
to stabilize streams and reduce erosion.

Once rangeland restoration is underway, it is critical to manage the grazing for maximum sus-
tainability. This requires consideration of the feeding and social habits of livestock. For example, 
allowing pasturage from May to mid-July enables utilization of bunchgrass when it is most palat-
able. After mid-July, cattle tend to congregate in the cool shade under trees and to feed on new 
willow and aspen sprouts and seedlings, which has the undesirable effect of preventing the propaga-
tion of these trees. By removing cattle in mid-July, new growth of trees is allowed and bunchgrass 
growth is restored by fall.

Perennial grasses are preferable to annual grasses for rangeland restoration. In general, perennial 
grasses are more productive, allow for longer grazing and haying seasons, and are better for weed 
control than annual grasses. Prolonged growth of perennial grasses generally improves soil quality. 
Whereas the root zones of annual grasses normally extend to depths of only about 20 cm, the roots 
of perennial grasses can extend to 10 times this depth. This enables perennial grasses to recapture 
nutrients and water that have leached to greater depths.

Broad-leaved flowering plants called forbs are also important in rangeland restoration and are 
important indicators of rangeland health. Although forbs are often considered to be weeds, many 
are legumes that harbor nitrogen-fixing bacteria and many species serve as forage plants for range 
animals. Of the many common forbs, one interesting one is goats rue (Tephrosia virginiana), a 
legume that is a source of the natural pesticide rotenone used by Native Americans to kill fish.

In the United States, a program that can significantly reduce the deterioration of marginal agri-
cultural areas tending toward desertification is the U.S. Department of Agriculture’s Conservation 
Reserve Program. At its peak, this program has included 34 million acres—an area equal to that 
of New York State—of land in Kansas, North Dakota, eastern Washington, and other agricultural 
states in which landowners are paid to simply leave usually highly erodable land alone to revert to 
natural vegetation. The program costs about $2 billion per year, which is about 8% of total agricul-
tural subsidies in the United States but less than what the subsidies would be on the same land for 
crop production. The program has been highly beneficial to wildlife, and it is estimated that it pro-
duces 2 million additional ducks per year by providing habitats and safe nesting regions. Farmers 
in the program have made additional income by selling hunting rights on their reserve lands. One 
criticism has been that prohibitions on grazing have led to the predominance of just a few kinds 
of very tall grass, whereas grazing would allow much more diverse populations of shorter plants. 
Another problem is with invasive trees, and it has been proposed that such lands should be burned 
every 3 years to prevent the growth of undesirable trees.
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In addition to more “natural” approaches to combat desertification, such as rangeland restoration 
described earlier in this section, there are potentially more proactive measures that humans can take 
to restore desert regions. Modifications of terrain to construct terraces and water impoundments can 
be performed to conserve water. Mulching with biomass can be used to improve soil quality. One 
interesting approach has been to spread biosolids from municipal wastewater treatment onto desert-
ified land to add biomass and promote plant growth, although the generally large distances from 
biosolids production sources to receptor lands are a deterrent to this measure. Nitrogen, phosphorus, 
and potassium fertilizers can be applied to promote the growth of ground cover. It may be possible 
to genetically engineer plant species that are particularly well adapted to colonizing impaired desert 
soil in order to establish conditions conducive to the later growth of other plant species.

11.11.3 R eforestation

Reforestation refers to the establishment of tree growth in areas from which trees have been removed 
for lumber or to clear agricultural land. Reforestation can occur naturally or by human intervention. 
A common practice in forest areas in which trees have been harvested is to leave some trees that can 
provide seeds to start new trees. A more proactive approach may be applied in which seedlings are 
planted deliberately. In such cases, small amounts of plant fertilizer may be added to the soil around 
the seedlings’ roots to promote early tree growth and establishment of a strong root system that can 
enable the young trees to survive later drought conditions. In some cases, it may be desirable to plant 
improved varieties of trees including even fast-growing, hardy hybrids. One criticism of deliberate 
tree planting has been that it may contribute to a lack of biodiversity in the new forest stands. This 
may be overcome by planting several varieties of trees. Also, many decades of forest fire prevention 
has a tendency to reduce biodiversity because of the predominance of just one or two kinds of very 
large, old trees, and reforestation provides the opportunity to introduce additional biodiversity.

Reforestation is most advantageous when performed as soon as possible after trees have been 
harvested. There are several reasons why this is true. Trees planted on freshly harvested land can 
take advantage of nitrogen fixed in soil by organisms before it is lost by denitrification processes. 
Another possible advantage is that there is a relatively rapid rate of biodegradation in newly cleared 
soil and seedlings can benefit from the carbon dioxide given off near the soil surface. Also, par-
ticularly in rapidly growing tropical forests, the rate of atmospheric carbon dioxide sequestration is 
more rapid during the early years of tree growth.

Reforestation is important in preserving the geosphere, especially topsoil. Tree root systems 
anchor topsoil in place and prevent its loss by erosion due to running water. Tree cover also tends to 
break up rainfall and slow the impact of driving rain, which can be erosive.

11.11.4  Water and Soil Conservation

Conservation of soil and conservation of water go together very closely. Soil is normally the first 
part of the geosphere that water contacts, and contaminated soil yields contaminated water. Most 
freshwater falls initially on soil, and the condition of the soil largely determines the fate of the water 
and how much water is retained in a usable condition. Soil in a condition that retains water allows 
rainwater to infiltrate into groundwater. If water drains too rapidly from soil, the soil erodes and the 
water runoff is badly contaminated with soil sediments. Measures taken to conserve soil usually 
conserve water as well. Terraces, contour cultivation, constructed waterways, and water-retaining 
ponds prevent water from washing the soil away, but they also retain water and help prevent flash 
floods. Some of these measures involve modification of the contour of the soil, particularly terrac-
ing, construction of waterways, and construction of water-retaining ponds. Bands of trees can be 
planted on the contour to retain both soil and water (Figure 11.7). Avoiding practices, such as over-
grazing, that tend to lead to desertification and reforestation of land unsuitable for growing crops 
conserves water as well as land.
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QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the chapter. So in 
some cases there may be several “right” answers. Therefore, if your answer reflects intellectual 
effort and a search for information from available sources, it can be considered to be right.

	 1.	Some island nations are particularly concerned about the potential loss of their geosphere. 
How might this occur, perhaps within the next century? Which are some of these nations?

	 2.	Find and describe at least one specific example of a beach restoration project. Why is sim-
ply transporting sand to a depleted beach usually not an effective means of beach restora-
tion? What other measures may be employed?

	 3.	Adequate amounts of land are often not available around congested cities for the construc-
tion of new airports. What is the solution to this problem in some coastal cities? Cite at 
least one specific example.

	 4.	Some of the larger projects involving subsurface excavations are those that involve con-
struction of tunnels to move water or wastewater. See if you can find at least one such 
project that either is ongoing or has just been completed, and describe it.

	 5.	The construction of pipelines is a common kind of large-scale project that involves the 
geosphere. Explain why pipelines are in many respects a desirable form of transport. What 
are some potential hazards of pipelines? Describe one pipeline project that is underway or 
in the planning stages and the controversies it has caused.

	 6.	Section 11.5 contains a long list of minerals extracted from the geosphere for commercial 
purposes. In a number of cases, the name of the mineral does not reveal the element or 
compound of which it is a source. For what specific materials are andalusite, chrysoprase, 
epidote, hornblende, pyrochlor, staurolite, and wollastonite sources?

	 7.	One of the factors involved in starting World War II was the concern of some nations for 
secure supplies of essential minerals. Find one specific example. Discuss the possibility 
that mineral resources may be a source of disagreement among nations in the future.

	 8.	Has there ever been a source of platinum-group metals in the United States? What are the 
prospects for developing such a source in the future? Answer the same questions for rare 
earths.

	 9.	For what purpose is cryolite used? Is this substance mined from the geosphere? What are 
the feedstocks and chemical processes for making cyrolite synthetically?

	 10.	Explain why demand for graphite is expected to increase in the future. What are some 
natural sources of graphite? How is it made synthetically, and what is at least one disad-
vantage of the synthetic production of graphite?

	 11.	A source of elemental sulfur for chemical synthesis is that from “sour” natural gas. What 
makes some natural gas sour? Give a sequence of chemical reactions leading from the 
sulfur-containing component of natural gas to its major chemical product.

	 12.	Explain how sustainable energy is very much tied with the provision of sustainable sup-
plies of essential minerals.

	 13.	Explain how the practice of industrial ecology is tied with the provision of essential materi-
als such as some metals.

	 14.	Which element is a toxic by-product from the mining and processing of phosphorus min-
erals? Why is this element often found with phosphorus-containing minerals? For which 
application of phosphorus must it be removed?

	 15.	What is black lung disease? Explain why black lung disease is probably a major problem in 
China, and see if there are any specific recent reports on this problem in China.

	 16.	How are watersheds involved in the conservation of both soil and water?
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	 17.	What is the largest dam and reservoir project completed in the world to date? How is it 
related to energy and food production? What have been some of the environmental impli-
cations of this massive project?

	 18.	One way of reclaiming something of value from municipal refuse is harvesting biogenic 
methane from landfills. Another way is to burn the refuse, including wastepaper, to gener-
ate electrical power and for district heating. How does the latter option substantially reduce 
the amount of solid waste disposed to the geosphere? What are the main advantages of 
burning municipal wastes? Cite some specific examples of where it is being practiced.

	 19.	What is the brownfields program? Cite at least one specific example of a successful brown-
fields project.

	 20.	What is conservation tillage? In what sense is it a “natural” means for growing crops? 
When did the practice become widespread? What is the current state of conservation 
tillage?

	 21.	Describe the production of a common commodity (other than wood products) that is grown 
through the practice of agroforestry?

	 22.	Although the production of biochar to enhance soil fertility is the subject of much current 
interest, it is actually a very old process. In what sense is it older than civilization itself? 
See if there are any examples that occurred before the development of modern agriculture.

	 23.	How are tree plantations an example of reforestation? What are the advantages and dis-
advantages of tree plantations? How widespread is the practice of growing trees on such 
plantations?

	 24.	Explain how bamboo might be used for restoring degraded soil. How does bamboo prevent 
erosion?
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12 Environmental and 
Toxicological Chemistry 
of the Biosphere

12.1  LIFE AND THE BIOSPHERE

The water-rich boundary region at the interface of Earth’s surface with the atmosphere, a paper-thin 
skin compared to the dimensions of Earth or its atmosphere, is the biosphere where life exists.1,2 
The biosphere includes soil on which plants grow, a small bit of the atmosphere into which trees 
extend and in which birds fly, the oceans, and various other bodies of water. Although the numbers 
and kinds of organisms decrease very rapidly with distance above Earth’s surface, the atmosphere 
as a whole, extending many kilometers upward, is essential for life as a source of oxygen, medium 
for water transport, blanket to retain heat by absorbing outgoing infrared radiation, and protective 
filter against high-energy ultraviolet radiation. Indeed, if not for the ultraviolet-absorbing layer of 
ozone in the stratosphere, life on Earth could not exist in its present form (see Chapter 7, Section 7.9).

Understanding life requires defining what life really is and an understanding of the chemistry 
of life, a topic introduced in Chapter 2. Living organisms are constituted of cells that are bound 
by a membrane, contain nucleic acid genetic material (DNA), and possess specialized structures 
that enable the cell to perform its functions. A living organism may consist of only one cell or of 
billions of cells of many specialized types. All living organisms have two characteristics: (1) they 
process matter and energy through metabolic processes and (2) they reproduce. The ability of an 
organism to process matter and energy is called metabolism. Another important characteristic of 
living organisms is their ability to maintain an internal environment that is favorable to metabolic 
processes and that may be quite different from the external environment. Warm-blooded animals, 
for example, maintain internal temperatures that may be much warmer or even cooler than their 
surroundings. Finally, through succeeding generations, living organisms can undergo fundamental 
changes in their genetic composition that enable them to adapt better to their environment.

Living species are present in the biosphere because they have evolved with the capability to 
survive and to reproduce. Every single species in the biosphere has become an expert in these 
two things; otherwise it would not be here. The key factors for existing—at least long enough to 
reproduce—are the ability to utilize energy and to process matter. In so doing, life systems and 
processes are governed by the principles of thermodynamics and the law of conservation of matter. 
Organisms handle energy and matter in various ways. Plants, for example, process solar energy by 
photosynthesis and utilize atmospheric carbon dioxide and other simple inorganic nutrients to make 
their biomass. Herbivores are animals that eat the matter produced by plants, deriving energy and 
matter for their own bodies from it. Carnivores in turn feed on the herbivores.

Life forms require several things to exist. The appropriate chemical elements must be present 
and available. For most organisms, energy for photosynthesis is required in the form of adequate 
sunlight. Temperatures must stay within a suitable range and preferably should not be subject to 
large, sudden fluctuations. Liquid water must be available. And, as noted in the preceding discus-
sion, a sheltering atmosphere is required. The atmosphere should be relatively free of toxic sub-
stances. This is an area in which human influence can be quite damaging, through release of air 
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pollutants that are directly toxic or that react to form toxic products, such as life-damaging ozone 
produced through the photochemical smog–forming process.

The nature of life is determined by the surroundings in which the life forms must exist. Much of 
the environment in which organisms live is described by physical factors, including whether or not 
the surroundings are primarily aquatic or terrestrial. For a terrestrial environment, important physi-
cal factors are the nature of accessible soil and availability of water and nutrients. These are abiotic 
factors. There are also important biotic factors relating to the life forms present, their wastes and 
decomposition products, their availability as food sources, and their tendencies to be predatory or 
parasitic.

12.1.1 B iosphere in Stabilizing the Earth System: Gaia Hypothesis

There is a very strong connection between life forms on earth and the nature of earth’s climate, 
which determines its suitability for life. As proposed by James Lovelock, a British chemist, this 
forms the basis of the Gaia hypothesis, which contends that the atmospheric O2/CO2 balance estab-
lished and sustained by organisms determines and maintains Earth’s climate and other environ-
mental conditions, largely through photosynthesis.3 For about 3.5 billion years, stabilizing feedback 
mechanisms have maintained the Earth/atmosphere boundary region within a narrow range con-
ducive to the presence of liquid water and in which life can exist. It is incumbent on humankind to 
avoid upsetting this delicate balance, which could take place within just a few years period of time, 
something that may be happening with ongoing global warming.

12.2  ORGANISMS AND SUSTAINABLE SCIENCE AND TECHNOLOGY

There is an extremely strong connection between organisms and green science and technology that 
is sustainable and environmentally friendly. The most fundamental reason to practice green sci-
ence and technology as well as environmental chemistry is to maintain an environment on Earth 
that is hospitable to life. Humans, of course, have a vital self-interest in this endeavor. In general, 
an environment that is conducive to life and a high diversity of life forms is by nature sustainable. 
Some of the main aspects in which green science and technology are related to organisms and life 
are as follows:

•	 Conditions under which life thrives are generally by nature mild and consistent with green 
science and technology.

•	 One of the main characteristics of green science and technology is the absence of toxic 
substances that harm or kill organisms. Unhealthy or dying organisms are indicative of 
unsustainable conditions.

•	 Living organisms and their ecosystems provide models for sustainable anthrospheric sys-
tems. Sustainable systems of industrial ecology (Chapter 14) can be largely modeled on 
natural ecosystems.

•	 Green science and technology conserve matter and energy to a maximum extent and are 
characterized by a high-degree recycling. Organisms and their ecosystems have evolved to 
a maximum degree of efficient energy and matter utilization and provide excellent models 
for anthrospheric systems.

•	 Through photosynthesis, plants are outstanding sources of renewable materials in the form 
of cellulose, lignocellulose, wood, and other materials. Therefore, plants are important and 
growing sources of materials and fuels for anthrospheric systems.

•	 Organisms have sophisticated enzyme systems that can perform chemical syntheses and 
transitions that are either impossible in anthrospheric systems or possible only under 
extreme conditions.



311Environmental and Toxicological Chemistry of the Biosphere

12.3  LIFE SYSTEMS

To consider the biosphere and its ecology in their entirety, it is necessary to look at several levels 
in which life exists. The unimaginably huge numbers of individual organisms in the biosphere 
belong to species, or kinds of organisms. Groups of organisms of the same species living together 
and occupying a specified area over a particular period of time constitute a population, and that 
part of Earth on which they dwell is their habitat. In turn, various populations coexist in biological 
communities. Members of a biological community interact with each other and with their atmo-
spheric, aquatic, and terrestrial environments to constitute an ecosystem. An ecosystem describes 
the complex manner in which energy and matter are taken in, cycled, and utilized; the foundation 
on which an ecosystem rests is the production of organic matter by photosynthesis. Assemblies of 
organisms living in generally similar surroundings over a large geographic area constitute a biome. 
Each biome may contain many ecosystems. Examples of biomes include tropical rain forests, tem-
perate deciduous forests in which trees grow new leaves in the spring and shed them in the fall, 
grasslands, deserts, and others.

To sustain life, an ecosystem must provide energy and nutrients. Energy enters an ecosystem as 
sunlight. Part of the solar energy is captured by photosynthesis, and part is absorbed to keep organ-
isms warm, which enables their metabolic processes to occur faster. In addition to capturing energy, 
an ecosystem must provide for recycling essential nutrients, including carbon, oxygen, phosphorus, 
sulfur, and trace-level metal nutrients such as iron.

Virtually all food upon which organisms depend is produced by the fixation of carbon from 
carbon dioxide and energy from light in the form of energy-rich, carbon-rich biomass through the 
process of photosynthesis represented by

	 CO H O CH O O2 2 2 2+ + → { } +hν 	 (12.1)

where hν stands for light energy absorbed in photosynthesis and {CH2O} represents biomass. Thus, 
the photosynthetic plants in the biosphere are the basic producers upon which all other members 
of the community, the consumers, depend for food and for their existence. The rate of biomass pro-
duction is called productivity. The sequence of food utilization, starting with biomass synthesized 
by photosynthetic producers, is called the food chain; food chains in turn are interconnected to 
form often intricate food webs.

A biological community is the biological component of an ecosystem and consists of an assem-
bly of organisms that occupy a defined space in the environment. There are many interactions of 
organisms in a community, many of which are mutually advantageous and others of which are 
highly competitive. Biological communities are subject to constant change. Some of these changes 
are relatively short term and cyclical, following daily and seasonal patterns, whereas others are 
long term. Many transitions are the result of human activities, such as those that take place when 
agricultural land is taken out of production for a number of years. In the past, major transitions 
in biological communities have occurred with changes in climate as discussed in the following 
paragraph.

An important characteristic of a biological community is its hierarchy in which more abun-
dant members lower in the community provide support for those at higher levels. As shown in 
Figure 12.1, a dominant plant species anchors the community as its major producer of biomass. In 
addition to providing most of the food through photosynthesis that the rest of the community uses, 
the dominant plant species often acts to modify the physical environment of the community in ways 
that enable the other species to exist in it. For example, the trees in a forest community provide the 
physical habitat in which birds can nest, relatively safe from predators. In addition, the trees provide 
shade that significantly modifies the habitat at ground level and prevents the growth of most kinds 
of low-growing plants.
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The nature of the geosphere on which it rests is very important in determining the type and func-
tion of a biological community. Topography can have a strong influence. The population of a com-
munity on a south-facing slope (in the Northern Hemisphere) is influenced by the generally warmer 
temperatures and greater intensity of sunlight compared to that of a north-facing slope. Marked 
contrasts in communities may exist on either side of a mountain range over which moisture-laden 
air flows, as illustrated in Figure 12.2. As warm moist air flows over the upwind slope, it is forced to 
rise, causing it to cool and release precipitation. On the downwind slope, the cool air sinks, becomes 
warmer, and has a drying effect on the vegetation and terrain that it contacts. The absence of rain in 
this region is called a “rain shadow.”

12.3.1 B iosphere/Atmosphere Interface and the Crucial Importance of Climate

There are strong interactions between the biosphere and the atmosphere, each greatly influencing 
the other. As discussed in Chapter 2, Section 2.2, the atmosphere as it exists today was largely made 
by cyanobacteria in the biosphere, which released through photosynthesis all of the elemental O2 
in the atmosphere. Figure 12.3 indicates another biosphere/atmosphere interaction in which a plant 
takes water in through its roots and releases it as water vapor to the atmosphere through the process 
of transpiration.

Dominant plant species

Other plants

Herbivores

Carnivores

Omnivores

Top carnivores

FIGURE 12.1  A dominant plant species typically provides most of the food for a biological community. The 
biomass that it produces is consumed primarily by herbivores, which are fed upon by carnivores, of which 
there may be more than one level. Omnivores feed on both plants and animals.

Warm, moist air
flows inland

�e air mass is forced to
rise, which cools it, caus-
ing clouds to form and
precipitation to fall.

Lush vegetation

Sparse
vegetation

Descending cool air warms,
no precipitation falls, and a
“rain shadow” is formed

FIGURE 12.2  Illustration of the effects of topography on biological communities. A mass of warm moist 
air forced to rise over a mountain range deposits rain and snow providing water that enables a productive 
community to thrive. On the other side of the range, a “rain shadow” creates drought conditions in which the 
productivity is low, and a much different community exists.
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The nature and productivity of ecosystems is a function of climate, weather conditions over 
prolonged periods of time. The most productive ecosystems are those in the tropics. Productivity is 
lower in the temperate zones, and much less near the poles. Seasonal cold has a tremendous effect 
on plants and hence on productivity. Annual plants are killed by freezing, whereas deciduous trees 
lose their leaves and stop photosynthesis when it freezes. Thus, cold weather and freezing tempera-
tures tremendously decrease primary productivity.

Specific species of plants and animals thrive only within certain temperature ranges. There are 
several important ways in which animals maintain internal temperatures conducive to their exis-
tence. The temperatures of plants are largely those of the surroundings. (An interesting exception 
is the “warm-blooded” skunk cabbage plant that uses respiratory processes to metabolize energy-
producing materials stored in its large root to keep its temperature as much as 30°C higher than 
the surrounding atmosphere on cold spring days.) However, for most plants, temperature extremes 
cause enzymes to become inactivated and proteins to become denatured. Plant membranes are 
injured by very high or very low temperatures.

All life forms require water. Undesirable levels of moisture, usually moisture deficiency, con-
stitute one of the most common environmental stresses faced by organisms and one often exacer-
bated by human activities. Drought conditions can be very harmful to biological communities. For 
a terrestrial community, a lack of water combined with high temperatures may be devastating to 
plants and animals, although organisms have various ways to respond to moisture deficiency. Plant 
mechanisms for dealing with moisture deficiency include shedding leaves and reducing water loss 
to the atmosphere by transpiration. Animals have evolved that can tolerate some dehydration. One 
interesting mechanism of coping with short water supplies is that of producing very concentrated 
urine. Such urine, which usually has a very pungent odor, is characteristic of the cat family, which 
is largely adapted to dry conditions.

H2O and nutrients

H2O

K+, NO3
–, HPO4

2–, other nutrients

H2O vapor

O2

CO2

Sun

FIGURE 12.3  Transpiration in a corn plant. Water from soil is carried by capillary action to the leaf surfaces 
of the plant from where it evaporates into the atmosphere. The water carries nutrients with it. On a hot sum-
mer’s day, a field of corn transfers vast quantities of water from soil to the atmosphere.
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12.4  METABOLISM AND CONTROL IN ORGANISMS

As discussed in Section 2.8, in respect to the processing of biochemicals, living organisms con-
tinually process materials and energy, a process called metabolism. Photosynthesis, which is men-
tioned earlier, is the metabolic process that provides the base of the food chain for most organisms. 
Animals break down complex food materials to smaller molecules through the process of digestion. 
Respiration occurs as nutrients are metabolized to yield energy:

	 C H O glucose 6O 6CO 6H O energy6 12 6 2 2 2( ) + → + + 	 (12.2)

Organisms assemble small molecules to produce biomolecules, such as proteins, by a synthesis 
process.

In addition to viewing metabolism as a phenomenon within an individual organism, it can be 
viewed as occurring within groups of organisms living in an ecosystem. Consider, for example, the 
metabolism of nitrogen within an ecosystem (the nitrogen cycle). Elemental nitrogen from the atmo-
sphere may be fixed as organic nitrogen by bacteria living symbiotically on the roots of leguminous 
plants and then converted to nitrate when the nitrogen-containing biomass decays. The nitrate may 
be taken up by other plants and incorporated into protein. The protein may be ingested by animals 
and the nitrogen excreted as urea in their urine to undergo biological decay and return to the atmo-
sphere as elemental nitrogen. Carbon from carbon dioxide in the atmosphere may be incorporated 
into biomass by plant photosynthesis and then eventually returned to the atmosphere as carbon 
dioxide as the biomass is used as a food source by animals.

12.4.1  Enzymes in Metabolism

Discussed in Section 2.7, enzymes are biochemical catalysts that are very important in metabolism. 
Enzymes were discussed in Chapter 2, Section 2.7, and their action illustrated in Figure 2.8 with 
respect to their processing of biochemicals. Enzymes speed up metabolic reactions by as much as 
almost a billion-fold. In addition to making reactions go much more rapidly, enzymes are often 
highly specific in the reactions that they catalyze. The reason for the specificity of enzymes is that 
they have very specific structures that fit with the substances upon which they act.

A number of factors can affect enzyme action. One important factor is temperature. Organisms 
without temperature-regulating mechanisms have enzymes that increase in activity as temperature 
increases up to the point where the heat damages the enzyme, after which the activity declines pre-
cipitously with increasing temperature. Enzymes in mammals function optimally at body tempera-
ture (37°C for humans) and are permanently destroyed by about 60°C. There is particular interest 
in enzymes that function in bacteria that live in hot springs and other thermal areas where the water 
is at or near boiling. These enzymes may turn out to be very useful in commercial biosynthesis 
operations where the higher temperature enables reactions to occur faster. Acid concentration also 
affects enzymes, such as those that function well in the acidic environment of the stomach, but stop 
working when discharged into the slightly basic environment of the small intestine (were this not 
the case, they would tend to digest the intestine walls).

Enzymes play an important role in toxicological chemistry. A significant concern with 
potentially toxic substances is their adverse effects on enzymes. As an example, organophos-
phate compounds, such as insecticidal parathion and military poison sarin “nerve gas,” bind with 
acetylcholinesterase  required for nerve function, causing it not to act and stopping proper nerve 
action. Some substances cause the intricately wound protein structures of enzymes to come apart, a 
process called denaturation, which stops enzyme action. The active sites of enzymes at which sub-
strates are recognized have a high population of –SH groups. Heavy metals, such as lead and cad-
mium, have a strong affinity for −SH groups and may bind at enzyme active sites, thus destroying the 
function of the enzymes.4 A second area in which enzymes are very much involved in toxicological 
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chemistry is the enzymatic modification of toxicants and protoxicants. In some cases, toxic sub-
stances are detoxified by enzyme action. In other cases, enzymes act to convert the precursors to 
toxicants (protoxicants) to metabolically active toxic forms.

Enzymes are of significant concern in the practice of green chemistry and sustainability science 
and technology. One obvious relationship is that between enzymes and chemicals that are toxic to 
them. In carrying out green chemical processes, such chemicals should be avoided wherever pos-
sible. Another obvious relationship has to do with the use of biological processes to perform chemi-
cal operations, which are usually done under much milder and environmentally friendly conditions 
biologically than chemically. Biochemical processes are all carried out by enzymes. For example, 
several enzymes, starting with hexokinase, are involved in the multistepped biochemical fermenta-
tion synthesis of ethyl alcohol from carbohydrate glucose. With recombinant DNA technology, it 
is now possible to invest bacteria with enzyme systems from other organisms designed to carry out 
desired biochemical processes. Bacteria are much more amenable to handling and usually much 
more efficient than the organisms from which the genes for the desired enzyme systems are taken. 
Another approach is to use isolated enzymes immobilized on a solid support to carry out biochemi-
cal processes without the direct involvement of an organism.

12.4.2 N utrients

The raw materials that organisms require for their metabolism are nutrients. Those required in 
larger quantities include oxygen, hydrogen, carbon, nitrogen, phosphorus, sulfur, potassium, cal-
cium, and magnesium and are called macronutrients. Plants and other autotrophic organisms use 
these nutrients in the form of simple inorganic species, such as H2O and CO2, which they obtain 
from soil, water, and the atmosphere. Heterotrophic organisms obtain much of the macronutrients 
that they need as carbohydrates, proteins, and lipids (see Chapter 2) from organic food material. 
An important consideration in plant nutrition is the provision of fertilizers consisting of sources of 
nutrient nitrogen, phosphorus, and potassium as discussed in Chapter 10, Section 10.2.

Organisms also require very low levels of a number of micronutrients, which are usually used 
by essential enzymes that enable metabolic reactions to occur. For plants, essential micronutrients 
include the elements boron, chlorine, copper, iron, manganese, sodium, vanadium, and zinc. The 
bacteria that fix atmospheric nitrogen required by plants use trace levels of molybdenum. Animals 
require in their diet elemental micronutrients including iron and selenium as well as micronutrient 
vitamins consisting of small organic molecules.

12.4.3 C ontrol in Organisms

Organisms must be carefully regulated and controlled to function properly. A major function of these 
regulatory functions is the maintenance of the organism’s homeostasis, its crucial internal environ-
ment. The most obvious means of control in animals is through the nervous system in which mes-
sages are conducted very rapidly to various parts of the animal as nerve impulses. More advanced 
animals have a brain and spinal cord that function as a central nervous system (CNS). This sophisti-
cated system receives, processes, and sends nerve impulses that regulate the behavior and function of 
the animal. Effects on the nervous system are always a concern with toxic substances. For example, 
exposure to organic solvents that dissolve some of the protective lipids around nerve fibers can lead 
to a condition in which limbs do not function properly called peripheral neuropathy.5 Therefore, a 
major objective of green chemistry is to limit the use of and human exposure to such solvents.

Both animals and plants employ molecular messengers that move from one part of the organism 
to another to carry messages by which regulation occurs. Messages sent by these means are much 
slower than those conveyed by nerve impulses. Molecular messengers are often hormones discussed 
as lipids in Section 2.5. In animals, regulatory hormones are commonly released by endocrine 
glands including in humans the anterior pituitary gland that releases human growth hormone and 
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the pancreas that releases insulin to stimulate glucose uptake from blood. Hormones are carried 
by a fluid medium in the organism, such as the bloodstream, to cells where they bind to receptor 
proteins causing some sort of desired response. For example, the process may cause the cell to 
synthesize a protein to counteract an imbalance in homeostasis (see discussion of homeostasis in 
Section 12.6). Some hormones called pheromones carry messages from one organism to another. 
They commonly serve as sex attractants. Some biological means of pest control use sex pheromones 
to cause sexual confusion in pesticidal insects, thus preventing their reproduction. Figure 12.4 shows 
a common plant hormone and a common animal hormone.

12.5  REPRODUCTION AND INHERITED TRAITS

As noted in the preceding section, one of the major activities of organisms is metabolism by which 
organisms process materials and energy. The other major activity of all organisms is reproduction. 
Most organisms are capable of reproducing a large excess of their species because throughout time 
predators and hostile conditions have required large numbers of juveniles to ensure survival of 
enough members to continue the species. Unrestrained reproduction, especially by humans, poses a 
strong threat of overpopulation that will outstrip Earth’s resources and is a major concern related to 
reproduction and the environment. A second major concern is the potential effect of environmental 
chemicals on reproduction and the threat of such chemicals to cause birth defects. Therefore, chemi-
cals that may affect reproduction are given strong consideration in the practice of green chemistry.

Primitive single-celled organisms, particularly bacteria, undergo asexual reproduction in which 
a cell simply splits to form two cells. Humans and most other multicelled organisms undergo sexual 
reproduction requiring that male sperm cells fertilize female egg cells to produce cells capable of 
dividing and producing new individuals.

Reproduction is directed by genes that occur in molecules of DNA, discussed in Chapter 2, 
Section 2.6. The DNA of an individual, which in sexual reproduction has contributions from both 
parents, determines the physical, biochemical, and behavioral traits of the organism. The DNA can be 
altered resulting in changes called mutations. A minuscule fraction of mutations are desirable and con-
vey advantages to an individual that are passed along as heritable characteristics in offspring. This is 
the process of natural selection that has resulted in literally millions of different species of organisms.

Some chemicals are capable of producing mutations. Control of production and exposure to these 
mutagens is a major thrust of green chemistry. This is particularly so because substances that cause 
mutations are generally regarded as being capable of causing cancer as well and substances that give 
positive tests for mutagenicity are suspect carcinogens.

12.6  STABILITY AND EQUILIBRIUM OF THE BIOSPHERE

For an organism to survive and thrive, it must reach a state of stability and equilibrium with its environ-
ment. The term given to such a state is homeostasis (“same status”). In maintaining homeostasis, an 
organism must interact with its surroundings and other organisms in its surroundings and must balance 
flows and processing of matter (including nutrients) and energy. On an individual basis, organisms do 
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a remarkably good job of keeping their internal levels of water, materials such as calcium in blood, and 
temperature within a range conducive to their well-being. Mammals have developed extraordinary capa-
bilities of homeostasis; a healthy individual maintains its internal temperature within a few tenths of a 
degree. The concept of homeostasis applies to entire groups of organisms living together in ecosystems 
and, ultimately, to the entire biosphere. Therefore, a major objective of environmental science, including 
the practice of green chemistry, is to maintain and enhance conditions of homeostasis in the biosphere.

Various concepts pertaining to life systems were defined in Section 12.3 and are reviewed in this 
section as they apply to the overall stability and equilibrium of the biosphere. Ecology describes 
the interaction of organisms with their surroundings and each other. An important consideration 
in ecology is the manner in which organisms process matter and energy. An ecosystem describes 
a segment of the environment and the organisms in it with all of the interactions and relationships 
that implies. An ecosystem has means of capturing energy, almost always by plants or algae that 
perform photosynthesis. Light, temperature, moisture, and nutrient supplies are critical aspects of 
an ecosystem. Ecosystems recycle essential nutrient carbon, oxygen, nitrogen, phosphorus, sulfur, 
and trace elements. An important part of any ecosystem is the food chain, or more complicated 
food webs, in which food generated by photosynthesis is utilized by different organisms at differ-
ent levels. An important aspect of the food chain in respect to persistent, poorly degradable organic 
chemicals that are soluble in lipid (fat) tissue occurs through the sequence of animals eaten in the 
food chain (small creatures in water are fed upon by small fish that are eaten by large fish that are 
eaten by large birds). Thus, aquatic pollutants become more concentrated in lipid tissue at the top 
of the food chain, a process called biomagnification (discussed with respect to organisms in the 
hydrosphere in Chapter 3, Section 3.13).6 An objective of the practice of green chemistry is to avoid 
the generation and use of chemicals capable of biomagnification in the environment.

The surroundings over a relatively large geographic area in which a group of organisms live consti-
tute a biome. There are a number of different kinds of biomes. Regions near the equator may support 
tropical rain forest biomes that stay warm all of the year and in which nutrients remain largely in the 
organisms (rain forest soil is often notably poor in nutrients, which are mostly held in forest biomass). 
Temperate regions may support temperate deciduous forests in which the trees grow new leaves for 
a warm, wet summer season and shed them for cold winters. Temperate regions may also have grass-
land biomes in which grass grows from a tough mass of dense roots called sod. Tundra are treeless 
arctic regions in which during summer only a layer of wet soil thaws above a permanently frozen 
foundation of permafrost. Global warming is causing some profound changes in tundra biomes.

The hydrosphere provides several examples of important biomes. One of these consists of coral 
reefs, a specialized type of seashore structure supporting unique marine ecosystems built up by 
calcium carbonate deposits produced by coral and other marine organisms. Coral reefs form in 
tropical regions where a firm geological formation is available at shallow depths, conditions that 
often exist around volcanic islands. These structures provide habitats for the coral itself, associated 
algae, crustaceans, echinoderms, mollusks, sponges, and fish. Many coral reefs around the world 
are threatened by the effects of global warming, which raises sea levels, thus reducing the intensity 
of sunlight reaching the coral for photosynthesis. Coral reefs are also threatened by elevated dis-
solved carbon dioxide levels in seawater, and the slightly lowered pH resulting from the dissolved 
CO2 tends to dissolve the calcium carbonate composing the coral skeleton.

Estuaries, locations where freshwater from rivers mixes with seawater from the ocean, are another 
kind of biome in the hydrosphere (see Figure 12.5). Estuaries exhibit gradations of salinity, which 
vary with the ebb and flow of tides. The food chain in estuaries is based on both detrital food sources 
and phytoplankton. They are especially important as nurseries for marine fish and shellfish, in part 
because potential predators from the ocean are intolerant of the lower salinity of estuarine waters.

Different kinds of biomes pose a variety of environmental challenges. Some of these have come 
about from the conversion of biomes to cropland. Grasslands in which the sod has been broken 
to support wheat and other crops have proven susceptible to wind erosion, which gave rise to the 
catastrophic Dust Bowl that caused such great hardship on the U. S. Great Plains during the 1930s. 
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Climate changes resulting from global warming could change the distribution of biomes, giving rise 
to much larger areas of hot deserts that humans might have to learn how to utilize.

12.6.1 B iomes in Unexpected Places

The conventional thinking in the past was that biomes would occur only in those areas where 
sunlight enabled conversion of inorganic carbon to biomass that could sustain a food web. It came 
as a surprise to marine scientists in 1977 that thousands of meters below the surface of the Pacific 
Ocean, far too deep for light to penetrate and without significant amounts of fallout from biomass 
generated in surface waters, biomes existed that teemed with tubeworms, clams, and mussels. It is 
now known that this abundance of life is nourished by microorganisms that thrive in hot volcanic 
springs and that get their energy through chemosynthesis by mediating reactions of hydrogen sul-
fide and other substances often toxic to more familiar organisms.

A new kind of habitat was found in 1984 with the discovery of organisms, including tube worms 
over 2 m long that may be centuries old, that thrive on petroleum seepage on relatively cold ocean 
floors. These colonies, which may contain hundreds of different species, are especially abundant 
on the seabed of the Gulf of Mexico, where Spanish accounts from the 1500s noted oil slicks from 
natural petroleum leakage.

12.6.2 R esponse of Life Systems to Stress

Organisms and the ecosystems in which they exist are subject to a number of threats that can result 
in loss of populations and even total destruction of the system. Natural threats include drought, 
flooding, fire, landslide, and volcanic eruption. Humans threaten life systems with cultivation, defor-
estation, mining, and severe pollution. The ability of a community of organisms to resist alteration 
and damage from such threats, sometimes called inertia, depends on several factors and provides 
important lessons for the survival of the human community in the face of environmental threats. 

Estuary

FIGURE 12.5  Estuaries, biomes where freshwater mixes with ocean water, are important nurseries for a 
number of aquatic species.



319Environmental and Toxicological Chemistry of the Biosphere

One of the basic factors involved in providing resistance of a community to damage is its overall rate 
of photosynthesis, its productivity (see Section 12.3). important factor is diversity of species so that 
if one species is destroyed or seriously depleted, another species may take its place. Constancy of 
numbers of various organisms is desirable; wide variations in populations can be very disruptive to 
a biological community. Finally, resilience is the ability of populations to recover from large losses.

The ability of a biological system to maintain high levels of the desirable factors of productivity, 
diversity, constancy, and resilience is commonly determined by factors other than the organisms 
present. This is clearly true of productivity, which is a function of available moisture, suitable cli-
mate, and nutrient-rich soil. Since all organisms depend on the availability of good food sources, 
diversity, constancy, and resilience tend to follow high productivity.

12.6.3 R elationships among Organisms

In a healthy, diverse ecosystem, there are numerous, often complex relationships among the organ-
isms involved (Figure 12.6). Species of organisms strongly influence each other. And organisms 
may greatly alter the physical portion of the system in which they live. An example of such an influ-
ence is the tough, soil-anchoring sod that develops in grassland biomes.

In most ecosystems, there is a dominant plant species that provides a large fraction of the biomass 
anchoring the food chain in the ecosystem (Figure 12.1). This might be a species of grass, such as the 
bluestem grass that thrives in the Kansas Flint Hills grasslands. Herbivores feed on the dominant plant 
species and other plants and, in turn, are eaten by carnivores. At the end of the food cycle are organisms 
that degrade biomass and convert it to nutrients that can nourish growth of additional plants. These 
organisms include earthworms that live in soil and bacteria and fungi that degrade biological material.

In a healthy ecosystem, different species compete for space, light, nutrients, and moisture. In an 
undisturbed ecosystem, the principle of competitive exclusion applies in which two or more potential 
competitors exist in ways that minimize competition for nutrients, space, and other factors required for 
growth. Much of agricultural chemistry is devoted to trying to regulate the competition of weeds with 
crop plants. Large quantities of herbicides are applied to cropland each year to kill competing weeds. 
In this never-ending contest, green chemistry has an important role in areas such as the synthesis of 
herbicides that have maximum impact on target pests with minimum impact on the environment.

Within ecosystems, there are large numbers of symbiotic relationships between organisms that 
exist together to their mutual advantage. The classic case of such a relationship is that of lichen 
consisting of algae and fungi growing together. The fungi anchor the system to a rock surface and 
produce substances that slowly degrade the rock and extract nutrients from it. The algae are photo-
synthetic, so they produce the biomass required by the system, which is utilized in part by the fungi. 
Another important symbiotic relationship is that in which nitrogen-fixing bacteria grow in nodules 
on leguminous plant roots. The bacteria receive nutrients from the plants in exchange for chemically 
fixed nitrogen required for plant nutrition.

Mutualism, Organism A and
Organism C must have each
other to exist.

Commensalism, Organism A
benefits from Organism B,
but not vice versa. Organism A

Organism B Organism C
Protocooperation: Organisms B
and C both benefit from each
other, but they can exist
independently.

FIGURE 12.6  Types of beneficial relationships among organisms.
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12.6.4  Populations

Recall from Section 12.3 that populations consist of groups of the same species of organisms living 
together and occupying a specified area over a particular period of time. Populations have numer-
ous characteristics, including numbers, genetic composition, birth and death rates, and age and sex 
distribution. Here are addressed some of the important factors involved with populations in biologi-
cal communities.

All existing species are present on Earth because they have developed exceptional abilities 
to reproduce and to survive long enough to do so. The potential for reproduction always greatly 
exceeds the ultimate capacity of an environment to support a population. This capacity is known 
as the carrying capacity. Introduction of members of a population into an area that is amenable to 
their growth causes their numbers to increase very rapidly, often at a rate approaching exponential 
growth. Eventually, numbers reach a level around the carrying capacity at which point rapid growth 
ceases abruptly because of some limiting factor, such as limited food, nutrients, water, air, or shel-
ter, or because of stress from crowding. After the very rapid growth phase ceases, the numbers of 
organisms tend to fluctuate somewhat around the carrying capacity as shown in Figure 12.7. In 
some cases, a large growth in population can cause it to temporarily exceed the carrying capacity 
by a significant margin, or the carrying capacity can be suddenly reduced by circumstances such 
as droughts. This can result in a temporary overpopulation until reduced reproduction rates and 
increased death rates can adjust the population to accord with the carrying capacity. The result can 
be an abrupt decrease in population, or population crash. If the carrying capacity has been altered 
by overpopulation, such as destruction of grassland by overgrazing, or if it has been reduced by 
external factors, the new population will stabilize at a figure that reflects the new carrying capacity.

12.7  DNA AND THE HUMAN GENOME

In Chapter 2, Section 2.6, DNA was discussed and it was noted that this macromolecule stores and 
passes on genetic information that organisms need to reproduce and synthesize proteins. Recall that 
DNA is composed of repeating units called nucleotides, each consisting of a molecule of the sugar 
2-deoxy-β-D-ribofuranose, a phosphate ion, and one of the four nitrogen-containing bases, adenine, 
cytosine, guanine, and, thymine (conventionally represented by the letters A, C, G, and T respec-
tively). DNA is one of two nucleic acids, the other one of which is RNA. Like DNA, RNA consists 
of repeating nucleotides but the sugar in RNA is β-D-ribofuranose and it contains uracil instead of 
thymine in its bases. The structural formulas of segments of DNA and RNA are shown in Figure 2.6.

The structure of DNA is a key aspect of its function, and its elucidation by Watson and Crick 
in 1953 was a scientific insight that set off a revolution in biology that is going on to this day. 
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FIGURE 12.7  Very rapid growth of a population newly introduced into an environment suitable for its sur-
vival, followed by stabilization of numbers around the carrying capacity. This is an idealized picture subject 
to perturbation by many factors such as predation, disruption of habitat, or disease, and it applies to humans 
and other organisms.
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The huge DNA molecules consist of two strands counterwound with each other and held together 
by hydrogen bonds; a representation of this structure is shown in Figure 2.7. In this structure, the 
hydrogen bonds connecting complementary bases on the two strands are represented by dashed 
lines. Because of their structures that make hydrogen bonding possible, adenine on one strand is 
always hydrogen bonded to thymine on the opposite strand and guanine to cytosine. During cell 
division, the two strands of DNA unwind and each generates a complementary strand for the DNA 
of each new cell.

In organisms with eukaryotic cells, DNA is divided into units associated with protein molecules 
called chromosomes. The number of these varies with the organism; humans have 23 pairs of 
chromosomes, a total of 46. The strands of DNA in chromosomes, in turn, are divided into sequences 
of nucleotides, each distinguished by the nitrogen-containing base in it. These sequences of 
nucleotides give directions for the synthesis of a specific kind of protein or polypeptide. (See the 
discussion of proteins in Chapter 2, Section 2.4.) These specific groups of nucleotides, each of which 
has a specific function, are called genes. When a particular protein is made, DNA produces a nucleic 
acid segment designated mRNA, which goes out into the cell and causes the protein to be formed 
through a process called transcription and translation (the gene is said to be expressed).

As the units that give the directions for protein synthesis, genes are obviously of the utmost 
importance in living organisms. As discussed in Chapter 13, genes can now be transferred between 
different kinds of organisms and will direct the synthesis of the protein for which they are designed 
in the recipient organism. It is now known that a number of human diseases are the result of defec-
tive genes, and there is a genetic tendency toward getting other kinds of diseases.7 For example, 
certain gene characteristics are involved in susceptibility to breast cancer.

Because of the known relationship of gene characteristics to disease, the decision was made in 
the mid-1980s to map all the genes in the human body. This collective body of genes is called the 
human genome and the project to map it is called the Human Genome Project. The original impetus 
for this project in the United States arose because of interest in the damage to human DNA by radia-
tion, such as that from nuclear weapons. But, from the beginning, it was recognized that the project 
had enormous commercial potential, especially in the pharmaceutical industry, and could be very 
valuable in human health.8

The announcement in 2001 that mapping of the human genome was complete promised great 
progress in biology, especially in medicine. Genes function by directing the synthesis of specific 
proteins, and the action of most pharmaceuticals is to alter the activities of proteins, the drug’s 
target. In some cases, proteins are made more active and in others their activity is diminished. 
Knowledge of the human genome enables a better understanding of protein activity and is resulting 
in the development of more specific drugs. For example, the gene responsible for cystic fibrosis was 
discovered in 1989 by examination of family histories of the disease, and about 10 years later, phar-
maceutical dornase alfa, brand name Pulmozyme, made by recombinant DNA technology became 
available to treat people afflicted by cystic fibrosis.

12.8  BIOLOGICAL INTERACTION WITH ENVIRONMENTAL CHEMICALS

Organisms in the environment interact significantly with xenobiotic materials (those foreign to liv-
ing systems) in their surroundings. The uptake of such materials by organisms is discussed in this 
section. The biological interactions of organisms with xenobiotic substances in the hydrosphere are 
discussed in Sections 3.13 and 3.14.

Bioaccumulation is the term given to the uptake and concentration of xenobiotic materials by 
living organisms. The materials may be present in water in streams or bodies of water, sediments 
in bodies of water, drinking water, soil, food, or even the atmosphere. Bioaccumulation can lead 
to biomagnification in which xenobiotic substances become successively more concentrated in 
the tissues of organisms higher in the food chain. This usually occurs with poorly degradable, 
lipid-soluble organic compounds. Suppose, for example, that such a compound contacts lake water, 
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accumulates in solid detritus in the water, sinks to the sediment, and is eaten by small burrowing 
creatures in the sediment, which are eaten by small fish. The small fish may be eaten by larger fish, 
which in turn are consumed as food by birds. At each step, the xenobiotic substance may become 
more concentrated in the organism and may reach harmful concentrations in the birds at the top of 
the food chain. This is basically what happened with DDT, which almost caused the extinction of 
eagles and hawks.

Fish that bioaccumulate poorly degradable, lipid-soluble organic compounds from water will 
lose them back to water if they are placed in an unpolluted environment. The process by which this 
occurs is called depuration. The time required to lose half of the bioaccumulated xenobiotic mate-
rial is called the half-life of the substance.

12.8.1 B iodegradation

Biodegradation is the process by which biomass from deceased organisms is broken down to simple 
inorganic constituents, thus completing the cycle in which biomass is produced from atmospheric 
carbon dioxide and from water by photosynthesis. Important aspects of biodegradation are dis-
cussed in Chapter 3, Section 3.14, with respect to biodegradation in the hydrosphere, and the con-
cepts introduced there including biodegradability, cometabolism, mineralization, and detoxification 
apply in general to organisms in the biosphere.

12.9  EFFECTS OF THE ANTHROSPHERE ON THE BIOSPHERE

Human intervention, both subtle and drastic, has a large potential effect on biological communities 
and the biosphere as a whole. One of the greatest such influences took place with the cultivation of for-
ests and grasslands as Europeans settled in North and South America. An important way in which 
humans may influence biological communities is through the introduction of new species. If it is 
successful in a community, a new species affects those already there and may significantly modify 
the physical nature of the habitat. New species may prey upon those already present or serve as prey 
that attracts predatory species from outside the community. When forests are cut and grasslands 
established, larger numbers of herbivores and representatives of species not previously present are 
attracted. These animals in turn attract carnivores that feed on them. Parasites usually accompany 
newly introduced species that can serve as their hosts.

Some introduced species are particularly destructive to biological communities and habitat. One 
of the worst of these is the goat, which has a well-earned reputation for indiscriminate consumption 
of vegetation, destruction of plant life, and damage to sod with its hard hooves. Rats introduced into 
islands have wreaked havoc with indigenous species. Domestic house cats reverting to a wild state 
have wiped out whole populations of birds. Aggressive bird species, particularly house sparrows 
and starlings, have displaced more desirable native species.

The human species has become inextricably linked with technology such that in a sense Homo 
sapiens are not “natural animals.” Much of what is known about the effects of humans on biological 
communities is negative—destruction of habitat, emission of pollutants to the environment, and a 
potential permanent change in climate from greenhouse gases. These kinds of influences are unfor-
tunate and very harmful to biological communities. However, humans are linked to technology 
irreversibly, and it will be necessary to adapt themselves and their technologies to the biological 
communities upon which ultimately humankind depends for its existence.

12.9.1 B eneficial Effects of Humans on the Biosphere

Not all human activities are detrimental to the biosphere. In fact, the anthrosphere can be designed 
and operated in ways that improve the quality of the biosphere. For example, the productivity of 
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the biosphere can be very much improved by applications of fertilizers, advanced cultivation tech-
niques, and other measures in the agricultural sector. Technology can be applied to the construction 
and enhancement of habitats, such as wetlands. The potential beneficial effects of humans on the 
biosphere are discussed in more detail in Section 13.4.

QUESTIONS AND PROBLEMS

	 1.	Look up information pertaining to the career of James Lovelock, author of The 
Vanishing Face of Gaia: A Final Warning. What is the scientific discovery early in 
his career that pertains to environmental chemistry? What is Gaia? What is the “final 
warning?”

	 2.	Look up biomarkers or biomarkers of exposure. What are biomarkers telling us about the 
state of the biosphere? Are they providing warning signs?

	 3.	What two things essential for sustaining the biosphere are captured by photosynthesis? 
Explain.

	 4.	Biomass (other than that contained in bone) is represented in this chapter by the simplified 
formula of {CH2O}, which shows the three most abundant elements in biomass. What are 
the next three most abundant elements in biomass? See if you can find on the Internet an 
empirical formula that takes these elements into account and write a chemical reaction 
representing photosynthesis that includes all these elements.

	 5.	What are thermogenic plants? How do they relate to material in this chapter? What are 
some examples of thermogenic plant species?

	 6.	What are the distinctions among digestion, respiration, and photosynthesis? Which of 
these predominantly involve transitions of energy?

	 7.	What are the major aspects of the metabolism of nitrogen within ecosystems as a whole? 
How is it now significantly perturbed by activities in the anthrosphere?

	 8.	Look up the use of pheromones for insect control. To what general class of biological mate-
rials do pheromones belong? Are pheromones regarded as toxic to insects? In what sense is 
their use to control insects a green technology?

	 9.	How do lichen involve a symbiotic relationship? What do lichen have to do with the geo-
sphere (weathering)?

	 10.	What is the Human Genome Project? Why is it important? What is the current status of the 
project?

	 11.	Explain why poorly degradable, lipid-soluble compounds are the most likely to undergo 
biomagnification. Name a class of compounds that are likely to undergo biomagnification 
and a detrimental ecosystem effect that has resulted from biomagnification processes in 
the past.

	 12.	Look up the Earth System on the Internet. How is it defined? Is there unanimous 
agreement regarding the definition? Are there programs of study for Earth System 
science?

	 13.	Explain why glucose is very important in both plants and animals.
	 14.	 In the decades preceding about 1950, there was considerable concern that world popula-

tions were exceeding levels that could be supported by the biosphere. What happened to 
change that picture and what was this “revolution” called? What are some of the environ-
mental and sustainability factors that may make dire predictions of the adverse effects of 
overpopulation come true in coming decades?

	 15.	Are there examples from human history in which human populations have exceeded the 
carrying capacity of the ecosystems that support them? (The works of Jared Diamond may 
be useful in answering this question).

	 16.	Look up current threats to coral reefs posed by atmospheric carbon dioxide levels. Is there 
evidence to suggest that coral reefs may be threatened? Explain.
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13 Sustaining the Biosphere 
and Its Natural Capital

13.1  KEEPING LIFE ALIVE

Nothing is more important in the effort to achieve sustainability than keeping the biosphere and the 
organisms that compose it healthy. In the past century, especially, human activities have significantly 
threatened the biosphere, and there is evidence to suggest that a mass extinction event associated 
with the beginning of the Anthropocene epoch is under way. Fossil records clearly show five major 
extinction events millions of years in the past as illustrated in Figure 13.1.1 The first of these took 
place at the end of the Ordovician period 434 million years ago with a loss of an estimated 60% of 
all marine and terrestrial organisms. The second mass extinction took place in the late Devonian 
period. The end of the Permian mass extinction 251 million years ago resulted in the extinction of 
up to 95% of marine species. The mass extinction at the end of the Triassic period extinguished 
about 80% of all terrestrial quadrupeds. The dinosaurs were wiped out in the end of the Cretaceous 
mass extinction 65 million years ago.

The causes of past mass extinction events are not known with certainty, although there is 
convincing evidence that asteroid impacts caused the last two of these. The fossil record indicates 
dramatic climate changes and increased atmospheric carbon dioxide levels associated with past 
events. Now, a sixth mass extinction is under way associated with the beginning of the Anthropocene 
epoch (see Chapter 1, Section 1.6). This Anthropocene extinction event is associated with what 
humans have done to the Earth System as their activities affect the biosphere. Habitat has been 
significantly altered, especially with the development of modern agriculture and construction of 
buildings, highways, and parking lots on the surface of the geosphere. Air and water pollution 
have harmed many species of animal life and plant life. And the greatest effect is likely to be from 
global climate change associated especially with increased atmospheric carbon dioxide levels. The 
diversity of the gene pool of domesticated plants and animals is being severely reduced as plant and 
animal breeding programs concentrate on a relative few strains.

Humans, themselves, are of the biosphere and are totally dependent on it for their existence, 
especially in respect to provision of adequate food. So, a central sustainability challenge is to main-
tain and enhance the biosphere upon which we all depend. This chapter is about this challenge. It 
also addresses, for lack of a better word, the exploitation of the biosphere to meet human needs. 
Especially, as usable supplies of petroleum become scarcer, the biosphere will be called upon to 
fulfill increased demand for materials and fuel. To meet those needs while maintaining and even 
enhancing the state of the biosphere is a major challenge for those involved in environmental science 
and sustainability.

13.2  NATURAL CAPITAL OF THE BIOSPHERE

The biosphere is an immense source of natural capital in many respects. The most obvious of these 
is production of food, beginning with plant photosynthesis. In addition, the biosphere generates 
large quantities of raw materials and feedstocks such as wood. As noted in the discussion of the 
Gaia hypothesis in Section 12.1.1, Chapter 12, the biosphere is very much involved in maintain-
ing the Earth System in a state compatible with life and human existence on the planet. Another 
important aspect of the biosphere’s natural capital is its ability to process and detoxify wastes. 
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Organisms break down waste materials such as crop residues and even potentially toxic synthetic 
substances. By converting organic wastes to simple inorganic compounds, the process of mineral-
ization, organisms in the biosphere recycle essential nutrients including chemically bound nitrogen 
and phosphorus, an important aspect of natural biogeochemical cycles.

One of the most important aspects of the biosphere’s natural capital is its ability to sequester 
atmospheric carbon dioxide and convert it to biomass. As discussed in Chapter 8, Section 8.2, and 
illustrated in Figure 8.2, photosynthesis by plants and algae in the biosphere removes significant 
amounts of carbon dioxide from the atmosphere, a process that helps to control global warming.

13.2.1 T ypes of Biomaterials from the Biosphere

The biosphere provides a vast source of biomaterials including those that can be employed for fuel.2 
This section presents the various alternatives for biomaterials.

By photosynthetic processes, plants generate carbohydrate, for which the approximate simple 
formula is CH2O. The most fundamental of the carbohydrates, and the one generated directly by 
photosynthesis, is glucose, chemical formula C6H12O6, a simple sugar or monosaccharide. Two mol-
ecules of simple sugars with chemical formulas of C6H12O6 can bond together chemically with the 
elimination of a molecule of H2O to produce a disaccharide, chemical formula C12H22O11. Sucrose 
used as a sweetener in foods and drinks is a disaccharide. Many molecules of simple sugars can 
bond together with the elimination of a molecule of H2O for each one bonded to produce polysac-
charides consisting of huge macromolecules. Starch and cellulose are the most prominent such 
polysaccharides.

Glucose is being studied intensely as a feedstock for making a variety of substances. It is most 
readily obtained by breaking down starch produced by grains. Cornstarch is the most abundant 
source of glucose. Cellulose found in woody plant material and in substances such as cotton is a 
very abundant potential source of glucose, although it is more difficult to extract glucose from cel-
lulose than from starch. Sucrose squeezed as sap from sugarcane is a ready source of glucose and 
of the similar sugar fructose. Starch, itself, is an excellent raw material for many applications, as 
is cellulose. Chemically modified starch and chemically altered cellulose both have a variety of 
applications.

Lignin is a biological polymer with a complex structure (see Figure 13.2), which is associated 
with cellulose in woody parts of plants, binding fibers of cellulose together in lignocellulose. In a 
number of applications, most prominently paper making, it is necessary to separate the lignin from 
the cellulose. Unfortunately, lignin is a rather refractory material of variable molecular composi-
tion that has few uses. It would be of great use if plants could be developed that produced copious 
quantities of cellulose without lignin. The cotton plant does this, producing a pure form of cellulose 
in the cotton fiber, but the small ball of cotton is only a small fraction of the cotton plant biomass.
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Many useful lipid oils are extracted from a variety of plant seeds including rapeseed, soybeans, 
sunflowers, and corn. In addition to their food uses, these oils are used in a large variety of applica-
tions including raw materials for making other chemical products, lubricants, and as biodiesel fuels. 
Part of the usefulness of lipid oils in many applications is due to their similarity to petroleum hydro-
carbons. Volatile solvents, most commonly the 6-carbon straight-chain alkane n-hexane, C6H14, are 
used to extract oils from plant sources. In this process, the solvents are distilled off from the extract 
and recirculated through the process.

The seeds of the Brassica napus plant, commonly called rape, are an excellent source of veg-
etable oil. The structural formula of a vegetable oil that would be typical of rapeseed oil is shown 
in Figure 13.3. Rapeseed oil is a triglyceride with three fatty acid groups esterified with the alcohol 
glycerol, which has three –OH groups available for bonding on each molecule. Triglycerides with 
unsaturated fatty acid groups (those with C=C double bonds) are oils rather than semisolids that are 
common in animal fats. The seeds of B. napus are high in both oil (40%) and protein (23%) compared 
to about 20% and 40%, respectively, for soybeans. Varieties of rapeseed grown before about 1970 were 
used as sources of lubricants but were not well suited for food and animal feed production because the 
oil contained high levels of erucic acid, a long-chain fatty acid suspected of adverse effects on the heart 
when ingested at high levels, and in addition, the protein-rich residues of rapeseed meal left from oil 
extraction were not suitable for animal feed because of high levels of sulfur-containing glucosinolate 
compounds that made the meal unpalatable and potentially toxic to livestock. In 1979, the Western 
Canadian Oilseed Crushers Association registered the name of canola to designate rapeseed oil from 
varieties of the plant that had been developed that had both very low levels of erucic acid in the oil and 
low levels of glucosinolates in the reside left from oil extraction. This enabled production of both a 
healthy oil product for human and animal consumption and a meal by-product that could safely be used 
as a protein source for animals, thus enabling economical production of rapeseed oil as a food source.
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An attractive aspect of vegetable oils is that there are significant sources in oil-bearing plants in 
arid and semiarid regions where other crops do not grow well. Many of these oils contain fatty acids 
that are desirable industrially, for nutrition, and even medicinally including oleic (from almond and 
olive), linoleic (grape seed and walnut), erucic (crambe), α-linolenic (chia), γ-linolenic (evening 
primrose), wax esters (jojoba), and hydroxy fatty acids (lesquerella). In some cases, these crops 
produce oils for which markets are well established and in others markets may well be developed 
in the future. An oil plant with interesting possibilities is crambe (Crambe abyssinica), an annual 
plant from the Mediterranean area with seeds that contain up to one-third oil, significantly higher 
than the oil content of soybeans. Crambe oil is up to 60% erucic acid
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with a long hydrocarbon chain. Crambe oil is unsuitable for human consumption, but has a number 
of potential industrial uses in lubricants, plastics, and coatings.

Some plants produce hydrocarbons directly in the form of terpenes, hydrocarbon molecules con-
taining at least one C=C double bond. Terpenoids are oxygen-containing analogs of terpenes. Most 
of the plants that produce terpenes are conifers (evergreen trees and shrubs such as pine and cypress), 
plants of the genus Myrtus, and trees and shrubs of the genus Citrus. One of the most common terpenes 
emitted by trees is α-pinene, a principal component of turpentine, a material formerly widely used in 
paint formulations because it reacts with atmospheric oxygen to form a peroxide, then a hard resin that 
produces a durable painted surface. The only commercial source of natural rubber, at the moment, 
is the Brazilian rubber tree Hevea brasiliensis. The hydrocarbon terpenes that occur in rubber trees 
can be tapped from the trees as a latex suspension in tree sap. Steam treatment and distillation can 
be employed to extract terpenes from sources such as pine or citrus tree biomass. The production of 
terpenes by plants is of particular interest because of the hydrocarbon nature of terpenes.
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Grain seeds are rich sources of protein, almost always used for food, but potentially useful as 
chemical feedstocks for specialty applications. An exciting possibility just now coming to fruition 
in a practical sense is to transplant genes into plants so that they will make specialty proteins such 
as medicinal agents.

Biological materials used as sources of feedstocks are usually complex mixtures, which make 
separation of desired materials difficult. However, some compensation is made for that disadvan-
tage in that in some biological starting materials’ nature has done much of the synthesis of the final 
product. Most biomass materials are partially oxidized, as is the case with carbohydrates, which 
contain approximately one oxygen atom per carbon atom (compared to petroleum hydrocarbons that 
have no oxygen). This can avoid expensive, sometimes difficult oxidation steps, which may involve 
potentially hazardous reagents and conditions. The complexity of biomass sources can make the 
separation and isolation of desired constituents relatively difficult.
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There are several main pathways by which feedstocks can be obtained from biomass. The most 
straightforward of these is a simple physical separation of biological materials, such as squeezing 
oil from oil-bearing biomass or tapping latex from rubber trees. Only slightly more drastic treat-
ment consists of extraction of oils by organic solvents as is done for lipid oils extraction. Physical 
and chemical processes can be employed to remove useful biomass from the structural materials 
of plants, which consist of lignocellulose composed of cellulose bound together by lignin “glue.”

13.2.2 B iorefineries

Biorefineries are facilities in which materials taken from the biosphere are extracted, isolated, refined, 
and processed to produce useful products.3 Figure 13.4 is an outline of a biorefinery. It shows several 
pathways by which biomass can be utilized. The simplest of these is extraction using a volatile organic 
solvent that is recycled or simply squeezing biomaterials from biomass, such as is done in the extrac-
tion of oil from oilseeds or removal of sucrose-rich sap from sugarcane or sugar beets. Biomass con-
sists largely of complex biopolymers, such as lignocellulose, which under favorable circumstances can 
be broken down by enzymes or microorganisms to yield sugars and other small molecules. Chemical 
processing can be employed to convert biomass to usable products, including pyrolysis, which yields 
liquids and gases plus a char residue (biochar), and hydrogenation by high-temperature treatment of 
biomass with H2. The most drastic treatment is gasification in which biomass is subjected to high 
temperatures in a sub-stoichiometric atmosphere of O2 to yield a synthesis gas product consisting of 
CO2 and combustible CO and H2 that can be burned for fuel or used to chemically synthesize methane 
(CH4), higher hydrocarbons including gasoline or diesel fuel, and alcohols.

13.2.3 U sing the Biosphere through Agriculture

Manipulated by humans, the biosphere produces enormous quantities of food and fiber through 
the practice of agriculture. In addition to food, organic biomass produced by plants can be used 
as a renewable source of raw material and fuel. Some plants are now being genetically engineered 
to produce specific chemicals. The production of materials from the biosphere is very closely con-
nected with the practice of green chemistry and sustainability and has numerous implications with 
respect to environmental and toxicological chemistry. Agricultural chemicals, including fertilizers, 
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herbicides, and insecticides, are produced and applied to crops and land in enormous quantities. 
Annual production of millions of kilograms of these chemicals demands the proper practice of 
green chemistry and engineering and an understanding of environmental chemistry. The judicious 
use of relatively small quantities of herbicides enables planting of crops in soil covered with residues 
of the previous year’s crops with little or no cultivation of soil. This practice of low-tillage agri-
culture, now called conservation tillage (see Chapter 11, Section 11.11), is in keeping with the best 
practice of green chemistry and sustainability.

The managed production of biomass by the biosphere is absolutely essential for the survival of 
humankind. To continue to feed growing world populations while maintaining and even enhanc-
ing the ability of the biosphere to produce food, it is necessary that the practice of agriculture be 
as green as possible. In the past and still today, this has often not been true. Cultivation of soil by 
humans has displaced native plants, destroyed wildlife habitat, contaminated soil with pesticides, 
filled rivers and bodies of water with sediments, and otherwise perturbed and damaged the environ-
ment and significantly reduced the natural capital of the biosphere. Agricultural practices arguably 
represent the greatest incursion of the anthrosphere into the other environmental spheres. On the 
positive side, growth of domestic crops temporarily removes greenhouse gas carbon dioxide from 
the atmosphere and provides organic raw materials and biomass fuel without any net addition of 
carbon dioxide to the atmosphere.

The basis of agriculture is the development of domestic plants from their wild ancestors.4 (The 
same can be said of animals, but only a handful of animal species have been domesticated, although 
each consists of many different breeds.) Our prehistoric ancestors learned to select plants with desired 
characteristics for the production of food and fiber, developing new species that often require the care-
ful efforts of expert botanists or DNA testing to relate them to their wild ancestors. Only around 1900 
were the scientific principles of heredity applied to plant breeding, eventually with excellent results. 
Using scientific methods, agriculturists accomplished a “green revolution” in the 1950s and 1960s 
that resulted in varieties of rice and wheat, especially, that had vastly increased yields. The tech-
niques used included selective breeding, hybridization, cross-pollination, and backcrossing to develop 
grain varieties, which, combined with chemical fertilizers and pesticides, lead to much higher crop 
yields. India, a country on the verge of starvation in the 1940s, increased its grain output by 50%. 
Developments such as higher yielding and faster maturing dwarf varieties of rice enabled better nutri-
tion for an increasing world population, at least postponing the inevitable problems that will result 
from excessive population growth. By breeding plants resistant to cold, drought, and insects, over-
all crop productivity has been further increased. Increased nutritional values for grain have been 
achieved, such as the development of corn varieties that have higher levels of lysine amino acid.

One of the major advances in plant breeding has been the development of hybrids produced by 
crossing true-breeding strains of plants. So-called hybrid vigor is well known, and many hybrids 
have vastly greater yields than their parent strains. Corn (maize), a remarkably productive photosyn-
thesizer, has proven most amenable to the production of hybrids, in part because of the separation of 
male flowers that grow on the tops of plants from female flowers attached to the budding corn ears. 
By planting rows of corn that alternate between two different strains and cutting the tassels from the 
tops of the plants that are to produce the corn seed, hybrid corn varieties are readily produced. More 
recently, techniques have been developed for growing hybrids of other kinds of plants.

There are, of course, many factors other than the genetic strains of plants that are involved in 
high crop productivity. The effects of weather have been mitigated by the development of crop 
varieties that resist heat, cold, and drought. The provision of water by artificial irrigation has 
greatly increased crop productivity and is essential for crop productivity in some regions, such as 
the vegetable-growing areas of California. Irrigation practices continue to become more efficient 
with the replacement of wasteful spray irrigators by systems that apply water directly to soil or 
even directly to plant roots. Computerized control of irrigation can make it much more efficient. 
However, currently, one of the greater concerns related to sustainability is the rapid depletion of 
groundwater resources (see discussion of groundwater depletion in Chapter 3, Section 3.4).



331Sustaining the Biosphere and Its Natural Capital

13.2.4 G enome Sequencing and Green Chemistry

The Human Genome Project (see Chapter 12, Section 12.7)5 and related genome sequencing of other 
organisms have a number of implications for green chemistry and sustainability science and tech-
nology. One of the key goals of green chemistry is to use chemicals that have maximum effective-
ness for their stated purpose with minimum side effects. This certainly applies to pharmaceuticals 
in which knowledge of the human genome may enable development of drugs that do exactly what 
they are supposed to do without affecting nontarget systems. This means that drugs can be made 
very efficiently with little waste material.

Some of the most important effects of DNA sequencing as it relates to green chemistry has to 
do with a wide variety of organisms other than humans. With an exact knowledge of DNA and the 
genes that it contains, it is possible to deal with organisms on a highly scientific basis in areas such 
as pest control and the biosynthesis of raw materials. An accurate map of the genetic makeup of 
insects, for example, should result in the synthesis of precisely targeted insecticides that kill target 
pests without affecting other organisms. Such insecticides should be effective at very low doses, 
thus minimizing the amount of insecticide that has to be synthesized and applied, consistent with 
the goals of green chemistry.

An exact knowledge of the genomes of organisms is extremely helpful in the practice of genetic 
engineering in which genes are transferred between species to enable production of desired proteins 
and to give organisms desirable characteristics such as pest resistance. A number of medically use-
ful proteins and polypeptides are now produced by genetically engineered microorganisms, most 
commonly genetically modified Escherichia coli bacteria. Perhaps, the greatest success with this 
technology has been the biosynthesis of human insulin, a lack of which causes diabetes in humans. 
Two genes are required to make this relatively short polypeptide that consists of only 51 amino acids. 
Other medically useful substances produced by genetically engineered organisms include human 
growth hormone, tissue plasmogen activator that dissolves blood clots formed in heart attacks and 
strokes, and various vaccine proteins to inoculate against diseases such as meningitis, hepatitis B, 
and influenza. Genetic engineering is discussed in more detail in Section 13.3.

13.3  GENETIC ENGINEERING

13.3.1 R ecombinant DNA and Genetic Engineering

Ever since humans started raising crops for food and fiber (and later animals), they have modified 
the genetic makeup of the organisms that they use. This is particularly evident in the cultivation of 
domestic corn, which is physically not at all like its wild ancestors. Until now, breeding has been a 
slow process. Starting with domestication of wild species, selection and controlled breeding have 
been used to provide desired properties such as higher yield, heat and drought tolerance, cold resis-
tance, and resistance to microbial or insect pests. For some domesticated species, these changes 
have occurred over thousands of years. As discussed in Section 13.2.3, during the 1900s, increased 
understanding of genetics greatly accelerated the process of breeding different varieties. The devel-
opment of high-yielding varieties of wheat and rice during the “green revolution” of the 1950s has 
prevented (or at least postponed) the starvation of millions of people. A technology that enabled a 
quantum leap in productivity of domestic crops was the development of hydrids from crossing of 
two distinct lines of the same crop, dating in a practical sense from the mid-1900s.

Traditional breeding normally takes a long time and depends largely on random mutations to 
generate desirable characteristics. One of its greatest limitations has been that it is essentially con-
fined to the same species, whereas more often that not, desired characteristics occur in species 
other than those being bred. Since about the 1970s, however, humans have developed the ability 
to alter DNA so that organisms synthesize proteins and perform other metabolic feats that would 
otherwise be impossible. Such alteration of DNA is commonly known as genetic engineering and 
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recombinant DNA technology. Organisms produced by recombinant DNA techniques that contain 
DNA from other organisms are called transgenic organisms. With recombinant DNA technology, 
segments of DNA that contain information for the specific syntheses of particular proteins are 
transferred between organisms. Most often, the recipient organisms are bacteria, which can be 
reproduced (cloned) over many orders of magnitude from a cell that has acquired the desired quali-
ties. Therefore, to synthesize a particular substance such as human insulin or growth hormone, the 
required genetic information can be transferred from a human source to bacterial cells, which then 
produce the substance as part of their metabolic processes.

The mechanics of recombinant DNA gene manipulation is a complex and sophisticated opera-
tion. The first step involves lyzing (opening up) a cell that has the genetic material needed and 
removal of this material from the cell. Through enzyme action, the sought-after genes are cut from 
the donor DNA chain. These are next spliced into small DNA molecules. These molecules, called 
cloning vehicles, are capable of penetrating the host cell and becoming incorporated into its genetic 
material. The modified host cell is then reproduced many times to carry out the desired biosynthesis.

Recombinant DNA technology is a rapidly growing area that is having profound effects, espe-
cially in agriculture and medicine. It is being used increasingly to produce crops with unique 
characteristics, to synthesize pharmaceuticals, and to make a variety of useful raw materials as 
renewable feedstocks. Recombinant DNA technology has a lot of potential in the development of 
green chemistry and sustainability, such as in the sustainable production of chemical feedstocks 
and products of various kinds. An example is synthesis of polylactic acid using lactic acid produced 
enzymatically with corn and polymerized by standard chemical processes. In the environmental 
area, genetic engineering offers the potential for the production of bacteria engineered to safely 
destroy troublesome wastes and to produce biological substitutes for environmentally damaging 
synthetic pesticides.

Plants are particularly amenable to recombinant DNA manipulation. In part, this is because huge 
numbers of plant cells can be grown in appropriate media and mutants can be selected from billions 
of cells that have desired properties such as virus resistance. Individual plant cells are capable of 
generating whole plants, so cells with desired qualities can be selected and allowed to grow into 
plants that may have the qualities desired. Ideally, this accomplishes in weeks what conventional 
plant breeding techniques would require decades to do.

Once plants containing desired transgenes have been produced, an exhaustive evaluation process 
occurs. This process has several objectives. The most obvious of these is an evaluation of the 
transplanted gene’s activity to see if it produces adequate quantities of the protein for which it is 
designed. Another important characteristic is whether or not the gene is passed on reliably to the 
plant’s progeny through successive generations. It is also important to determine whether the modi-
fied plant grows and yields well and if the quality of its products is high.

Only a few strains of plants are amenable to the insertion of transgenes, and normally, their 
direct descendants do not have desired productivity or other characteristics required for a commer-
cial crop. Therefore, transgenic crops are crossbred with high-yielding varieties. The objective is 
to develop a cross that retains the transgene while having desired characteristics of a commercially 
viable crop. The improved variety is subjected to extensive performance tests in greenhouses and 
fields for several years and in a number of locations. Finally, large numbers of genetically identical 
plants are grown to produce seed for commercial use. Many kinds of genetically modified plants 
have been developed and more are being marketed commercially every year.

Early concerns about the potential of genetic engineering to produce “monster organisms” or 
new and horrible diseases have been largely allayed, although not entirely so, and resistance to the 
application of recombinant DNA technology is strong in some quarters. Opposition has been espe-
cially strong in Europe, and the European Commission, the executive body of the European Union, 
has disallowed a number of transgenic crops. However, caution is still required with this technology. 
One example of a problem has been the emergence of weeds resistant to the widely used herbicide 
glyphosate.
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Despite these concerns, transgenic crops are growing in importance and they have become 
widely utilized in highly populated countries, particularly China, where they are seen as a means of 
feeding very large populations.

13.3.2 M ajor Transgenic Crops and Their Characteristics

The two characteristics most commonly developed in transgenic crops is tolerance for herbicides 
that kill competing weeds and resistance to pests, especially insects, but including microbial pests 
(viruses) as well. In the earlier years of transgenic crop plantings, most of the crops had traits for only 
one of these characteristics, but in more recent years, so-called stacked varieties with two or more 
characteristics have become more common and now comprise the fastest growing sector of transgenic 
crops. As of 2010, the land areas planted to transgenic crops in the eight leading countries were the 
following (millions of hectares in parentheses):6 United States (66.8), Brazil (25.5), Argentina (22.9), 
India (9.4), Canada (7.6), China (3.5), Paraguay (2.6), and South Africa (2.2). A total of 150 mil-
lion hectares of genetically modified (GM) crops were planted throughout the world in 2010. The 
most common biotech crops are as follows (hectares planted in 2010 in parentheses): soybeans (74), 
maize or corn (45), cotton (20), and canola (8). Other crops for which transgenic varieties have been 
developed are tomato, poplar, papaya, sweet pepper, sugar beet, alfalfa, and squash. Herbicide toler-
ance, which  enables crops to be unharmed by spraying with herbicide (especially glyphosate, see 
Section 13.3.3) to kill competing weeds, has been the predominant biotech trait introduced with 91 
million hectares (of a global total of 150 million hectares). Next were stacked traits including both her-
bicide tolerance and insect resistance (32 million hectares), then insect resistance (27 million hectares).

In 2010, Monsanto and Dow Agrosciences introduced stacked transgenic corn with 8 traits 
including resistance to insects above and below the soil as well as tolerance to some common 
herbicides. It is claimed that this variety will reduce the refuge area for corn planting from 20% to 
5%. (The refuge is a fraction of the area of a crop that is planted to non-transgenic crops to gener-
ate enough insecticide-susceptible insects to dilute the resistant ones that eventually develop in the 
transgenic areas. The rationale for this approach is that insects growing in refuge areas without any 
incentive to develop resistance will crossbreed with resistant strains, preventing them from becom-
ing dominant.) In addition to pest resistance and tolerance to herbicides, future stacked transgenic 
crops are expected to have characteristics such as drought resistance, high omega-3 lipid production 
in soybeans, and elevated levels of pro-Vitamin A (substance that is converted to Vitamin A by 
metabolic processes after consumption) in “golden rice.”

13.3.3 C rops versus Pests

The disruption of natural ecosystems by cultivation of land and planting agricultural crops pro-
vides an excellent opportunity for opportunistic plants—weeds—to grow in competition with the 
desired crops. To combat weeds, farmers use large quantities of a variety of herbicides. The heavy 
use of herbicides poses a set of challenging problems. In many cases, to be effective without caus-
ing undue environmental damage, herbicides must be applied in specified ways and at particular 
times. Collateral damage to crop plants, environmental harm, and poor biodegradation leading 
to accumulation of herbicide residues and contamination of water supplies are all problems with 
herbicides.7 A number of these problems can be diminished by planting transgenic crops that are 
resistant to particular herbicides.7 The most common such plants are those resistant to Monsanto’s 
Roundup herbicide glyphosate (structural formula shown in Chapter 4, Figure 4.11). This widely 
used compound is a broad-spectrum herbicide, meaning that it kills most plants that it contacts. One 
of its advantages from an environmental standpoint is that it rapidly breaks down to harmless prod-
ucts in soil, minimizing its environmental impact and problems with residue carryover. By using 
“Roundup Ready” crops, of which by far the most common are transgenic soybeans, the herbicide 
can be applied directly to the crop, killing competing weeds. Application when the crop plants are 
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relatively small, but after weeds have had a chance to start growing, kills weeds and enables the 
crop to get a head start. After the crop has developed a significant size, it deters the growth of com-
peting weeds by shade that deprives the weeds of sunlight.

Unfortunately, not long after the introduction of Roundup-ready seeds, glyphosate-resistant 
weeds began appearing, including horseweed, giant ragweed, and several of a number of species in 
the genus Amaranthus (pigweed) that by 2010 had afflicted 7–10 million acres of the approximately 
170 million acres of corn, soybeans, and cotton planted in the United States. Pigweed has been an 
especially bad actor that can grow 7 or 8 cm in a day, reach heights of 2 m, and with stalks so thick 
and strong that they can damage harvesting machinery.

Aside from weeds, the other major class of pests that afflict crops consists of a variety of insects. 
Two of the most harmful of these are the European corn borer and the cotton bollworm, which cost 
millions of dollars in damage and control measures each year and can even threaten an entire year’s 
crop production. Even before transgenic crops were available, Bacillus thuringiensis (Bt) was used 
to control insects. This soil-dwelling bacterium produces a protein called delta-endotoxin. Ingested 
by insects, delta-endotoxin partially digests the intestinal walls of insects causing ion imbalance, 
paralyzing the system, and eventually killing the insects. Fortunately, the toxin does not affect 
mammals or birds. Bt has been a popular insecticide because as a natural product it degrades readily 
and has gained the acceptance often accorded to “natural” materials (many of which are deadly).

Genetic engineering techniques have enabled transplanting genes into field crops that produce 
Bt. This is an ideal circumstance in that the crop being protected is generating its own insecticide, 
and the insecticide is not spread over a wide area. There are several varieties of insecticidal Bt, 
each produced by a unique gene. Several insect pests are well controlled by transgenic Bt including 
the European corn borer, the Southwestern corn borer, and the corn earworm. Cotton varieties that 
produce Bt are resistant to cotton bollworm. Bt-producing tobacco resists the tobacco budworm. 
Potato varieties have been developed that produce Bt to kill the Colorado potato beetle, although 
this crop has been limited because of concerns regarding Bt in the potato product consumed directly 
by humans. Although human digestive systems are not affected adversely by Bt, there is concern 
over it being an allergen because of its proteinaceous nature.

Virus resistance in transgenic crops has concentrated on papaya. This tropical fruit is an excel-
lent source of Vitamins A and C and is an important nutritional plant in tropical regions. The papaya 
ringspot virus is a devastating pest for papaya, and transgenic varieties resistant to this virus are now 
grown in Hawaii. One concern with virus-resistant transgenic crops is the possibility of transfer of 
genes responsible for the resistance to wild relatives of the plants that are regarded as weeds, but are 
now kept in check by the viruses. For example, it is possible that virus-resistant genes in transgenic 
squash may transfer to competing gourds, which would crowd out the squash grown for food.

13.3.4 F uture Crops

The early years of transgenic crops can be rather well summarized by soybeans, corn, and cotton 
resistant to herbicides and insects. In retrospect, these crops will almost certainly seem rather crude 
and unsophisticated. In part, this lack of sophistication is due to the fact that the genes producing the 
desired qualities are largely expressed by all tissues of the plants and throughout their growth cycle, 
giving rise to problems such as the Bt-contaminated corn pollen that may threaten Monarch but-
terflies or Bt-containing potatoes that may not be suitable for human consumption. It is anticipated 
that increasingly sophisticated techniques will overcome these kinds of problems and will lead to 
much improved crop varieties in the future.

There are several potential green chemistry benefits from genetic engineering of agricultural 
crops. One promising possibility is to increase the efficiency of photosynthesis, which is only a few 
tenths of a percent in most plants. Doubling this efficiency should be possible with recombinant 
DNA techniques, which might significantly increase the production of food and biomass by plants. 
For example, with some of the more productive plant species, such as fast-growing hybrid poplar 
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trees and sugarcane, biomass is competitive with fossil fuels as an energy source. A genetically 
engineered increase in photosynthesis efficiency could enable biomass to economically replace 
expensive petroleum and natural gas for fuel and raw material. A second possibility with genetic 
engineering is the development of the ability to support nitrogen-fixing bacteria on plant roots in 
plants that cannot do so now. If corn, rice, wheat, and cotton could be developed with this capabil-
ity, it could save enormous amounts of energy and natural gas (a source of elemental hydrogen) now 
consumed to make ammonia synthetically.

A wide range of other transgenic crops are under development. One widely publicized crop is 
“golden rice” incorporating β-carotene in the grain, which is therefore yellow, rather than the nor-
mal white color of rice.8 The human body processes β-carotene to Vitamin A, the lack of which 
impairs vision and increases susceptibility to maladies including respiratory diseases, measles, and 
diarrhea. Since rice is the main diet staple in many Asian countries, the widespread distribution of 
golden rice could substantially improve health. As an example of the intricacies of transgenic crops, 
two of the genes used to breed golden rice were taken from daffodil and one from a bacterium! 
Some investigators contend that humans cannot consume enough of this rice to provide a significant 
amount of Vitamin A.

As of 2010, transgenic alfalfa and sugar beets resistant to glyphosate herbicide were being pro-
moted for agricultural use. Alfalfa is a nutritious forage crop for animal feed, a legume that grows 
synergistically with nitrogen-fixing Rhizobium bacteria growing in nodules attached to its roots. 
In 2010, the U.S. Supreme Court overturned a lower court decision that had prevented widespread 
distribution of these crops because of the possibility that their glyphosate-resistant qualities might 
spread to other plants and violate restrictions on foods designated as “organic” and that some coun-
tries have put in place against all transgenic foods.

Work continues on improved transgenic oilseed crops. The one getting the most attention is 
canola, the source of canola oil. Efforts are under way to modify the distribution of oils in canola 
to improve the nutritional value of the oil. Another possibility is increased Vitamin E content in 
transgenic canola. Sunflower, another source of vegetable oils, is the subject of research designed to 
produce improved transgenic varieties. Herbicide tolerance and resistance to white mold are among 
the properties that are being developed in transgenic sunflowers.

Decaffeinated coffee and tea have become important beverages. Unfortunately, the processes 
that remove caffeine from coffee beans and tea leaves also remove flavor, and some such processes 
use organic solvents that may leave undesirable residues. The genes that produce caffeine in coffee 
and tea leaves have now been identified, and it is possible that they may be removed or turned off 
in the plants to produce coffee beans and tea leaves that give full-flavored products without the 
caffeine. Additional efforts are under way to genetically engineer coffee trees in which all the 
beans  ripen at once, thereby eliminating the multiple harvests that are now required because of 
the beans ripening at different times.

Although turf grass for lawns would not be regarded as an essential crop, enormous amounts 
of water and fertilizers are consumed in maintaining lawns and grass on golf courses and other 
locations. Healthy grass certainly contributes to the “green” esthetics of a community and can be 
regarded as part of the natural capital of the biosphere. Furthermore, herbicides, insecticides, and 
fungicides applied to turf grass leave residues that can be environmentally harmful. So, the devel-
opment of improved transgenic varieties of grass and other groundcover crops can be quite useful. 
There are many desirable properties that can benefit grass. Included are tolerances for adverse con-
ditions of water and temperature, especially resistance to heat and drought. Disease and insect resis-
tance are desirable. Reduced growth rates can mean less mowing, saving energy. For grass used on 
waterways constructed to drain excess rain runoff from terraced areas (see Chapter 11, Figure 11.7), 
a tough, erosion-resistant sod composed of masses of grass roots is very desirable. Research is under 
way to breed transgenic varieties of grass with some of these properties. Also, grass is being geneti-
cally engineered for immunity to the effects of glyphosate herbicide, which is environmentally more 
benign than some of the herbicides such as 2,4-D currently used on grass.
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An interesting possibility for transgenic foods is to produce foods that contain vaccines against 
disease. This is possible because genes produce proteins that resemble the proteins in infectious 
agents, causing the body to produce antibodies to such agents. Diseases for which such vaccines 
may be possible include cholera, hepatitis B, and various kinds of diarrhea. The leading candidate 
as a carrier for such vaccines is the banana. This is because children generally like bananas and this 
fruit is readily grown in some of the tropical regions where the need for vaccines is the greatest.

13.4 � ROLE OF HUMAN ACTIVITIES IN PRESERVING 
AND ENHANCING THE BIOSPHERE

Technology can be harnessed to preserve and improve the condition of life on Earth, in a sense, 
the anthrosphere working with and for the biosphere. A prime example of how that is done is 
provided by agriculture discussed in Section 13.3. With the application of plant genetics, herbicides, 
fertilizers, and advanced cultivation and harvesting techniques, agricultural interests can vastly 
increase the productivity of a plot of soil. By building terraces and waterways planted to grass that 
forms a  tough, erosion-resistant sod, the productivity of land may be increased while erosion is 
slowed to a negligible level.

Human intervention can be used to create and enhance habitats that are not maintained for 
agricultural production. For example, although not all reservoirs formed by damming streams are 
desirable, many provide a welcome variety of habitat for species that live in or around bodies of 
water. Impounding water can cause suspended material to settle from streams, thus improving 
stream quality below the dams. In a limited, but encouraging number of cases, human intervention 
is being applied to reverse damage done to habitats by human activities in the past. Once meander-
ing streams straightened and turned into ugly, erosive ditches by channelization have been restored 
in some cases to provide the bending channels that make the stream hospitable to life and tolerant 
of flooding. Productive wetlands are being restored, or even constructed where none existed before, 
usually as a means to aid wastewater treatment. Badly used, eroded farmland has been converted to 
forests and grassland. Special structures can be made and sunk in shallow coastal areas to provide 
shelter and habitat for marine life; even old ship hulls and airplane fuselages have been used for 
this purpose.

The restoration of ecosystems by human intervention is called restoration ecology.9 Restoration 
ecology has become a significant area of human endeavor, and it may be hoped that it will increase 
in importance as technology is used increasingly to benefit the natural environment. The restora-
tion ecologist needs to be familiar with basic ecology as well as with the kinds of technology used 
to rebuild ecosystems. Knowledge of related areas, such as geology, hydrology, limnology, and soil 
science, is also required. After catastrophic floods along the Missouri and Mississippi Rivers in the 
United States in 1993, the deliberate decision was made to forego reconstruction of some river dikes 
destroyed by the flood and restoration ecology was applied to some limited areas to restore wetlands 
and river bottomlands for wildlife habitat.

Much of the work that has been done to preserve wildlife and to restore ecosystems in which 
wild species exist has been the result of efforts to maintain and increase numbers of game animals. 
Enlightened hunting and fishing laws have reduced the harvest of many species to sustainable levels. 
In some cases, these have brought species back from very low numbers or even the brink of extinc-
tion. Important examples in the United States are American bison, wood ducks, wild turkeys, snowy 
egrets, and white-tailed deer. In addition to hunting and fishing restrictions, habitat restoration has 
been very important in increasing numbers of game animals. Restoration of wetland breeding areas 
has enabled significant increases in numbers of waterfowl.

Information is essential to understand, preserve, and enhance biological systems. The capabili-
ties of technology to gather and process information are enormous. Sophisticated chemical analysis 
techniques provide detailed profiles of the chemical characteristics of the environment in which 
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organisms live, including both nutrients and pollutants. Sensors for temperature, wind, moisture, 
and sunlight can be used to give a continuous picture of the physical environment. This and other 
information can be subjected to sophisticated computer analysis to provide a profile of the life sys-
tem and to direct human intervention in constructive ways.

One of the more useful relatively recent technologies employed to study life systems consists 
of satellite images of Earth, such as those provided by the Landsat satellite. Such images can be 
gathered by infrared measurements, digitized, and processed by computer to provide profiles of 
geological features, water on Earth’s surface, and vegetation. By remotely sensing the absorption of 
electromagnetic radiation at specific wavelengths, instruments mounted on satellites can monitor 
gases or reactive chemical species in the atmosphere. One example of the latter is ClO, a reactive 
intermediate produced during the photochemical processes that occur as part of ozone depletion 
from stratospheric chlorofluorocarbons. The levels of greenhouse gases, including carbon dioxide, 
nitrous oxide, and methane, can also be monitored. This information can be used to predict the 
effects of atmospheric species on life forms that may occur from global warming or ozone depletion.

13.4.1 A rtificial Habitats and Habitat Restoration

To a degree, plants can be preserved artificially by seed banks in which seeds are stored for long 
periods of time under appropriate conditions for their preservation. Botanical gardens and arbo-
reta enable growth of plants under artificial conditions that can prevent at least some species from 
becoming extinct.

The number of animal species that can be maintained in zoos is limited, but zoos are still impor-
tant for protecting various kinds of animals from extinction. Zoos are being used to a greater degree 
for wildlife preservation, in some cases with the goal of introducing animal species back into the 
wild. Captive breeding programs have been established to salvage individuals of endangered spe-
cies from the wild, increase their population by breeding in captivity, and reintroduce them into the 
wild state. The numbers of endangered bird species have been increased by taking eggs from nests 
of birds in the wild and hatching them in captivity, sometimes with surrogate parents from other 
bird species. On a much larger scale, fish hatcheries have been in use for many decades to ensure 
a steady supply of fingerlings, particularly of trout and salmon species. There have been some ten-
tative successes in captive breeding programs to restore species to the wild. In the United States, 
captive peregrine falcon and blackfooted ferret have been reintroduced to some areas. The Arabian 
oryx (a large species of antelope) has been restored to some of its former habitats in the Middle East. 
Golden lion tamarins have been reintroduced to rain forests in Brazil. The widely publicized rein-
troduction of the California condor, a large carrion-eating bird, from individuals bred in captivity, 
has been difficult because of the deaths of many of the specimens released, but has achieved some 
success in reestablishing this species in its natural habitats.

A major problem with captive breeding programs has been the vulnerability of limited numbers 
of any species population to loss. When only a few individuals remain, the sudden onset of disease 
can be devastating. Not the least of the problems is the limited genetic diversity of a small popula-
tion and the adverse effects of inbreeding. An intriguing possibility is the collection of DNA from 
threatened species with the goal of cloning the animals at a later date when that becomes feasible.

13.5  PRESERVING THE BIOSPHERE BY PRESERVING THE ATMOSPHERE

Measures taken to preserve and enhance the quality of the other environmental spheres may be 
effective in maintaining the quality of the biosphere. This is certainly true of the atmosphere. 
A polluted atmosphere is generally harmful to the biosphere. Particulate matter that blocks out sun-
light reduces the ability of the atmosphere to carry out photosynthesis. Particles in air that humans 
and other animals breathe can harm the lungs and have adverse health effects. Nitrogen oxides and 
sulfur oxides are phytotoxic.



338 Fundamentals of Environmental and Toxicological Chemistry

Ground-level atmospheric ozone is toxic to plants including important crop plants. It has been 
estimated that atmospheric ozone has now reduced yields of corn (maize) by 2.2–5.5%, 3.9–15% for 
wheat, and 8.5–14% for soybean.10 Ozone causes visible damage to foliage including early senes-
cence (aging) and premature abscission (detachment and dropping) of leaves. Typical of the phy-
totoxicity of O3, ozone damage to a lemon leaf is manifested by chlorotic stippling (characteristic 
yellow spots on a green leaf), as represented in Figure 13.5. Ponderosa and Jeffrey pines exposed 
to ozone and smog in California’s San Bernardino Mountains have suffered chlorotic mottle and 
premature needle death. Reduction in plant growth may occur without visible lesions on the plant. 
Leaves exposed to ozone may exhibit reduced stomatal aperture. Carbon availability to plants and 
decreased translocation of fixed carbon to edible fruits, grains, pods, or roots may result from ozone 
exposure. Of particular importance given global climate change, ozone exposure may reduce plant 
resistance to heat and drought stress.

Some plant species, including sword-leaf lettuce, black nightshade, quickweed, and double-
fortune tomato, are so susceptible to the effects of ozone and other photochemical oxidants in the 
atmosphere that they are used as bioindicators of the presence of smog. Brief exposure to approxi-
mately 0.06 ppm of ozone may temporarily cut photosynthesis rates in some plants in half. Crop 
damage from ozone and other photochemical air pollutants in California alone is estimated to cost 
millions of dollars each year. The geographic distribution of damage to plants in California is illus-
trated in Figure 13.6.

Air pollution control measures taken to reduce photochemical smog and associated ozone (see 
Chapters 7 and 8) have certainly reduced the damage that otherwise would have been done to the 

FIGURE 13.5  Representation of ozone damage to a lemon leaf. In color, the spots appear as yellow chlorotic 
stippling on the green upper surface caused by ozone exposure.

San Francisco

Los Angeles

FIGURE 13.6  Geographic distribution of plant damage from smog in California.
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biosphere from tropospheric ozone and other oxidants. Adverse effects on both human health and 
crop productivity have been lessened by such measures.

A second consideration pertaining to atmospheric ozone and the health of the biosphere has to 
do with the “good ozone” in the stratosphere. As discussed in Chapter 7, Section 7.9, the relatively 
small amount of ozone in the stratosphere is crucial in filtering out ultraviolet radiation that would 
be very damaging to organisms including humans on Earth’s surface. The Nobel-Prize-winning 
discovery that this ozone is destroyed by the products of chlorofluorocarbons and their subsequent 
ban have prevented much damage to the biosphere.

13.6  PRESERVING THE BIOSPHERE BY PRESERVING THE HYDROSPHERE

Water is essential for life. Therefore, preservation of the hydrosphere is an important aspect of 
preserving the biosphere. Efforts in water conservation have the effect of conserving the biosphere.

One of the important aspects of conserving water is preservation and enhancement of water-
sheds, areas in which rainwater collects, runoff is slowed, and infiltration into groundwater is maxi-
mized (see Chapter 3, Section 3.3). Effective watershed areas are generally those with significant 
vegetation that catches rainwater, slows its runoff, and maximizes infiltration to groundwater. Good 
watersheds are likely to have healthy biomes with diverse and healthy vegetation.

Agricultural practices designed to conserve rainwater are generally beneficial to the biosphere. 
One such practice in semiarid regions is summer fallowing in which crop residues are left to stand 
in place for periods of time to allow for buildup of soil moisture to be available for crops that are 
planted later. In many areas such as those of the high plains where summer fallowing is practiced, 
winter snowfall is an important source of water, and stubble left in fields is effective in catching 
snow and holding it in place so that it can melt and add water to the soil. The soil in summer-
fallowed regions supports healthy populations of microorganisms, earthworms, and other organ-
isms that live in the biosphere.

As discussed in Chapter 5, Section 5.15, constructed wetlands are useful for purifying and 
recycling water. Wetlands can also be highly bioproductive and, as indicated in Figure 5.12, can 
be used as sources of biomass, such as for fuel production. Wetlands also support populations of 
waterfowl.

Constructed lakes and reservoirs are used to conserve water and increase water infiltration to 
groundwater aquifers. These bodies of water can serve as sources of irrigation water for crops. 
Potentially, such bodies of water can support high populations of fish and shellfish. As discussed 
in Chapter 17, they also have the potential to support heavy growths of algal biomass that can be 
harvested for synthetic fuels and biomaterials.

13.7  PRESERVING THE BIOSPHERE BY PRESERVING THE GEOSPHERE

As discussed in Chapter 10, Section 10.4, damage to the geosphere’s top layer of soil can lead to 
erosion and desertification. One characteristic of desert formation is the loss of vegetation from the 
soil surface. Therefore, measures to prevent desert formation or to reverse it add to the population 
of organisms supported on land surfaces.

There are strong synergisms between preserving the geosphere and preserving the biosphere. 
Plants established on arid lands tend to anchor soil in place and are especially effective in prevent-
ing wind erosion, a strong contributor to desertification. Decayed plant biomass can add to soil 
organic matter, an important soil quality characteristic.

Measures taken to prevent the release of toxic substances from the geosphere can aid in increas-
ing the quality and productivity of the biosphere. An important example is the prevention of acid 
mine water formation (see Chapter 3, Section 3.5.1).
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13.7.1 �C onstructing the Geosphere to Support the Biosphere: 
What the Ancient Incas Knew

The vast Native American Inca Empire that existed along the west coast of South America and cen-
tered in modern Peru reached its peak of development from 1438 until the coming of the Spanish 
conquerors in 1533. This highly developed society numbered perhaps 6 million people until deci-
mated by European diseases to which the native population had no resistance. Second only to the 
Himalayas, the Andes mountains of the Inca Empire are the world’s tallest and most formidable. But 
by altering this inhospitable geosphere, the Incas succeeded in building an agricultural system that 
fed their large population. Incan agriculture was based on a system of terraces covering about a mil-
lion acres that were cut into the steeply sloping terrain.11 The terraces were much like stairway steps 
with walls of carefully laid stone between which were deposited mixtures of gravel and soil upon 
which crops were grown. The stone walls of the terraces had the additional advantage of retaining 
heat from sunshine during the day, preventing damage to plant roots from cold night temperatures. 
An elaborate system of irrigation canals and cisterns provided water for growing crops. The Incas 
grew crops especially adapted to the conditions on the terraced systems including corn, potatoes, 
and quinoa (a gluten-free grain, especially high in protein, which has become a popular item in 
modern-day health food stores).

The exploitation of the Inca population by the Spanish and the drastic reduction in numbers 
from European diseases led to a decline in the ingenious system of agriculture built on terraces. 
Now, however, especially in light of the agricultural problems being brought on by climate change, 
there is renewed interest in the Inca agricultural system and, based on knowledge gleaned from 
archaeological research, some of the old systems of terraces and irrigation canals are being rebuilt 
and the traditional Inca crops are being grown again in systems that are relatively more productive 
and efficient in water use. The biologically productive Inca system of agriculture built on terraces 
on steeply sloping land, now undergoing reincarnation, stands as an example of the positive effects 
that modifications of the geosphere by humans may have on the biosphere.

QUESTIONS AND PROBLEMS

	 1.	Look up information on the Internet pertaining to current rates of species extinction. 
What are reliable estimates of current species extinction? How is extinction related to the 
Anthropocene? What may be the effects of global climate change?

	 2.	What is the Gaia hypothesis? What happened in the earlier stages of life on Earth that was 
arguably the best example of Gaia? How may humans have a potentially beneficial effect 
on Gaia in the future?

	 3.	Can lipid oils be used directly as fuel for internal combustion engines? If so, for which type 
of engine? Can you see any problems with such use in cold climates (try putting olive oil 
into your refrigerator’s freezer and see what happens)? How are lipid oils currently used to 
make engine fuel?

	 4.	Look up the history of canola oil. Has it been used as food oil for a long time? What has 
plant breeding had to do with canola oil?

	 5.	Some medicinal agents, particularly proteinaceous substances such as insulin, are now 
made by fermentation using microorganisms. Is there any possibility of using plants 
instead? If so, what would be the advantages of plants?

	 6.	Look up biorefineries on the Internet? Are there any biorefineries currently operating at 
least on a pilot scale? If so, what do they make? Some authorities suggest that in the future 
there will be large biorefineries operating on algal biomass. Why might this be the case?

	 7.	How large are world food reserves? Is food production vulnerable to interruptions that 
might result in widespread food shortages? Are there any examples of such interruptions 
in recorded history?



341Sustaining the Biosphere and Its Natural Capital

	 8.	When was hybrid corn developed? When did it come into widespread use? Why is corn 
especially amenable to hybridization? What has been the impact of hybrid corn on overall 
bioproductivity?

	 9.	Plants that are hybrids and those that are produced by recombinant DNA are both impor-
tant in the production of agricultural crops. What is the distinction between the two? May 
a crop variety be both a hybrid and a product of recombinant DNA?

	 10.	What is the most common environmental problem associated with herbicides? From a 
search of the Internet, see if there are any concerns regarding herbicides and the Ogallala 
aquifer?

	 11.	Look up the controversy involving Monarch butterflies and Bt herbicides. What was the 
suspected problem? Was anything done to fix it? Is it still regarded as a problem?

	 12.	Look up “landraces.” What do landraces have to do with sustainability, especially in 
respect to agricultural sustainability?

	 13.	What are some of the major pitfalls involved with trying to reestablish viable populations 
of a species when numbers have fallen to very low values? Name and describe two species 
of large birds in the United States where attempts have been made to build up a breeding 
population in the wild from only a small group of individuals. What is the degree of suc-
cess with these efforts?

	 14.	What is biomonitoring and what are bioindicators? How is biomonitoring done for tropo-
spheric ozone pollution and what are some specific bioindicators of such pollution?

	 15.	What is the distinction between “good ozone” and “bad ozone” in the atmosphere? Where 
is each found?

	 16.	What is the history of quinoa as a food? How might more extensive cultivation of quinoa 
add to the biosphere and lead to increased human nutrition in the future?

	 17.	Where did potatoes originate as a cultivated crop? What happened sometime after potatoes 
were introduced into Europe that tragically illustrated the vulnerability of the biosphere 
and food supply?

	 18.	What are biofuels? What is the conflict of “food versus fuel?”
	 19.	Suggest why the production of useful organic compounds from lignocellulose is consider-

ably more complex than the acquisition of oils from oil seeds such as soybeans.
	 20.	 In the decades preceding about 1950, there was considerable concern that world popula-

tions were exceeding levels that could be supported by the biosphere. What happened to 
change that picture and what was this “revolution” called? What are some of the environ-
mental and sustainability factors that may make dire predictions of the adverse effects of 
overpopulation come true in coming decades?

	 21.	What are two advantages of producing Bt insecticide in transgenic crops compared to 
making the insecticide using bacterial processes and simply spreading it onto crops?

	 22.	What are seed banks and how are they related to preservation and enhancement of the 
biosphere? Can you find any specific examples of seed banks?
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14 Environmental and 
Toxicological Chemistry 
of the Anthrosphere

14.1  ANTHROSPHERE

Shown as one of the five environmental spheres in Chapter 1, Figure 1.2, the anthrosphere is 
the part of the environment made and operated by humans. The anthrosphere is where pollutants 
are made and from which they are released with profound effects on all the other environmental 
spheres. It is also strongly affected by pollutants, for example, acid rain that causes deterioration of 
stone structures and corrosion of metal components.

It is essential to view the anthrosphere as a distinct environmental sphere when considering 
environmental chemistry and sustainability. Just a look around us shows the dwellings, buildings, 
roads, airports, factories, power lines, and numerous other things constructed and operated by 
humans as visible evidence of the existence of the anthrosphere on Earth (see Figure 14.1). The 
anthrosphere and its influences are so obvious and even intrusive that the Nobel Prize–winning 
atmospheric chemist Paul Crutzen has argued convincingly that Earth is undergoing a transition 
from the Holocene geological epoch to a new one, the Anthropocene. This is occurring because 
human activities are now quite significant compared to nature in their impact on Earth’s environ-
ment and are changing Earth’s fundamental physics, chemistry, and biology. There is concern that, 
especially through changes in global climate, activity in the anthrosphere will detrimentally alter 
Earth’s relatively stable, nurturing environment and produce one that is much more challenging to 
human existence.

There are many distinct segments of the anthrosphere as determined by a number of factors 
including where and how humans dwell; the movement and distribution of goods; the provision 
of services; the utilization of nonrenewable materials; the provision of renewable food, fiber, and 
wood; the collection, conversion, and distribution of energy; and the collection, treatment, and dis-
posal of wastes. With these factors in mind, it is possible to list a number of specific things that are 
parts of the anthrosphere, as shown in Figure 14.1. These include dwellings as well as other struc-
tures used for manufacturing, commerce, education, and government functions. Utilities include 
facilities for the distribution of water, electricity, and fuel; systems for the collection and disposal 
of municipal wastes and wastewater (sewers); and—of particular importance to sustainability—
systems for materials recycle. Transportation systems include roads, railroads, and airports, as well 
as waterways constructed or modified for transport on water. The anthrospheric segments used in 
food production include cultivated fields for growing crops and water systems for irrigation. A vari-
ety of machines, including automobiles, trains, construction machinery, and airplanes, are part of 
the anthrosphere. The communications sector of the anthrosphere includes radio transmitter towers, 
satellite dishes, and fiber optics networks. Oil and gas wells are employed for extracting fuels from 
the geosphere, and mines are excavated into the geosphere for removing coal and minerals.

The boundaries between the anthrosphere and the other environmental spheres tend to be blurred. 
Most of the anthrosphere including buildings, highways, and railroads is anchored to the geosphere. 
Gardens that adorn the anthrosphere are planted on geospheric soil, and the flowering plants in them 
are part of the biosphere. Farm fields are modifications of the geosphere, but the crops raised on 
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them are part of the biosphere. Coal mines are burrowed into the geosphere. Ships move over ocean 
waters in the hydrosphere, and airplanes fly through the atmosphere.

14.1.1 C rucial Anthrospheric Infrastructure

A critical part of the anthrosphere may be classified as infrastructure.1 Infrastructure is generally 
considered to be parts of the anthrosphere used by large numbers of people in common. It consists 
of utilities, facilities, and systems essential to a properly operating society. The physical components 
of infrastructure include electrical power–generating facilities and distribution grids, communicati
ons systems, roads, railroads, air transport systems, airports, buildings, water supply and distribu-
tion systems, and waste collection and disposal systems. A very important part of infrastructure 
is nonphysical, composed of laws, regulations, instructions, and operational procedures (see the 
discussion on sociosphere in Section 14.1.2). Because they are used in common by many people, 
crucial parts of infrastructure are in the public sector; other segments are privately owned and oper-
ated. For example, major airports are almost always publicly owned, whereas the aircraft that serve 
them are generally owned by private corporations.

An outdated, cumbersome, poorly designed, and worn-out anthrospheric infrastructure causes 
economic systems and societies to operate in a very inefficient manner that is inconsistent with 
sustainability. Catastrophic failure can result as has occurred with cascading breakdowns of elec-
trical power grids or failure of wastewater treatment systems resulting in the discharge of sewage 
to streams. The devastating magnitude 9.0 earthquake that occurred on March 11, 2011, off the 
coast of Honshu, Japan, about 373 km (231 mi) northeast of Tokyo and the devastating tsunami 
that followed illustrated the catastrophic effects of infrastructure failure that resulted ultimately 
in the greatest nuclear emergency since the 1986 Chernobyl nuclear meltdown and fire. This 
occurred at the Fukushima Daiichi Nuclear Power Station. The three reactors that were running 
at the plant shut down automatically when the quake hit, as they were designed to do. However, 
the quake destroyed the electrical power infrastructure leading to the plant so that water could 
not be pumped to cool the reactor core and the spent fuel rods normally stored under water close 
to the core. Zirconium metal alloy cladding the hot fuel rods reacted with water to generate 

Communications

Utilities

Buildings

Renewable energy

Food production

Extractive
industries

Machines

Transportation

Dwellings

Water
systems

FIGURE 14.1  There are many aspects to the anthrosphere as illustrated by the examples in this figure. It is 
tied closely with the other environmental spheres.
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hydrogen gas, which exploded, destroying the structures that sheltered the reactors. Significant 
amounts of radioactivity were released.

The deterioration of infrastructure is a continuing concern. One of the greatest problems is cor-
rosion, a chemical process in which metals, such as the steel that composes bridge girders, tend to 
revert to the state in which they occur in nature (in the case of steel, rust). Human negligence, misuse, 
and vandalism can all cause premature loss of infrastructure function. A major concern with terror-
ism is potential damage to infrastructure, including cybercrime that could cripple electrical distribu-
tion systems. Infrastructure problems frequently begin with improper design. Sustainability requires 
that elements of infrastructure be properly designed, maintained, and protected to avoid the expense 
and material and energy required to rebuild infrastructure if it fails before its expected lifetime is up.

Careful attention must be given to sustainability and the maintenance of environmental quality 
in the development of infrastructure. Examples include highly effective waste treatment systems 
with recovery of materials and energy from wastes, high-speed rail systems to replace inefficient 
movement of people and freight by private cars and by trucks, and electrical systems that use wind 
and solar power to the maximum extent possible.

Critical infrastructure is a term applied to those parts of the infrastructure that, if destroyed 
or harmed, could have an immediate and devastating effect on the function of a society.2 The U.S. 
Department of Homeland Security defines critical infrastructure as including (but not limited to) 
telecommunications, energy, banking and finance, transportation, water systems, and emergency 
services, both governmental and private. Critical infrastructure is obviously of concern with respect 
to terrorist threats.

14.1.2 S ociosphere

The sociosphere is the societal organization of people including their governments, laws, cultures, 
religions, families, and social traditions and is a critical part of infrastructure. A well-functioning 
sociosphere enables people to lead good lives within a sustainable environment and economic sys-
tem. Largely because of dysfunctional social systems, the quality of life and the environment in 
some countries with substantial resources, especially of petroleum, is often substandard. Societies 
in countries with dictatorial, corrupt governments that do not nurture human rights are not condu-
cive to the maintenance of sustainability. Sustainability and quality of life are also not served well 
by antigovernment creeds that reject the role of well-functioning governments in implementing sen-
sible, well-administered laws and regulations designed to protect the environment, promote human 
well-being, and maintain sustainability.

An important consideration in the sociosphere is the science of economics, which describes 
the production, distribution, and use of income, wealth, and materials (commodities). Much of 
economics as it has been traditionally practiced is inconsistent with the development of sustain-
ability on which functional economic systems must ultimately depend. Economic value has tra-
ditionally been measured in terms of financial and material possessions with emphasis on growth 
and with a narrow view of the environment. Earth has been largely regarded as a part of the 
economic system from which materials may be extracted, which is to be “developed” with struc-
tures and other artifacts of the anthrosphere, and into which wastes are to be discarded. Such an 
approach is putting a severe strain on environmental support systems and Earth’s natural capital 
(see Chapter 1, Section 1.4). A more enlightened economic view regards Earth’s natural capital as 
an endowment. As with financial endowments, Earth’s store of natural capital should be nurtured, 
with only a portion of its income spent for immediate needs and the rest devoted to enhancing the 
natural capital. Therefore, it is essential for sustainability that economics is viewed as a part of 
Earth’s greater environmental system, rather than viewing the environment as a subsection of a 
world economic system. Instead of defining wealth in material possessions, it should be measured 
in terms of well-being and satisfaction with life, operating within rules that promote and require 
sustainability.
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14.2  INDUSTRIAL ECOLOGY AND INDUSTRIAL ECOSYSTEMS

Industrial ecology, which is an important aspect of the anthrosphere, describes a web of industrial 
concerns, distributors, and other enterprises functioning to mutual advantage, using each other’s 
products, recycling each other’s potential waste materials, and utilizing materials and energy as 
efficiently as possible.3 Above all, it is a sustainable means of providing goods and services; the 
practice of industrial ecology is important in maintaining the anthrosphere in a state of compatibil-
ity with the other environmental spheres and with Earth. In so doing, industrial ecology considers 
every aspect of the provision of goods and services from concept, through production, and to the 
final fate of products remaining after they have been used. Industrial ecology considers industrial 
systems in a closed-loop model rather than a linear one, thereby emulating natural biological eco-
systems, which are sustainable by nature.

By analogy with natural ecosystems, an industrial ecosystem consists of a group of mutually 
interacting enterprises practicing industrial ecology. A key measure of the success of such a system 
can be given by the following relationship:

	

Market value of products and services

Consumpption of material and energy

As has been the case with natural ecosystems, the best means of assembling industrial ecosys-
tems is through natural selection in which the various interests involved work out mutually advanta-
geous relationships. However, with a knowledge of the feasibility of such systems, external input and 
various kinds of incentives can be applied to facilitate the establishment of industrial ecosystems.

Just as organisms in natural ecosystems develop strong symbiotic relationships—the inseparable 
union of algae and fungi in lichens growing on rock surfaces, for example—concerns operating in 
industrial ecosystems develop a high degree of industrial symbiosis. It is the development of such 
mutually advantageous interactions between two or more industrial enterprises that results in the 
self-assembly of an industrial ecosystem in the first place. The recycling components of an indus-
trial ecosystem are absolutely dependent on symbiotic relationships with their sources of supply and 
with their markets for recycled products.

Figure 14.2 outlines a general industrial ecosystem. The major inputs to such a system are 
energy and virgin raw materials. A successful system minimizes use of virgin raw materials and 
maximizes efficiency of energy utilization. The materials processing sector produces processed 
materials such as sheet steel or synthetic organic polymers. These in turn go to a goods fabrication 
sector in which the processed materials are formed and assembled or, in the case of consumables 
such as detergents, formulated to give the desired product. Scrap materials, rejected components, 
and off-specification consumables generated during goods fabrication may go to the recycling and 
remanufacturing sector. From goods fabrication, manufactured items or formulated substances are 
taken to a user sector, which includes consumers and industrial users. In a successful system of 
industrial ecology, waste materials from the user sector are minimized and, ideally, totally elimi-
nated. Spent goods from the user sector are taken to the recycling and remanufacturing sector to 
be introduced back into the materials flow of the system. Examples of such items include automo-
bile components that are cleaned, have bearings replaced, and are otherwise refurbished for the 
rebuilt automobile parts market. Another typical item is paper, which is converted back to pulp 
that is made into paper again. In some cases, the recycling and remanufacturing sector salvages 
materials that go back to materials processing to start the whole cycle over. An example of such a 
material is scrap aluminum that is melted down and recast into aluminum for goods fabrication. 
Communications are essential to a successful industrial ecosystem, as is a reliable, rapid transpor-
tation system. It is especially important that these two sectors work well in modern manufacturing 
practice, which calls for “just-in-time” delivery of materials and components to avoid the costs of 
storing such items.
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An important characteristic of an industrial ecosystem is its scope. A regional scope large enough 
to encompass several industrial enterprises but small enough for them to interact with each other 
on a constant basis is probably the most satisfactory scale to consider. Frequently, such systems are 
based around transportation systems. Webs of interstate highways over which goods and materials 
move between enterprises by truck may constitute industrial ecosystems.

14.2.1 K alundborg Industrial Ecosystem

The most commonly cited example of a specific industrial ecosystem is one that occupies a rela-
tively small region around Kalundborg, Denmark. The Kalundborg industrial ecosystem is often 
cited for the spontaneous way in which it developed, beginning in the 1960s with steam and elec-
tricity provided to the petroleum refinery from the power plant then branching out to a large variety 
of other enterprises in the vicinity, as shown in Figure 14.3. The wallboard-manufacturing facility 
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FIGURE 14.2  Outline of the major components of an industrial ecosystem.
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developed from the regulatory requirement for the removal of sulfur dioxide from stack gas in the 
coal-fired power plant and sulfuric acid manufacture was the result of the requirement to remove 
sulfur from petroleum.

14.3  METABOLIC PROCESSES IN INDUSTRIAL ECOSYSTEMS

Industrial metabolism refers to the processes to which materials and components are subjected in 
industrial ecosystems. It is analogous to the metabolic processes that occur with food and nutrients 
in biological systems. Like biological metabolism, industrial metabolism may be addressed at sev-
eral levels. A level of industrial metabolism at which green chemistry especially comes into play 
is at the molecular level where substances are changed chemically to give desired materials or to 
generate energy. Industrial metabolism can be addressed within individual unit processes in a fac-
tory, at the factory level, at the industrial ecosystem level, and even globally.

A significant difference between industrial production as it is now largely practiced and natural 
metabolic processes relates to the wastes that these systems generate. Natural ecosystems have 
developed such that true wastes are virtually nonexistent. For example, even those parts of plants 
that remain after biodegradation of plant materials form soil humus that improves the conditions of 
soil on which plants grow. Anthropogenic industrial systems, however, have developed in ways that 
generate large quantities of wastes, where a waste may be defined as the dissipative use of natural 
resources. Furthermore, human use of materials has a tendency to dilute and dissipate the materials 
and disperse them to the environment. Materials may end up in a physical or chemical form from 
which reclamation becomes impractical because of the energy and effort required. A successful 
industrial ecosystem overcomes such tendencies.

Organisms performing their metabolic processes degrade materials to extract energy (catabo-
lism) and synthesize new substances (anabolism). Industrial ecosystems perform analogous func-
tions. The objective of industrial metabolism in a successful industrial ecosystem is to make desired 
goods with the least amount of by-product and waste. This can pose a significant challenge. For 
example, to produce lead from lead ore for the manufacture of lead/acid storage batteries requires 
mining large quantities of ore, extracting the relatively small fraction of the ore consisting of lead 
sulfide mineral, and roasting and reducing the mineral to get lead metal. The whole process gener-
ates large quantities of lead-contaminated tailings left over from mineral extraction and significant 
quantities of by-product sulfur dioxide, which must be reclaimed to make sulfuric acid and not 
released to the environment. The recycling pathway, by way of contrast, takes essentially pure lead 
from recycled batteries and simply melts it down to produce lead for new batteries. The advantages 
of recycling in this case are obvious, although there can be significant pollution and health problems 
connected with lead recycling, such as some operations in Mexico (see Chapter 11, Section 11.7.2).

There are some interesting comparisons between natural ecosystems and industrial systems as 
they now operate. The basic unit of a natural ecosystem is the organism, whereas that of an indus-
trial system is the firm or, in the case of large corporations, the branch of a firm. Natural ecosystems 
handle materials in closed loops; in current practice, materials traverse an essentially one-way path 
through industrial systems. It follows that natural systems completely recycle materials, whereas in 
industrial systems the level of recycling is often very low. Organisms have a tendency to concentrate 
materials. For example, carbon in carbon dioxide that is only about 0.04% of atmospheric air is 
transferred to the biosphere and becomes concentrated in organic carbon through photosynthesis. 
Industrial systems in contrast tend to dilute materials to a level where they cannot be economically 
recycled but still have the potential to pollute. Aside from maintaining themselves during their 
limited lifetime, the major function of organisms is reproduction. Industrial enterprises do not have 
reproduction of themselves as a primary objective; their main function is to generate goods and 
services in a manner that maximizes monetary income.

Unlike natural ecosystems in which reservoirs of needed materials are essentially constant (oxy-
gen, carbon dioxide, and nitrogen from air as examples), industrial systems are faced with largely 
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depleting reservoirs of materials. For example, the aforementioned lead ore is a depleting resource; 
more will be found, but only a finite amount is ultimately available. Fossil energy resources are 
also finite. For example, much more fossil energy from coal may be available, but its utilization 
as the world’s main source of energy over the long term would come at an unacceptable cost of 
global warming from carbon dioxide emissions. Again, industrial metabolic processes that empha-
size recycling are desirable because recycling gives partially renewable reservoirs of materials in 
the recycling loop. Ideally, even in the case of energy, renewable energy resources such as wind and 
solar energy are continually replenished.

The metabolism that occurs in an entire natural ecosystem is self-regulating. If herbivores that 
consume plant biomass become too abundant and diminish the stock of the biomass, their numbers 
cannot be sustained, the population dies back, and their food source rebounds. The most success-
ful ecosystems are those in which this self-regulating mechanism operates continuously without 
wide variations in populations. In contrast, industrial systems do not inherently operate in a self-
regulating manner that is advantageous to their surroundings, or even to themselves in the long 
run. Examples of the failure of self-regulation of industrial systems abound in which enterprises 
have wastefully produced large quantities of goods of marginal value, running through limited 
resources in a short time, dissipating materials to their surroundings, polluting the environment 
in the process, and adding to economic instability. Despite these bad experiences, within a proper 
framework of laws and regulations designed to avoid wastes and excesses, industrial ecosystems 
can be designed to operate in a self-regulating manner. Such self-regulation operates best under 
conditions of maximum recycling in which the system is not dependent on a depleting resource of 
raw materials or energy.

Obviously, recycling is the key to the successful function of industrial metabolism. Figure 14.4 
illustrates the importance of the level of recycling. In low-level recycling, a material or component 
is taken back to near the beginning of the steps through which it is made. For example, an auto-
mobile engine block might be melted down to produce molten metal from which new blocks are 
then cast. With high-level recycling, the item or material is recycled as close to the final product as 
possible. In the case of the automobile engine block, it may be cleaned, the cylinder walls rehoned, 
the flat surfaces replaned, and the block used as the platform for assembling a rebuilt engine. In this 
example and many others that can be cited, high-level recycling uses much less energy and materi-
als and is inherently more efficient. The term given to the value attributed to an item or material 
recycled near the top of the energy/materials pyramid shown in Figure 14.4 is called its embedded 
utility.

Quantity of materials and energy involved

Source of raw material

Material

Fabrication

Product
Low-level recycling

High-level recycling Assembly

FIGURE 14.4  The level at which recycling occurs in the energy/materials pyramid strongly influences the 
amount of energy required and the quantity of materials that must be processed.
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14.3.1 A ttributes of Successful Industrial Ecosystems

An important characteristic of successful biological ecosystems is their inertia, which is their resis-
tance to alteration and damage, the key factors of which are productivity of basic food materials, 
diversity of species, constancy of numbers of various organisms, and resilience in the ability 
of populations to recover from loss. Industrial ecosystems likewise have key attributes that are 
required for their welfare. These include energy, materials, and diversity.

With enough usable energy, almost anything is possible. Therefore, the provision of adequate 
amounts of energy that can be used without damaging the environment too much is essential for the 
function of industrial ecosystems. The provision of such energy is a central challenge facing human-
kind. Fossil fuels are depleting resources, and their use contributes greenhouse-warming gases to 
the atmosphere. Wind and solar energy are disperse and intermittent sources. The 2011 nuclear 
disaster at Japan’s Fukushima Daiichi Nuclear Power Station has given pause to the development of 
nuclear energy sources.

There are several approaches to providing materials. These can be classified as dematerialization 
in which less material is used for a specific purpose, substitution of abundant materials for scarce 
ones, recycling materials, and waste mining in which needed materials are extracted from wastes.

Examples abound in recent decades in which the need for materials from depleting resources 
has been reduced by dematerialization and material substitution. The switch from 6-V to 12-V 
electrical systems in automobiles has enabled lighter wiring in automotive electrical systems. The 
switch to digital photography has essentially eliminated the use of silver in photography. The most 
spectacular advances have been made in electronics where material substitution has provided elec-
tronic circuits with many orders of magnitude more capability than the circuits that they replaced. 
The glowing, electricity-consuming vacuum tubes, capacitors, resistors, and transformers of the 
receiver circuit of a 1950s tabletop radio have been replaced with a tiny circuit almost invisible to 
the human eye. The huge numbers of copper wires that carried telegraph and telephone messages 
in the 1940s have now been replaced by fiber optic signal conductors that carry unimaginably more 
information per unit mass of carrier. Polyvinylchloride (PVC) pipe, synthesized from inexhaustible 
world resources of chlorine and potentially from biomass hydrocarbon sources, has replaced copper 
and steel for water and wastewater transmissions.

Recycling is of course one of the major objectives of a system of industrial ecology, one in which 
significant progress is being made. There are some consumable items that are not practical to recy-
cle, and for them the raw materials are abundant enough that recycling is not required. Household 
detergents are in this category. A second group of recyclables consists of those items that are not 
particularly scarce but for which recycling is feasible and desirable. Wood and paper fall into this 
category. A third category of recyclable materials consists of metals, particularly the more valuable 
and scarce ones, such as chromium, platinum, and palladium. These metals definitely should be 
recycled. A fourth category of recyclables consists of parts and apparatus that can be refurbished 
and reused.

Waste mining, the extraction of useful materials from wastes, provides more materials while 
benefitting the environment. One of several important examples of waste mining is the extraction 
of combustible methane gas, a low-polluting premium fossil fuel, from municipal refuse landfills 
in which the biodegradation of organic matter in the absence of oxygen generates the gas. Sulfur 
in sulfur dioxide extracted from the flue gases generated in burning coal that contains sulfur can 
be reclaimed and used to make sulfuric acid. Methods have been developed to extract aluminum 
from finely divided coal fly ash generated in coal combustion. In this case, the finely divided, 
homogeneous, dry nature of the fly ash is a definite advantage in processing it. Until 1992, Japan’s 
Mitsubishi operated a refining operation in Malaysia to recover the rare earths, essential raw materi-
als for modern technological applications, left in huge piles of tailings from tin ore refining that had 
been carried out in the country since the 1820s. As of 2011, the operation was being refurbished to 
process rare earth ores from Australia.
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14.3.2 D iversity

Diversity in industrial ecosystems tends to impart a robust character to them, which means that if 
one part of the system is diminished other parts will take its place and keep the system function-
ing well. Many communities that have become dependent on one enterprise or just a few major 
enterprises have suffered painful economic crises when a major employer leaves or cuts back. The 
fouling of beaches in Louisiana, Mississippi, Alabama, and Florida from the 2010 BP Deepwater 
Horizon oil well blowout in the Gulf of Mexico devastated the tourist trade in that region for some 
time and forced painful economic adjustments. In many parts of the world, water supply from a 
single vulnerable source threatens diversity.

14.4  LIFE CYCLES IN INDUSTRIAL ECOSYSTEMS

In conventional industrial systems, a product is manufactured and marketed after which the vendor 
forgets about it (unless some product defect, such as sticking accelerator pedals on an automobile, 
forces a recall). In a system of industrial ecology, however, the entire life cycle of the product is con-
sidered. An important aspect of such a consideration is life cycle assessment.4 The overall goal of a 
life cycle assessment is to determine, measure, and minimize environmental and resource impacts 
of products and services.

An important decision that must be made at the beginning of a life cycle assessment is deter-
mination of the scope of the assessment. Evaluation of the scope includes the time period to be 
considered; the area (space) to be considered; and the kinds of materials, processes, and products 
that will go into the assessment. As an example, consider the chemical synthesis of an insecticide 
that releases harmful vapors and generates significant quantities of waste material. A narrowly 
focused life cycle assessment might take into account control measures in the synthesis process to 
capture released vapors and the best means of disposal of the waste by-products. A broader scope 
would consider a different synthetic process that might not cause the problems mentioned. An even 
broader scope might consider whether or not the insecticide even needs to be made and used; per-
haps there are more acceptable alternatives to its use.

Life cycle assessment involves an inventory analysis to provide information about the consump-
tion of material and release of wastes from the point that raw material is obtained to make a product 
to the time of its ultimate fate, an impact analysis to consider the environmental and other impacts 
of the product, and an improvement analysis to determine the measures that can be taken to reduce 
impacts. A life cycle assessment gives a high priority to the choice of materials in a way that mini-
mizes wastes. It considers which materials and whole components can be used or recycled. And it 
considers alternate pathways for manufacturing processes or, in the case of chemical manufacture, 
alternate synthesis routes.

In doing life cycle assessments, it is useful to consider the three major categories of products, 
processes, and facilities, all of which have environmental and resource impacts (Figure 14.5). 
Products are obviously the things and commodities that consumers use. They are discussed further 
in Section 14.5. Processes refer to the ways in which products are made. Facilities consist of the 
infrastructural elements in which products are made and distributed.

Some of the greater environmental impacts from commerce result from the processes by which 
items are made. An example of this is paper manufacture. The environmental impact of the paper 
product tends to be relatively low. Even when paper is discarded improperly, it does eventually 
degrade without permanent effect. But the process of making paper, beginning with the harvest-
ing of wood and continuing through the chemically intensive pulping process and final fabrication, 
has significant environmental impact. In addition to potential air and water pollution, papermaking 
consumes energy and requires large amounts of water. Processes can be made much more environ
mentally friendly by the application of the principles of industrial ecology, enabling maximum 
recycling of materials that otherwise would have significant pollution potential.
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The impact of facilities can vary over a wide range. A specialized facility such as a steel mill or a 
petroleum refinery can have a significant environmental impact. Abandoned sites of these facilities 
can be blighted and difficult and expensive to restore for some other use. (As noted in Chapter 11, 
Section 11.10, the term “brownfields” is sometimes used to describe sites of abandoned industrial 
facilities, and restoration of blighted brownfields is often a major goal of urban renewal projects.) 
One of the more challenging kinds of facilities to decommission are sites of nuclear power reactors in 
which there is a significant amount of radioactivity to deal with in dismantling and disposing of some 
of the reactor components. The impact of facilities can be minimized by designing them with future 
use and eventual decommissioning in mind. Typically, well-designed commercial buildings may have 
a number of lives during which they are used by a sequence of enterprises. A key aspect of a build-
ing destined for multiple uses is structure flexibility so that it can easily be rearranged for new uses.

14.4.1  Product Stewardship

An important consideration with respect to the resource, environmental, and toxicological impacts 
of products is product stewardship, basically the control exercised in their use and ultimate fate. 
Product stewardship is relatively facile for products used within an enterprise or for those that are 
leased with responsibility for their fate retained by the owner rather than the user. Stewardship 
becomes more problematic for products sold to the consumer market. Refundable deposits such 
as those placed on beverage containers in some localities help ensure the recycling of products. 
Recycling is also increased by the ready availability of recycling centers or bins where spent items 
or materials may be deposited.

14.5  KINDS OF PRODUCTS

In considering life cycle assessments, it is useful to divide products into three major categories as 
illustrated in Figure 14.6. Consumable products, such as gasoline burned in an automobile engine, 
are used up or dispersed to the environment with no possibility of recovery. Recyclable commodities 
are potentially reclaimed, reprocessed, and reused; engine oil is such a material. Service products 
(sometimes called durable products) are devices that can be used multiple times and have a long life-
time. An automobile is a service product.
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FIGURE 14.5  A life cycle assessment must consider the environmental and resource impacts of processes, 
the facilities in which processes are carried out, and the products themselves.
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Since consumable products are dispersed to the environment, it is important that they have 
environmentally and toxicologically friendly characteristics. They should first of all be nontoxic 
at the levels and manner in which organisms are exposed to them. In addition to not causing 
acute toxicity, they should not be carcinogenic or mutagenic and should not cause birth defects. 
Another characteristic that consumable products and recyclable commodities should have is that 
they should not be bioaccumulative. As discussed in Chapter 3, Section 3.12, and illustrated in 
Figure 3.15, bioaccumulation is the term given to the uptake and concentration of xenobiotic 
materials by living organisms. Poorly biodegradable, lipid-soluble materials such as polychlori-
nated biphenyl (PCB) compounds have a strong tendency to bioaccumulate, and such substances 
should be avoided in consumable products. Consumable products should also be degradable. The 
most common type of degradation is biodegradation, which occurs primarily through the action 
of microorganisms. The practice of green chemistry can aid in making biodegradable products 
by, for example, avoiding branched-chain hydrocarbon structures in organic compounds and by 
attaching functional groups, such as the organic carboxylic acid group, –CO2H, that are amenable 
to microbial attack.

Recyclable commodities should be designed with durability and recycling in mind. In order for 
them to last through a normal life cycle, such commodities should not be as degradable as consum-
ables. An example of making a product more amenable to recycling is the use of bleachable and 
degradable inks on newsprint, which makes it easier to recycle the newsprint to produce a grade of 
recycled paper that meets acceptable color standards.

Although service products are designed to last relatively long, they do reach a stage requir-
ing disposal or recycling. Service products should be designed and constructed to facilitate disas-
sembly so that various materials can be separated for recycling. A key factor in recycling is the 
availability of channels through which such products can be recycled. Proposals have been made 
for “de-shopping” centers where items such as old computers and broken small appliances can be 
returned for recycling.

14.6  ENVIRONMENTAL IMPACTS OF THE ANTHROSPHERE

The anthrosphere certainly has profound effects on the atmosphere, hydrosphere, geosphere, and 
biosphere (Figure 14.7). Most environmental pollutants and toxicants dispersed to the environment 
originate in the anthrosphere. Anthrospheric influences may range from highly localized effects 
to global effects, such as greenhouse warming or stratospheric ozone depletion. The magnitude of 
the effects may be minor, or they may be catastrophic. Until recently, the effects of human activi-
ties on the surrounding environment were of relatively little concern, resulting in neglect that is the 
cause of many of the environmental problems that exist even today. However, the proper practice 
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FIGURE 14.6  An automobile is a service product that is used multiple times. The fuel that it burns is a 
consumable material, the combustion products of which are dissipated to the atmosphere. The engine oil is a 
recyclable commodity that can be reprocessed and used again.
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of industrial ecology requires that consideration be given to the various influences that anthro-
spheric activities have on the surrounding environment. Of particular concern are the toxic effects 
on humans and other living things of xenobiotic substances produced in and discharged from the 
anthrosphere.

Consider the kinds of effects that industrial activities may have on the natural environmen-
tal spheres. One of the most obvious influences is on the atmosphere because of the emission to 
the atmosphere of pollutant gases, vapors from volatile compounds, and particles. Released car-
bon dioxide and vapors such as those of fluorinated hydrocarbons have a high potential to cause 
greenhouse warming. Particles obscure visibility and cause adverse health effects in people who 
must breathe the air contaminated by particles. Chlorofluorocarbons lead to stratospheric ozone 
depletion and hydrocarbons and nitrogen oxides released to the atmosphere can cause formation of 
photochemical smog. Industrial activities often utilize large quantities of water for cooling and other 
purposes. Water may become polluted or be warmed excessively when used for cooling (thermal 
pollution). The biosphere is most affected by industrial activity when toxic substances are released. 
Other effects on the biosphere may be indirect as the result of adverse effects on the atmosphere, 
hydrosphere, or geosphere.

Many industries require large quantities of materials that are taken from Earth by the extrac-
tive industries. This may result in the disruption of the geosphere from mining and dredging and 
from pumping petroleum. The other major effect on the geosphere results from the need to dispose 
of wastes. Scarce land may be required for waste disposal dumps, and the geosphere may become 
contaminated with pollutants from disposed wastes.

Industrial systems are largely dependent on the utilization of fossil fuels, so many environmental 
effects are due to fossil fuel extraction and combustion. Greenhouse-warming carbon dioxide emis-
sions, acid gas emissions, smog-forming hydrocarbons and nitrogen oxides, and deterioration of 
atmospheric quality from particles released from fossil fuel combustion are all atmospheric effects 
associated with fossil fuel combustion. Coal mining activities have the potential to release acid 
mine water to the hydrosphere, petroleum production can release brines or result in ocean oil spills, 
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FIGURE 14.7  The anthrosphere is the source of many pollutants and toxicants that get into the other envi-
ronmental spheres. These include particles, inorganic gases, and organics emitted to the atmosphere; inor-
ganic and organic pollutants and toxicants that are discharged to surface water and that seep into groundwater; 
wastes disposed to the geosphere, a source of groundwater contamination; and pollutants and toxicants that 
affect plants and animals.
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acid precipitation may acidify isolated lakes, and water used as cooling water in power plants may 
become thermally polluted. The geosphere may be disrupted by fossil fuel extraction, especially in 
the surface mining of coal. Coal is extracted from some areas of West Virginia by cutting off entire 
mountaintops overlying coal seams and dumping the overburden into the valleys below in order to 
get to the coal. Effects on the biosphere from fossil fuel utilization may be direct (birds coated with 
tar from oil spills come to mind); but they are more commonly indirect, such as acidified bodies of 
water from acid rain resulting from sulfur dioxide emissions from coal combustion.

14.6.1 I mpact of Agricultural Production

Agricultural activities certainly have to be considered as parts of the anthrosphere, and modern 
agricultural practices are part of vast agriculturally based industrial systems. Large quantities of 
greenhouse-warming methane are released to the atmosphere from the action of anoxic bacteria in 
rice paddies and in the intestines of ruminant animals. “Slash-and-burn” agricultural techniques 
practiced in some tropical countries release greenhouse gas carbon dioxide to the atmosphere 
and destroy the capacity of forests to sequester atmospheric carbon dioxide by photosynthesis. 
Enormous quantities of water are run through irrigation systems. Some of this water is evaporated 
and lost from the hydrosphere. The water that returns to the hydrosphere from irrigated fields picks 
up significant amounts of salt from the land and fertilizers applied to the land, so water salinity can 
become a problem. Underground aquifers become severely depleted by pumping large quantities of 
water for irrigation.

The production of protein from livestock requires much more water overall than the produc-
tion of an equivalent amount of protein from grain. Animal wastes from huge livestock feedlots 
are notorious water polluters, adding oxygen-depleting biochemical oxygen demand (BOD) (see 
Chapter 3, Section 3.5) and potentially toxic inorganic nitrogen compounds to water. The distur-
bance of the geosphere from crop cultivation is enormous. Raising livestock for food entails a much 
greater degree of land cultivation than the cultivation of cereal grains. Agricultural production 
replaces entire, diverse biological ecosystems with artificial ecosystems, which causes a severe dis-
turbance in the natural state of the biosphere. Another agricultural activity that affects the biosphere 
is the loss of species diversity in the raising of crops and livestock. In addition to the loss of entire 
species of organisms, the number of strains or breeds of organisms grown within species tends to 
become severely diminished in modern agricultural practice. Obviously, those varieties of crops and 
livestock that are most productive are the ones that will be used to produce grain, meat, and dairy 
products. However, if a problem develops, such as a particular variety of crop becoming susceptible 
to a newly mutated virus, alternative resistant varieties may no longer be available. Finally, the rais-
ing of transgenic crops and livestock poses some danger of profound and potentially unforeseen 
effects on the biosphere.

Figure 14.8 illustrates an environmental/toxicological effect that has been observed in some con-
centrated livestock feeding operations. Livestock feces and urine contain organically bound nitro-
gen, including urea in urine, that is deposited on soil in the feedlot. Bacterial biodegradation of the 
nitrogenous wastes initially produces ammonium ion, NH4

+. This ion is bound by cation exchange 
processes to the soil and does not move readily with water in soil. However, in the top layers of the 
waste exposed to air, the ammonium nitrogen is oxidized to nitrate ion, NO3

−. As an anionic spe-
cies, the nitrate is not bound well to soil and can be carried into groundwater by infiltrating surface 
water. The groundwater pumped from a well located close to the feedlot may be contaminated 
with the nitrate. The nitrate in water consumed by cattle or other ruminant animals (those with 
complex digestive systems in which ruminant bacteria convert cellulose to organic acids that the 
animals absorb in their intestinal tracts and utilize as food) can be converted in the animal diges-
tive tracts to nitrite ion, NO2

–. The nitrite ion converts the iron(II) in the animal blood hemoglobin 
to iron(III) producing methemoglobin, which does not carry oxygen in the bloodstream, with the 
result that the animal may suffer oxygen deprivation and become ill or even die. Adult humans are 
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relatively tolerant of nitrate in drinking water, but nitrate may be reduced to nitrite in the stomachs 
of infants resulting in the production of methemoglobin and in oxygen deprivation. In a few cases, 
this methemoglobinemia condition (”blue baby”) that results from mixing infant formula using 
nitrate-contaminated water has been fatal to infants.

14.6.2 D esign of Industrial Ecosystems to Minimize Environmental Impact

From the discussion in Section 14.6, it is obvious that industrial activity, broadly defined to include 
agriculture also, has a high potential to adversely affect the atmosphere, hydrosphere, biosphere, 
and geosphere. Inherent to the ways in which properly designed industrial ecosystems operate, 
however, are measures and systems designed to minimize such impacts.

Several measures may be taken to minimize the effects of industrial ecosystems on the geo-
sphere. Since most of the raw materials required for manufacturing originally have to be extracted 
from the geosphere, the recycling of materials within well-designed industrial ecosystems mini-
mizes their impact on the geosphere. The selection of materials can also be important. As an exam-
ple, the mining of copper to make copper wire, once widely used to carry communications signals, 
involves digging large holes in the ground and exposing minerals that tend to release toxic heavy 
metals and acidic pollutants. The silica used in the fiber optic cables that now largely substitute for 
copper is simply obtained from sand. The impacts of disturbing the geosphere for food and fiber 
production can be minimized by some of the conservation methods and agricultural practices dis-
cussed in Chapter 11, Section 11.11.

Well-designed industrial ecosystems emit much less harmful material to the atmosphere than 
conventional industrial systems. Industrial atmospheric emissions have been decreasing markedly 
in recent years as the result of improved technology, more stringent regulation, and requirements to 
release to the public information about atmospheric emissions. One of the main classes of industrial 
atmospheric pollutants has consisted of the vapors of volatile organic compounds (VOCs). These 
have been significantly reduced by modifying the conditions under which they are used to lower 
emissions and by using measures such as activated carbon filters to trap the vapors. The practice 
of industrial ecology goes beyond these kinds of measures and attempts to find substitutes, such as 
water-based formulations, so that VOCs need not even be used.
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FIGURE 14.8  Organic nitrogen in livestock wastes in concentrated livestock feeding operations is mineral-
ized to ammonium ion, which in turn is oxidized to nitrate by oxic bacteria. Nitrate ion is not retained well 
by soil and gets into groundwater by the seepage of surface water. Nitrate in contaminated well water gets 
converted to nitrite in the digestive systems of ruminant animals, converting blood hemoglobin to methemo-
globin, which prevents the blood from transporting oxygen to tissues in such animals.
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Years of regulation have greatly lowered releases of water pollutants from industrial operations 
due largely to sophisticated water treatment operations that are applied to water before it is released 
from a plant. Desirable as these “end-of-pipe” measures are, the practice of industrial ecology goes 
beyond such pollution control, minimizing the use of water and preventing its pollution in the first 
place. One way to ensure that water pollutants are not released from an industrial operation is to 
completely recycle the water in the system—no water out, no water pollutants.

In past years, many hazardous solid and liquid wastes have been improperly disposed of to sites 
in the geosphere, giving rise to a large number of “hazardous waste sites,” which is the subject of 
Superfund activity in the United States. The practice of industrial ecology seeks to totally eliminate 
any such wastes that would require disposal. Ideally, such wastes simply represent material resources 
that are not properly utilized, a fact that can serve as a guideline for the prevention of such wastes.

The expenditure of energy entails the potential to cause environmental harm to the various 
spheres of the environment. A prime goal in the proper practice of industrial ecology is the most 
efficient use of the least polluting sources of energy possible. More efficient electric motors in indus-
trial operations can significantly reduce electricity consumption. The proper design of buildings to 
reduce heating and cooling costs can also reduce energy consumption. Many industrial operations 
require heat (process heat in industrial parlance) and steam. Rather than generating them separately, 
they can be produced in combined power cycles along with the generation of electricity, thereby 
greatly increasing the overall efficiency of energy utilization (Figure 14.9).

14.7  GREEN CHEMISTRY AND THE ANTHROSPHERE

Green chemistry (defined in Chapter 1, Section 1.5, and illustrated in Figure 1.5) has an essential 
role to play in the development of successful industrial ecosystems, especially in making indus-
trial metabolism as efficient, nonpolluting, and safe as possible. The practice of green chemistry 
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FIGURE 14.9  A combined power cycle system in which energy is used at several levels: the combustion of 
fuel in a turbine linked to a generator produces electricity. The heat from this turbine raises steam in a boiler 
that can drive a steam turbine linked to another generator, and the exhaust steam from this turbine can be used 
to heat buildings (district heating). Steam from the boiler can also be used for process heat in manufacturing.
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has become an essential part of the operation of the anthrosphere in an environmentally favorable 
manner. A major advantage of the practice of green chemistry to reduce environmental impact is 
that, ideally, it is inherently safe and clean. By using nontoxic chemicals and processes that do not 
threaten the environment, green chemistry avoids posing threats to the people who practice it and 
to the surrounding environment. Of course, these are ideals that can never be completely realized 
in practice; but by having these ideals as goals and making constant incremental improvements, the 
practice of green chemistry can become increasingly safe, environmentally friendly, and sustain-
able. This reduces dependence on the command and control measures that require constant vigi-
lance to maintain. Rather than depending on regulations imposed from the outside to maintain its 
safe operation, green chemistry is inherently self-regulating.

Green chemistry is defined as the practice of chemical science and manufacturing in a manner 
that is sustainable, safe, and nonpolluting, and it consumes minimum amounts of materials and energy 
while producing little or no waste material. The major aspects of green chemistry include the following:

•	 Efficient use of matter with minimum production of wastes
•	 Catalysis for maximum efficiency in chemical processing
•	 Utilization of biological processes
•	 Maximization of renewable raw materials
•	 Green product design
•	 Minimization or elimination of solvents, use of water where possible
•	 Process intensification

Green chemistry gives prime consideration to the chemical reactions and processes by which 
chemicals are manufactured. One approach to making chemical synthesis greener is to use an 
existing chemical synthesis process, but make the process itself safer and less polluting while also 
making the reagents required for it by greener processes. An example of the former might be to 
substitute a less volatile, less toxic solvent as a reaction medium for a chemical synthesis reaction. In 
some cases, a reagent may be made more safely by using biological processes for its preparation in 
place of chemical processes. A second general approach to making chemical preparations greener 
is to use different reagents for a synthesis that are safer and less likely to pollute.

The practice of green chemistry is largely applied to the synthesis of organic chemicals. The his-
tory of organic synthesis abounds with examples of processes that are emphatically not green. One 
example that is sometimes cited is the synthesis beginning with explosive trinitrotoluene (TNT) of 
phloroglucinol, a chemical used in relatively small quantities in the fine chemicals industry. The 
synthesis began with oxidation by dichromate (a carcinogenic substance) in fuming sulfuric acid 
(a highly corrosive material that causes horrid lesions to skin) followed by reduction with iron in 
hydrochloric acid and heating to isolate the product. Although the quantity of product made was 
only about 100 t/year, the process generated about 4000 t/year of solid waste containing Cr2(SO4)3, 
NH4Cl, FeCl2, and KHSO4. Clearly, this was not an environmentally friendly process, and a major 
objective of green chemistry has been to find substitute pathways for syntheses such as this one.

Several key parameters are calculated in quantifying green chemistry. As discussed in Section 
14.9, one of these is atom economy, defined as the fraction of reactant material that actually ends up 
in the final product. The higher the atom economy—ideally 100%—the greener the process. Other 
important parameters include the E factor, which measures wastes (Section 14.9), and oxygen and 
hydrogen availability (Section 14.14).

14.7.1  Presidential Green Chemistry Challenge Awards

The U.S. Presidential Green Chemistry Challenge Awards, administered by the Environmental 
Protection Agency with partial sponsorship by the American Chemical Society, are given annu-
ally to recognize efforts to reduce hazards and wastes from chemical processes and to help meet 
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pollution prevention goals. The 77 winners of these awards since 1995 are estimated to have elimi-
nated 97 million kilograms of hazardous chemicals from use, prevented the release of 26 million 
kilograms of greenhouse-warming carbon dioxide into the atmosphere, and saved 80 million liters 
of water. The winners of these awards and the processes for which they are given are published 
each June in the ACS publication Chemical and Engineering News. An example is a 2010 award 
for the design of a biomaterials refinery as a substitute for a petroleum refinery that uses transgenic 
microorganisms to convert sugars to hydrocarbon alkanes and alkenes, long-chain fatty acids, and 
fatty esters.

14.8  PREDICTING AND REDUCING HAZARDS WITH GREEN CHEMISTRY

The conventional approach to making chemical processes less dangerous to workers and less harmful 
to the environment has emphasized exposure reduction in which the hazard is still present, but work-
ers are protected from it. In the arena of worker safety, this has involved measures such as wearing 
protective gear to prevent contact with hazardous chemicals. For the environment as a whole, it has 
largely consisted of end-of-pipe measures to prevent the release of pollutants once they are generated.

In contrast to exposure reduction, green chemistry relies on hazard reduction. The first step in 
hazard reduction is to know what the hazards are and where they originate. Hazards may arise from 
the raw materials used, the media (solvents) in which chemical processes are carried out, the cata-
lysts that enable chemical reactions to occur, and by-products. The direct hazards posed to workers 
in a chemical process fall into the two main categories of toxicity hazards and hazards associated 
with uncontrolled events such as fires and explosions.

14.9  ATOM ECONOMY AND THE E FACTOR IN GREEN CHEMISTRY

14.9.1 Y ield and Atom Economy

Traditionally, synthetic chemists have used yield, which is defined as a percentage of the degree to 
which a chemical reaction or synthesis goes to completion, to measure the success of a chemical 
synthesis. For example, if the stoichiometry of a chemical reaction shows that 100 g of a product 
should be produced, but only 85 g is produced, the yield is 85%. A synthesis with a high yield may 
still generate significant quantities of useless by-products if the reaction does so as part of the syn-
thesis process. Instead of yield, green chemistry emphasizes atom economy, the fraction of reactant 
material that actually ends up in the final product. With 100% atom economy, all of the material 
that goes into the synthesis process is incorporated into the product. For efficient utilization of raw 
materials, a 100% atom economy process is most desirable. Figure 14.10 illustrates the concepts of 
yield and atom economy.

Although atom economy is a useful concept, a more accurate measurement of the environmental 
acceptability of a chemical manufacturing process is the E factor, defined as follows:5

	 E factor =
Total mass of waste from process

Totaal mass of product 	 (14.1)

The E factor takes into account waste by-products, leftover reactants, solvent losses, spent cata-
lysts and catalyst supports, and anything else that can be regarded as a waste. Its calculation depends 
on what is defined as waste. For example, water is a significant by-product of many chemical pro-
cesses and is generally harmless, so its mass is usually omitted from the total mass of waste in the 
calculation. However, it may be included in those processes in which it is severely contaminated 
and difficult to reclaim in a form pure enough to use or discharge to a publicly owned wastewater 
treatment facility. A leftover reactant that can be easily reclaimed and recycled to the process is not 
included as waste, whereas a reactant that cannot be salvaged is counted in the waste.
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The ideal E factor is 0, and higher E factors are relatively less desirable. E factors that can be 
tolerated depend on the value of the product and the amount of the product produced. Larger E fac-
tors may be tolerated in the production of small quantities of relatively high-value chemicals.

Until recently, little attention had been given to the amounts of wastes produced in pharmaceuti-
cal manufacturing because the prices of the products were so high and the total amounts of wastes 
produced were so low. However, with the realization that even the generation of a few hundred 
tons per year of waste can be undesirable and costly, the pharmaceutical industry is becoming a 
leader in the implementation of green chemical practice. It should be noted that, although they are 
not considered in the calculation of E factors for pharmaceutical manufacture, annual releases of 
postconsumer pharmaceuticals and their metabolites are not insignificant. Of greatest concern is the 
contamination of wastewater, some of which gets back into drinking water supplies, by pharmaceu-
ticals and their metabolites discharged with urine or simply flushed down the drain when no longer 
needed. By their nature, pharmaceuticals are metabolically active, and their presence in drinking 
water can be a concern.

14.9.2 N ature of Wastes

There are wastes, and then there are wastes. Production of a few thousand tons of carbon dioxide per 
year in a chemical synthesis process may be of little concern because, although it can be discharged 
to the atmosphere, contributing to the atmosphere’s burden of greenhouse gases, it is negligible 
compared to the millions of tons released by burning fossil fuels. However, the generation of a few 
kilograms of heavy metal wastes can be problematic because of heavy metal toxicity. So it matters 
what kinds of wastes are produced. Attempts have been made to assign an environmental quotient 

(a) Typical reaction with less than 100% yield and with by-products

(b) Reaction with 100% yield, but with by-products inherent
      to the reaction

(c) Reaction with 100% atom, economy, no leftover reactants, no
      by-products
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FIGURE 14.10  Illustration of the concept of atom economy compared to yield: a high atom economy, ideally 
100%, is very desirable.
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(EQ) to wastes where Q is a number assigned to a particular kind of waste that, when multiplied by 
the E factor (Equation 14.1), provides in principle a means of weighting the potential harm of vari-
ous kinds of wastes. The toxicological chemistry of specific wastes is very important in the assign-
ment of environmental quotients. Whereas, E is easily measured by simple weighing, Q is a much 
more arbitrary number and subject to change as information is obtained regarding the potential 
harm of particular kinds of wastes.

14.10  CATALYSTS AND CATALYSIS IN GREEN CHEMISTRY

The main components of a chemical process can be divided into the categories of catalysts, media, 
feedstocks, and reagents, all of which are important in the practice of green chemistry. Catalysts and 
catalysis are addressed in this section, and the other aspects of chemical production are addressed 
in Section 14.12.

An ideal green chemical reaction occurs with 100% atom efficiency using only reactants and no 
other reagents under mild conditions with only moderate input of thermal energy and without any 
catalysts. Unfortunately, few chemical processes meet these criteria.

In the past, especially in the synthesis of fine chemicals and pharmaceuticals where the 
objective has been to simply make the desired product without much consideration of waste, so-
called stoichiometric reagents have been used. These have included inorganic oxidants such as 
MnO2, KMnO4, and K2Cr2O7; metal reductants including zinc, magnesium, sodium, and iron; 
and metal hydride reducing agents, especially LiAlH4 and NaBH4. Various organic reactions 
including sulfonations and nitrations employ Lewis acids (BF3, AlCl3, and ZnCl2) and mineral 
acids (HF, H2SO4, and H3PO4). Many of these processes are indirect methods of adding to 
organic molecules hydrogen (reduction), oxygen (oxidation), carbon, and nitrogen. A problem 
with these reagents is the large amount of inorganic wastes produced. Where possible, it is much 
more desirable to employ catalysts to attach the simplest possible forms of the elements includ-
ing H2 for reduction, O2 or H2O2 for oxidation, CO or CO2 for attachment of carbon, and NH3 
for attachment of N.

Instead of relying only on stoichiometric reagents, catalysts are commonly employed. 
Catalysts are substances that enable reactions to proceed at significant rates without themselves 
being consumed. Catalysts are of great importance in the practice of green chemistry for a num-
ber of reasons including their ability to facilitate reactions and to reduce the energy required 
to enable reactions to proceed. There are two major approaches to contacting a catalyst with a 
reaction mixture, as shown in Figure 14.11. In heterogeneous catalysis, the catalyst is held on 
a support and the reactants flow over it. In homogeneous catalysis, the catalyst is placed in the 
reaction mixture and either remains in the product or is separated from the product in a separate 
step. In general, homogeneous catalysts have high activity and selectivity, whereas heterogeneous 
catalysts are more easily recovered and recycled. Much of the activity in green chemistry has 
been in the area of catalysis, especially in the development of heterogeneous catalysts that do 
not contaminate the product and that can be reused multiple times. Large numbers of different 
catalysts are used in chemical processes, and their potential toxicities, production of by-products 
and contaminants, recycling, and disposal are matters of considerable importance in the chemi-
cal industry.

An important area of endeavor in the development of improved catalysts with respect to green 
chemistry is selectivity enhancement. Basically, this means developing a catalyst that is very selec-
tive in what it does, ideally making the right product and nothing else. A highly selective catalyst 
increases the percentage utilization of raw material (increased percent yield) and decreases the 
amount of waste by-products from undesired side reactions (smaller E factor).

Another important attribute of a good catalyst is related to the basic way in which a catalyst 
works, which is by lowering the activation energy that is required to make a reaction proceed at a 
significant rate. As a consequence, catalysts lower the total amount of energy that must be put into 
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a chemical process for it to occur. Lowered energy requirements are a basic part of the practice of 
green chemistry, and in this respect highly efficient catalysts can be extremely beneficial in reduc-
ing energy consumption and, in so doing, lowering costs and environmental impact.

Numerous green industrial chemical reactions have been developed in recent years, most 
employing some sort of catalyst. An example is the synthesis of the widely used industrial 
chemical propylene oxide starting with elemental H2 and O2. Around 1985, it was discovered 
that propylene could be oxidized to propylene oxide with 30% hydrogen peroxide using a tita-
nium silicate catalyst, but the process was not economic because of the high cost of hydrogen 
peroxide. A Presidential Green Chemistry Challenge prize was awarded in 2007 for an economi-
cal process to make hydrogen peroxide by combining H2 and O2 in a gas mixture at levels of 
H2 directly below the lower flammability limit of H2 using a catalyst composed of palladium–
platinum nanoparticles:

	 H O 2H O2 2 2 2+ → 	 (14.2)

As a second step in the process, the hydrogen peroxide is reacted with propylene to produce 
propylene oxide with water as the only by-product:

	

HH H

H H
+ →H2O2 + H2O

H H

H
H

H
H

HH
C

C C

Propylene Propylene oxide

C
C C
O
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As shown in Figure 14.12, an approach that is being tried to obtain the selectivity and high cata-
lytic activity of homogeneous catalysts with the high recovery and recycling possible with hetero
geneous catalysts is liquid–liquid biphasic catalysis in which the catalyst is contained in one phase 
and the reactants and products in a second phase. During the reaction, the two phases are normally 
subjected to intense mixing to enable contact of reactants with the catalyst. With this approach, 
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FIGURE 14.11  A heterogeneous catalyst (left) is held on a solid support and the reaction mixture flows over 
it. In homogeneous catalysis (right), the catalyst is mixed with the reactants and either remains in the product 
or is removed in a separation step. Some reactions require addition of heat energy, whereas some exothermic 
reactions require cooling. In the practice of green chemistry, energy is sometimes added as electrical current, 
ultraviolet radiation, microwave radiation, or ultrasound.
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when the reaction is complete the catalyst is recovered by simply separating the phases and, in ideal 
circumstances, can be directly recycled for further reaction without further processing.

14.11  BIOCATALYSIS WITH ENZYMES

Nature has provided some ideal catalysts in the form of enzymes (see Chapter 2, Section 2.7), the 
use of which offers some substantial advantages in green chemistry. The most obvious advantage 
is that enzymes have evolved to work under the mild conditions in which organisms function, 
especially moderate temperatures and physiological pH. Unlike the precious metal catalysts that 
are commonly used, enzymes are made renewably from biomaterials. Enzymes have generally 
high activities and are highly selective in the chemical processes that they carry out. Whereas 
conventional organic syntheses often require activation or protection of functional groups, both 
of which may consume reagents and hence produce more wastes, these measures are often not 
needed with enzymes. The result is that biocatalyzed reactions can frequently be carried out 
with relatively fewer steps and less wastes, making them more attractive environmentally and 
economically.

Although some biocatalyzed reactions have been used for the production of chemicals for 
centuries—the production of ethanol by yeast fermentation of sugar comes immediately to 
mind—relatively recent advances in biotechnology have greatly increased their versatility and 
utility. One such advance has been with recombinant DNA in which enzymes that perform spe-
cific functions may be transferred between organisms. The other major advance has been with 
directed evolution in which the amino acid sequences in enzymes produced by genes are shuffled 
randomly and large numbers of the products are sampled for their activity, particularly for car-
rying out a particular biochemical synthetic step. This may be done within living cells, but this 
can be carried out on a much larger scale outside the cells, a process called in vitro evolution. 
Obviously, most of the enzymes produced by this technique are not superior, or are even useless, 
but out of the enormous numbers generated, some will be superior. In vitro evolution is being 
carried out to provide enzymes with properties such as improved or different catalytic activity, 
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FIGURE 14.12  Illustration of a biphasic catalyst system: reactants in one solution contact the catalyst in 
another immiscible solution. After the reaction has had a chance to go to completion, the two immiscible 
phases are separated and the catalyst solution is recycled. In the reaction vessel, this kind of system pro-
vides the superior qualities of a homogeneous catalyst but the product/catalyst separability of a heterogeneous 
catalyst.
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catalytic specificity, thermostability, and pH optima that can be used in industrial, medical, or 
agricultural applications. It is proving particularly useful in developing enzymes that act upon 
compounds that do not occur in nature and for which enzymes have not evolved through natural 
evolution.

14.11.1 I mmobilized Enzyme Catalysts

Disadvantages of catalytic enzymes often include low stability, limited storage times, difficult 
recovery, and product contamination, almost always a consideration with homogeneous catalysts. 
The stability and recyclability of enzymes may often be enhanced by immobilizing them on solid 
supports. A common means of immobilizing enzymes is by precipitating them from the fermenta-
tion broth in which they are generated by a buffer, such as ammonium sulfate, and stabilizing the 
precipitated aggregates with a reagent possessing two bonding functional groups, commonly glutar-
aldehyde, a reagent that is widely used for cross-linking proteins:
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H C C C C C

H H
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The precipitation and cross-linking of an enzyme combines its isolation and immobilization into 
a single step. Enzymes prepared in this way are usually highly productive, stable, and resistant to 
denaturation (loss of enzyme function by structural alteration) due to exposure to organic solvents, 
heating, or breakdown to shorter peptide chains or amino acids by the action of proteolytic enzymes 
(proteolysis).

14.11.2 R eduction in Synthesis Steps with Enzyme Catalysts

Typical synthesis of organic compounds, especially ones as complicated as many pharmaceutical 
agents, may involve multiple steps. Because of factors such as product loss, the need to protect and 
deprotect functional groups, and generation of wastes from each step, these multistep syntheses 
tend to build high E factors overall. The ideal synthesis is a “one-pot” process in which all steps are 
carried out in the same operation without the need to isolate intermediates. Living cells are often 
one-pot synthetic factories, so it is natural to look to enzymes to accomplish the same thing in the 
laboratory and in chemical production using multiple enzymes in a single container and employ-
ing a single multiple-step operation. Accomplishment of such a process can be complicated by the 
incompatibility of different enzymes and the different conditions under which enzymes operate, 
although in general they operate in water under ambient conditions compatible with life. (The rela-
tively recent discovery of organisms that live under hot, extreme conditions on the deep ocean floor 
raises some interesting possibilities for the isolation of enzymes that might function under unusual 
conditions, particularly elevated temperatures.)

14.11.3  Enzyme Catalysts and Chirality

As shown by the example of the herbicide mecoprop in Figure 14.13, chiral molecules are three-
dimensional molecules with structures such that a molecule cannot be directly imposed on its mir-
ror image. Chiral molecules have different groups arranged around an atom, usually of carbon, 
that constitutes a chiral center. Two chiral molecules of the same compound are called enantio-
mers, commonly designated as R and S. The physical and chemical properties of enantiomers are 
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generally identical: they have the same melting points, boiling points, and solubilities. However, 
one enantiomer of a compound may fit exactly with an enzyme active site, whereas the other does 
not. This often results in markedly different biochemical properties of enantiomers and conse-
quently completely different environmental and toxicological behaviors. One enantiomer of a chiral 
pharmaceutical may function very well, whereas the other does not work at all or may even be 
toxic. Biochemical differences between enantiomers may be especially pronounced for pesticides. 
For example, the R enantiomer of herbicidal mecoprop (Figure 14.13) kills weeds very effectively, 
whereas the S enantiomer is inactive; therefore, the pure R enantiomer is now marketed as an her-
bicide in place of the racemic mixture with the S enantiomer.

Normally, when a chiral compound is synthesized by conventional chemical means, a racemic 
mixture of the two enantiomers is produced. Because of their essentially identical chemical proper-
ties, they are very hard to separate. However, it is possible to produce enantiomerically pure chemi-
cal compounds with appropriate enzymatic catalysts. Furthermore, it is possible to use enzymatic 
catalysts to convert racemic mixtures of compounds to enantiomerically pure forms. In one of the 
larger such industrial operations, the German chemical firm BASF now uses enzymatically cata-
lyzed processes to prepare enantiomerically pure amines in thousand-ton quantities.

14.12 � ENERGIZING CHEMICAL REACTIONS AND 
PROCESS INTENSIFICATION

One of the most important aspects of green chemistry is the enhancement of the speed and degree of 
completion of chemical reactions. One of the ways in which this is done is by lowering the activation 
energy required to enable a reaction to proceed. That is what catalysts do, as discussed in Section 
14.11. The other way to enhance a reaction is by adding energy as discussed in this section.

The most straightforward means to add energy to a reaction is by heating the reaction mixture. 
On an industrial scale, this is commonly accomplished with coils of tubing immersed in the reac-
tion mixture that are heated with steam passing through the coils. Heating by passing a current of 
electricity through electrically resistant coils is also a means of adding energy to a chemical system. 
Much of the effort in green chemistry has been devoted to finding more efficient and sophisticated 
ways of energizing chemical systems.

Microwaves can be used to add energy to reactions to enhance reaction rates.6 Microwaves are 
electromagnetic radiation with wavelengths of 1 cm to 1 m (frequencies of 30 GHz to 300 Hz). 
To avoid interference with the microwave bands used in communication, industrial and household 
microwave generators commonly operate at 2.45 GHz. Microwaves are absorbed by polar mol-
ecules, such as those of water, causing rapidly repeating reorientation of the molecules in a micro-
wave field. The result is a high input of energy directly into substances subjected to microwaves, 
thereby adding energy to and speeding up reactions. Microwave energy can be put directly into 
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relatively small volumes of reaction media, reducing material requirements and minimizing wastes. 
Microwaves can be used to enhance reactions in (1) water media; (2) polar organic solvents such as 
dimethylformamide; and (3) media-free reactions, such as mixed solid reactants.

Sonochemistry adds energy to a chemical reaction by subjecting a reaction medium to ultra-
sound energy at frequencies between 20 and 100 KHz, which introduces very high energy pulses 
into the medium.7 Commonly, the ultrasound is produced by the piezoelectric effect through which 
crystals of substances such as ceramic-impregnated barium titanate are subjected to rapidly revers-
ing electrical fields, converting the electrical energy to sound energy with an efficiency that can 
reach 95%. An advantage of sonochemistry is that it can introduce high energy into microscopic 
regions, enabling reactions to occur without appreciably heating the reaction medium.

Electrochemistry by the passage of a direct current of electricity through a reaction medium can 
cause both reductions and oxidations to occur. Reduction, the addition of electrons, e−, occurs at the 
relatively negatively charged cathode, and oxidation, the loss of electrons, occurs at the relatively 
positively charged anode. Electrochemical oxidation and reduction can be controlled by the electri-
cal potentials applied, by the reaction media, and by the electrodes used. Because the addition of 
electrons to a reaction medium (reduction) and the accompanying removal of electrons (oxidation) 
do not add matter, electrolytic syntheses meet the goal of minimal material in green chemistry. 
Electrochemistry as a means of carrying out reagent-free oxidation and reduction is discussed in 
more detail in Section 14.14, and the electrolytic production of oxygen and of hydrogen, a nonpol-
luting fuel and valuable raw material, is shown later in the chapter in Figure 14.15.

Photochemical reactions use the energy of photons of light or ultraviolet radiation to cause 
reactions to occur. The energy, E, of a photon of electromagnetic radiation of frequency ν is E = hν, 
where h is Planck’s constant. Since a photon can be absorbed directly by a molecule or a functional 
group on a molecule, the application of electromagnetic radiation of appropriate energy to a reac-
tion medium can introduce a high amount of energy into a reactant species without significantly 
heating the medium. Photochemical energy can be used to cause synthesis reactions to occur more 
efficiently with less production of waste by-products than nonphotochemical processes.8

A reaction participant does not have to absorb a photon directly to undergo a photochemically 
induced reaction. In some cases, photochemically reactive species are added to a reaction mixture 
to absorb photons and then produce reactive excited species or free radicals that carry out additional 
reactions. An example of this is provided with hydrogen peroxide, which absorbs photons

	
H O2 2 + → ⋅ + ⋅hν ΗΟ ΗΟ

	
(14.4)

to produce reactive hydroxyl radicals that react with a number of other species.

14.12.1  Process Intensification and Increased Safety with Smaller Size

Process intensification can be employed with continuous-flow reactors (Figure 14.14) used to inten-
sify chemical processes and enable increased output of products with a smaller footprint of appara-
tus. This is especially the case when continuous flow is combined with heterogeneous catalysis and 
energy input. A big benefit to such reactors from the green chemistry viewpoint is increased safety. 
If something goes wrong in a large batch reactor, an accident such as an explosion or a fire with a 
large amount of material may occur in the worst case. With a continuous-flow reactor, the problem 
can be confined to the small volume of the reactor and the process can be shut down immediately 
by stopping the inflow of reactants.

14.13  SOLVENTS AND ALTERNATE REACTION MEDIA

Chemical reactions are often carried out in media, usually organic solvents or water, to provide 
a medium in which feedstocks and reagents can dissolve and come into close, rapid contact at the 
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molecular level. A good solvent for chemical synthesis is one that enables facile product separation 
and is amenable to purification and reuse with minimum loss. Substances dissolved in a solvent are 
solvated by binding the solvent to the molecules or ions of the dissolved substance, the solute. The 
solvation of reactants and products often plays an important role in determining the kinds and rates 
of reactions. Many organic feedstocks and reagents are not soluble in water or are decomposed by it; 
so organic solvents including hydrocarbons, chlorinated hydrocarbons, and ethers have to be used as 
reaction media.

Organic solvents cause several problems in chemical synthesis. Particularly because of prob-
lems associated with their containment, recovery, and reuse, organic solvents especially are major 
contributors to undesirably high E factors. Many of the environmental and occupational health 
problems associated with making chemicals are the result of the use of organic solvents as media. 
Hydrocarbon solvents will burn, and hydrocarbon vapors in air are explosive. Although many 
hydrocarbon solvents are not particularly toxic, some can cause the condition of peripheral neu-
ropathy (damage to peripheral nerves such as those in feet and legs), and benzene is regarded as 
a carcinogen that is thought to cause leukemia. Released to the atmosphere, hydrocarbons can 
also participate in photochemical processes leading to the formation of photochemical smog (see 
Chapter 7, Section 7.8).

One approach to making chemical synthesis processes greener is to replace specific solvents with 
less hazardous ones. For this reason, toxic benzene solvent is replaced by toluene wherever possible. 
As shown by their structural formulas later in this section, toluene has a methyl group, −CH3, that 
benzene does not possess. The methyl group in toluene can be acted upon by human metabolic 
systems to produce a harmless metabolite (hippuric acid) that is eliminated in the urine, whereas 
metabolic processes acting upon benzene convert it to a toxic intermediate that can react with cel-
lular DNA and cause blood abnormalities including leukemia.
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FIGURE 14.14  A batch reactor (left) involves mixing a large amount of reactants, often with a homogeneous 
catalyst, and allowing the reaction to take place for the required amount of time with the result that if anything 
goes wrong a large amount of material is spoiled and a considerable hazard is developed. In a continuous-flow 
reactor (right), only a small amount of material is reacting at any given time, heterogeneous catalysts can be 
used, energy input can be accurately regulated, and the process can be stopped at any time if something goes 
wrong.
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As another example of solvent replacement, n-hexane, which can cause peripheral neuropathy 
in exposed individuals, can be replaced with 2,5-dimethylhexane, which does not cause this condi-
tion, for reactions in which the higher boiling temperature of the latter compound is not a problem.

There is significant interest in reaction media other than organic solvents. The ultimate approach 
to eliminating problems with solvents in chemical synthesis is to do reactions without solvents of any 
kind. Some reactions can be performed in which the reactants are simply mixed together or are held on 
solid supports, such as clays. Microwave heating of such reaction mixtures has proved to be effective 
in providing energy to enable reactions to occur rapidly. However, in many cases, this is not possible 
and solvents are required. Some alternative solvents are discussed in Sections 14.13.1 through 14.13.3.

14.13.1  Water Solvent

Many reagents are reactive with water, preventing its use as a reaction medium. However, where 
applicable, water is the greenest solvent for green chemical processes. Water is abundant, cheap, and 
nontoxic, and it does not burn. Because of its polar nature and ability to form hydrogen bonds (see 
Chapter 3, Section 3.1 and Figure 3.1), water is an especially good solvent for ionic compounds—
acids, bases, and salts. Water is particularly useful as one of the solvents in biphasic catalysis, which is 
described in Section 14.10. Normally, the catalyst is held in the water phase and the product in a water-
immiscible organic solvent, which allows facile separation of the catalyst after the reaction is complete.

Because of water’s many advantages, significant efforts have been made in using it to replace 
organic solvents employed for reaction media. Although water does not appreciably dissolve many 
nonpolar organic compounds, in some cases these materials may be suspended as very small col-
loidal particles in water, enabling close enough contact of organic materials to undergo reactions. 
Water is a good solvent for some of the biological materials, such as glucose, that are now favored 
as chemical feedstocks where they can be used.

14.13.2 C arbon Dioxide Solvent

At a high pressure above 73.8 atm (73.8 times normal atmospheric pressure at sea level) and a tem-
perature exceeding 31.1°C, carbon dioxide becomes a supercritical fluid, a relatively dense state of 
matter in which there is no longer a distinction between liquid and gas. A good solvent for organic 
compounds, supercritical carbon dioxide can be used as a reaction medium for organic chemical 
reactions.9 An advantage of supercritical carbon dioxide in this application is that its viscosity is 
only about 1/30 that of common liquid organic solvents, which enables reactant species to move 
much faster through the fluid, thus speeding the reactions that they undergo. At temperatures and 
pressures somewhat below those at which carbon dioxide becomes critical, it exists as separate gas 
and liquid phases while retaining many of the solvent properties of supercritical carbon dioxide. 
Under these conditions, carbon dioxide is called a dense phase fluid, a term that also encompasses 
supercritical fluids.

The adjustment of the composition of dense phase fluid carbon dioxide and the conditions under 
which it is maintained can provide significant variations in its solvent properties and its ability to 
act as a reaction medium. In addition to variations in temperature and pressure, dense phase fluid 
carbon dioxide may be mixed with small quantities of other solvents (modifiers), such as methanol, 
to further vary its solvent properties.

In addition to its solvent properties, dense phase fluid carbon dioxide offers the advantage of low 
toxicity and low potential for environmental harm (the small amounts of greenhouse gas carbon diox-
ide released from its application as a solvent are negligible compared to the quantities released from 
the combustion of fossil fuels). A big advantage of dense phase fluid carbon dioxide is its volatility, 
which means that it separates readily from reaction products when pressure is released. Furthermore, 
carbon dioxide released from a reaction mixture can be captured and recycled for the same applica-
tion. Carbon dioxide can be obtained at low cost from biological fermentation processes.



371Environmental and Toxicological Chemistry of the Anthrosphere

14.13.3 I onic Liquid Solvents

Ionic liquids present another alternative to organic solvents for use as media for chemical synthe-
sis.10 Inorganic salts consisting of ions, such as NaCl composed of Na+ and Cl− ions, are normally 
hard, high-boiling solids. However, when one or both of the ions consist of large charged organic 
molecules, as is the case with the cation in the compound
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the salts can be liquids at room temperature and are called ionic liquids. These materials have the 
potential to act as suitable media in which substances can be dissolved and undergo reactions, and 
active research is underway to explore this possibility. There is an enormous variety of such ionic 
liquids with widely varying solvent properties because of the large number of kinds of ions that can 
be combined, leading to almost limitless possibilities for various ionic liquids.

14.14  FEEDSTOCKS AND REAGENTS

14.14.1 F eedstocks

Feedstocks are the main ingredients that go into the production of chemical products. Feedstocks 
are addressed here and further in Chapter 16.

As discussed here, feedstocks may be acted upon by reagents, and there is often some overlap 
between the two categories of materials. Feedstocks are very important in the practice of green chem-
istry. The acquisition of feedstocks has some profound environmental and sustainability implications.

The source of a feedstock may consist of a depleting resource, such as petroleum, in which case 
the lifetime of the resource and the environmental implications of obtaining it must be consid-
ered. From the standpoint of sustainability, it is preferable to use recycled materials as feedstocks, 
although the availability of recycled materials suitable for this purpose is usually limited. A third 
source that is very desirable consists of renewable resources, particularly from materials made by 
photosynthesis and biological processes.

A second major aspect of converting feedstocks to final products is separation and isolation of 
the desired substance. An example of this step is the isolation of specific organic compounds from 
crude oil to provide a feedstock for organic chemical synthesis. It may be necessary to process raw 
materials from a source to convert it to the specific material used as a feedstock for a chemical 
process. Often, most of the environmental harm in providing feedstocks comes during the isolation 
process, largely because of the relatively large amount of waste material that often is generated in 
obtaining the needed feedstock.

The world chemical industry has been built primarily on fossil carbon feedstocks. Much of 
the impetus for the organic chemical industry was built during the late 1800s and early 1900s on 
the basis of organic chemicals isolated from the coal tar by-product of coal coking. Later, petro-
leum and natural gas became the basis of the petrochemicals industry, which has produced enor-
mous quantities of polymers, plastics, synthetic rubber, and thousands of other kinds of chemicals. 
Eventually, this reliance on depleting fossil carbon resources must end. Therefore, one of the main 
goals of green chemistry has become a shift toward renewable feedstocks—biomass produced by 
photosynthesis—and renewable reaction media, specifically water and supercritical and pressur-
ized liquid carbon dioxide. In addition to being renewable, such feedstocks offer advantages over 
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petroleum in that they are usually not toxic and they, and most of their products and intermediates, 
are biodegradable.

14.14.2 R eagents

The term reagents is used here to describe the substances that act upon basic chemical feedstocks to 
convert them to new chemicals in synthetic processes. The kinds of reagents used have a very strong 
effect on the acceptability of a chemical process with respect to green chemical aspects. Much of 
the work that has been done in developing and using green reagents has involved organic chemical 
processes, many of which are beyond the scope of this book. However, some of the general aspects 
of chemical reagents from a green chemical perspective are discussed here.

The most obvious characteristic required of a good chemical reagent is that it does what it is sup-
posed to do completely at an acceptable rate. A reagent with a high product selectivity produces 
a high percentage of the desired product with a low percentage of undesired by-products. Another 
desirable characteristic of a good reagent is high product yield, which means that most of the feed-
stocks are converted to products. The use of reagents that provide high selectivity and yield means 
that less unreacted feedstock and by-product material have to be handled, recycled, or disposed of.

One of the most common measures taken in implementing green chemical processes is selection 
of alternative reagents. The criteria used in selecting a reagent include what it does, how efficient 
it is, and its cost and availability. Important considerations with a chemical transformation are 
whether it is stoichiometric or catalytic, the degree to which it is atom economical, and the quanti-
ties and characteristics of any wastes produced.

14.14.3 R eagents for Oxidation and Reduction

One of the main kinds of reactions for which reagents are used is oxidation, which usually consists 
of the addition of oxygen to a chemical compound or a functional group on a compound and a loss 
of electrons. An example of an oxidation reaction is the conversion of ethanol to acetic acid
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where {O} is used to represent oxygen from some unspecified oxidant. Oxidation is one of the most 
common steps in chemical synthesis. A number of reagents are used as oxidants. Some of these 
reagents, such as potassium dichromate, K2Cr2O7, are dangerous (dichromate salts are considered 
to be carcinogenic when inhaled for prolonged periods of time) and leave troublesome residues that 
require disposal.

Because of problems with oxidants that are commonly used, a major objective in the practice 
of green chemistry is to use more benign oxidants. Alternatives to the more traditional oxidant 
reagents include molecular oxygen, O2, and hydrogen peroxide, H2O2, usually used with a suitable 
catalyst that enables the oxidation reaction to occur. Ozone, O3, may also be regarded as a green 
oxidant in the sense that it is made by an electrical discharge through O2; however, ozone presents 
hazards due to its tendency to form explosive ozonides with organic molecules. Under the right con-
ditions, hydrogen peroxide can be used as an alternative to elemental chlorine, Cl2, a strong oxidant 
used to bleach colored materials such as paper pulp and cloth. Since chlorine is toxic (it was used as 
a poison gas in World War I) and has a tendency to react with organic compounds to produce unde-
sirable chlorinated organic compounds, hydrogen peroxide is a much preferable bleaching agent.
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Sodium percarbonate serves as a solid source of hydrogen peroxide and oxidant. This compound 
is made by adding hydrogen peroxide to solid sodium carbonate to give a material with the formula 
2Na2CO3·3H2O2. Although it is stable in the dry solid form and is used in household cleaning formula-
tions, it can be a very reactive oxidant and a potent source of hydrogen peroxide in nonaqueous media.

In contrast to the usually harsh conditions under which chemical oxidations are carried out, 
organisms carry out biochemical oxidations under mild conditions. In so doing, they use monooxy-
genase and peroxidase enzymes that catalyze the oxidizing action of molecular oxygen or hydrogen 
peroxide. An area of significant interest in green chemistry is to perform such oxidations in biologi-
cal systems or to attempt the use of catalysts that mimic the action of enzymes in catalyzing oxida-
tions with molecular oxygen or hydrogen peroxide.

Oxidants are rated according to oxygen availability, the percentage of the mass of the oxidant 
molecule that is available oxygen, which is represented here as {O}. In some reactions that introduce 
all of the oxygen from O2 into an oxidation product, the oxygen availability is 100%. Theoretically, 
the molecule with the greatest oxygen availability is molecular O2, which has an oxygen availability 
of 100% if both O atoms add to the species being oxidized. In practice, one of the two O atoms usu-
ally ends up as water, H2O, such that the oxygen availability is 50%. Hydrogen peroxide, H2O2, adds 
oxygen to an organic molecule, represented as R, according to the following reaction:

	 H O O H O2 2 2+ → { }+R R 	 (14.5)

Since the O atom is 47% of the mass of H2O2, the oxygen availability of hydrogen peroxide is 47%.
Reduction, which consists of loss of O, gain of H, or gain of electrons by a chemical species, 

is also a common operation in chemical synthesis. As is the case with oxidants, the reagents used 
to accomplish reduction can pose hazards and produce undesirable by-products. Such reductants 
include lithium aluminum hydride, LiAlH4, and tributyl tin hydride.

For reduction involving the addition of H atoms to a molecule, the concept of hydrogen avail-
ability may be used. When lithium hydride, molecular mass 7.94, is employed as a reducing agent 
as in the synthesis of silane

	 SiCl 4LiH SiH 4LiCl4 4+ → + 	 (14.6)

all of its hydrogen is used and its hydrogen availability is 12.6%, which (because of the low atomic 
mass of Li, the formula mass of LiH is low) is the highest hydrogen availability of all the metal 
hydrides. The hydrogen availability of H2 is 100% when molecular hydrogen is added to C=C 
double bonds in some organic chemical reductions.

14.14.4  Electrons as Reagents for Oxidation and Reduction

As an alternative to using potentially troublesome reagents, electrochemistry provides a reagent-
free means of doing oxidation and reduction. This is possible because an electrical current consists 
of moving electrons, oxidation consists of electron removal from a chemical species, and reduction 
is the addition of an electron. The passage of an electrical current between metal or carbon graphite 
electrodes through a solution resulting in oxidation and reduction reactions is called electrolysis. 
Consider the simplest possible case of electrolysis, that of water containing a nonreactive salt, such 
as Na2SO4, shown in Figure 14.15.

At the cathode, where electrons (e−) are pumped into the system and where reduction occurs, 
reduction of water occurs, releasing H2

	 2H O 2e H 2OH2 2+ → +− −   	 (14.7)
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and at the anode where electrons are removed, O2 is released as the water is oxidized:

	 2H O O 4H 4e2 2→ + ++ −   	 (14.8)

In the setup shown, H+ ion generated at the anode and OH− ion generated at the cathode dif-
fuse through the solution and react on contact to produce water again. At the cathode, a dissolved 
chemical species can be reduced directly or the hydrogen generated can add to a species, reducing 
it. And at the anode, another species can be oxidized directly by the loss of electrons or the oxygen 
generated can add to a species, oxidizing it.

The aforementioned electrolytic production of elemental hydrogen has important implications 
for sustainability and green chemistry. Hydrogen has many crucial industrial uses, such as in the 
manufacture of ammonia, NH3, and in some important respects it is an ideal fuel because its com-
bustion produces only water and it can be used in fuel cells to generate electricity directly and effi-
ciently. Elemental hydrogen feedstock currently is produced primarily by the reaction of fossil fuels 
with water at a high temperature. Coal can be gasified by reaction with hot steam (see Chapter 8, 
Section 8.3 and Reaction 8.1) to generate H2, and currently the main source of elemental hydrogen 
is the reaction of steam with natural gas, CH4. These sources produce large quantities of greenhouse 
gas CO2 and are not very sustainable means of generating H2. However, the electrolysis of water 
to generate H2 is pollution free and uses water, which is in unlimited supply, as a raw material. 
Furthermore, pure elemental oxygen, a material with numerous uses (such as an oxidant in fuel 
cells), is generated as a by-product.

Wind-powered electricity potentially is an ideal source of H2. In a sense, wind energy is free, and 
it is nonpolluting. By providing storage for the hydrogen product, the intermittent nature of wind 
energy in this application is not a problem. A proposed system for wind-generated H2 is shown in 
Figure 14.16. This system uses an electrolysis system located deep underground at a depth of 1 or 
2 km and pressurized by a column of water. The hydrogen gas is produced at a high pressure by 
passing a direct current through the water11 and can be stored under pressure in a suitable geological 
formation. As H2 is released, it goes through a turbine where the pressurized gas generates power, 
or the pressure can be maintained for the utilization of H2 in high-pressure chemical syntheses or in 
pressurized fuel cells to generate electricity. In the latter application, high-pressure O2 produced by 
the electrolysis of water can be utilized as well.

Reduction: 2H2O + 2e– → H2 + 2OH–
Oxidation: 2H2O → O2 + 4H+ + 4e–
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FIGURE 14.15  Apparatus for electrolysis in which a direct current of electricity is passed through a reaction 
medium, in this case water with a dissolved salt to make it electrically conducting: reduction occurs when 
electrons are added to the medium at the cathode, and oxidation occurs when they are removed at the anode. 
Electrolysis is a reagent-free way of doing oxidation and reduction.
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14.15  ANTHROSPHERE AND OCCUPATIONAL HEALTH

The anthrosphere, its activities, and its products are major potential sources of hazards from danger-
ous and toxic materials. Various countries have laws and regulations to protect workers and people in 
surrounding areas from such hazards. In the United States, the 1970 Occupational Safety and Health 
Act is designed to maintain a work environment free from safety and health hazards. Such hazards 
may include exposure to toxicants, ionizing radiation, and microwave radiation; fire hazards; explo-
sives hazards; unsanitary conditions; excessive noise; temperature stresses; and mechanical dangers.

Industrial hygiene is the discipline devoted to recognizing and preventing conditions in the 
anthrospheric workplace that may have detrimental effects on workers and on people in the imme-
diate surroundings. Such effects obviously include those from exposure to toxic substances, and 
much of the efforts of the more than 10,000 industrial hygienists in the United States and thousands 
more of their counterparts from around the world are devoted to minimizing exposure to, and 
adverse effects from, such agents. Industrial hygiene activities are closely tied with safety and envi-
ronmental control in any industrial operation.

Chemical hazards in the workplace may be classified into several major categories including the 
following:

•	 Acute poisons such as hydrogen cyanide, HCN
•	 Chronic systemic poisons such as benzene, long-term exposure to which may cause reduc-

tion in the number of blood cell erythrocytes, leukocytes, and thrombocytes (platelets)
•	 Carcinogens such as vinyl chloride
•	 Corrosive substances such as strong acids or bases
•	 Pneumoconiosis agents such as silica dust and coal dust that cause inflammation and 

fibrosis of lungs and may even lead to the destruction (necrosis) of lung tissue
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FIGURE 14.16  Pressurized hydrogen produced by the electrolysis of high-pressure water in an underground 
electrolysis apparatus: the electricity required is provided by generators powered by wind, and the hydrogen 
pressure is used to power a turbine.
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•	 Reproductive hazards that may cause infertility, miscarriage, and birth defects, for exam-
ple, ethylene oxide used to sterilize surgical instruments

•	 Neurotoxins such as some organophosphate esters
•	 Nephrotoxins such as lead and carbon tetrachloride that damage kidneys or impair kidney 

function

The toxicological chemistry of chemicals that may be encountered in the anthrosphere is obvi-
ously important in assessing their hazards. In a number of important cases, toxicological hazards 
are well known from the unfortunate history of human maladies resulting from their exposure. 
Benzene, lead, carcinogenic asbestos, and carcinogenic vinyl chloride are in this category, and their 
toxic effects were revealed from epidemiologic studies of exposed workers. Especially since about 
the mid-1900s, a wide variety of new organic chemicals have been synthesized and have entered 
materials flow in the anthrosphere. With awareness of possible detrimental effects of exposure 
to these substances, these substances have been subjected to animal tests from which toxicity to 
humans has been inferred. Typical of compounds that have been subjected to exhaustive animal 
studies are the nitrosamines or N-nitroso compounds containing the N–N=O functional group, 
most of which have been found to be carcinogens. Dimethylnitrosamine was once widely used as 
an industrial solvent, and liver damage and jaundice in exposed workers led to studies dating to the 
1950s of its carcinogenicity and the subsequent ban on its use for most purposes:
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There are numerous potential avenues for worker exposure in industrial operations. These 
include the following:

•	 Fugitive emissions such as those around pipe flanges and pump seals
•	 Process operations, in modern chemical operations, automation and computer control 

have greatly reduced contact with feedstock, intermediates, and products
•	 Extrusion of solid products such as a solid polymer that normally is hot when released 

through an extruder head and may give off vapors of residual monomers, oligomers, and 
additives that may be inhaled

•	 Maintenance and repair that requires closed systems to be opened and may result in the 
disturbance of deposits and release of toxic substances from them

•	 Sandblasting in which abrasive agents such as finely divided silica (SiO2) may be inhaled, 
which may damage lungs

•	 Chemical cleaning that may involve exposure to acids, caustic substances, and solvents 
and their vapors

•	 Welding that may release metal fumes such as those of zinc that can cause a condition of 
metal fume fever characterized by elevated temperature and chills

•	 Painting and coating, especially in surface preparation where cleaning old surfaces may 
release airborne lead, chromium, or other toxic substances

•	 Waste handling that may expose workers to toxic waste materials

The most common route of worker exposure in the anthrosphere is through inhalation of gases, 
vapors from liquids, and suspended particles. Whereas it is relatively easy to protect them from der-
mal exposure and ingestion, workers normally must breathe ambient air, which may contain toxicants.
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An important activity in industrial hygiene is workplace monitoring and analysis of chemical 
hazards. Since air is the most likely route of exposure, it is usually the medium analyzed. Careful 
consideration must be given to the sampling protocol to make sure that it follows potential exposure 
as closely as possible. Various sampling devices are used, including those in which air is pumped 
over an adsorbent solid. Passive samplers that absorb toxic substances from surrounding air are also 
used. Sampling should be done in a location as close as possible to where workers may be exposed 
(close to the breathing zone). Normally, results are expressed as a time-weighted exposure or time-
weighted concentration. A time-weighted concentration is calculated by measuring the concentra-
tion of a toxicant over several time intervals multiplied by the duration of each interval and divided 
by the sum of the times for all the intervals. Occupational exposure is commonly expressed for a 
working shift of 8 hours.

14.15.1 R ole of Green Chemistry in Occupational Health

From the preceding discussion in Section 14.15, it is seen that protection of worker health is a top 
priority in the operation of the anthrosphere. This may involve workplace monitoring for hazards, 
preventative measures, protective gear for workers, diligent attention to equipment maintenance, 
and proper operating procedures to prevent exposure. The proper practice of green chemistry can 
aid substantially in this task. Green chemistry seeks to avoid the use and production of toxic and 
otherwise hazardous substances such that their effects never become an issue. Although not invari-
ably safe (consider “brown lung disease” from exposure to cotton dust and explosions of grain 
dusts), the use of biomaterials for feedstocks tends to reduce hazards from materials. Green chemis-
try seeks to minimize the volume in which reactions are carried out, such as by using small-volume 
flow-through reactors rather than batch reactor processes, thus reducing the volume of potential 
releases (see Figure 14.14). Green chemistry seeks to carry out processes under relatively mild 
conditions of temperature and pressure, thus reducing hazards. By their nature, biological and enzy-
matic chemical transformations are carried out under mild conditions, which reduces hazards when 
such processes are feasible.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general infor-
mation, statistics, constants, and mathematical formulas required to solve problems. These 
questions are designed to promote inquiry and thought rather than just finding material in the 
chapter. So in some cases, there may be several “right” answers. Therefore, if your answer 
reflects intellectual effort and a search for information from available sources, it can be consid-
ered to be right.

	 1.	What is meant by “level of recycling,” and how is it related to embedded utility?
	 2.	Given that an abundant source of energy can make almost anything possible in an indus-

trial ecosystem, in what respects do vast reserves of coal, wind power, and solar energy fall 
short of being ideal energy sources?

	 3.	What is your part of the anthrosphere? How is it tied to each of the other four environmen-
tal spheres?

	 4.	What is the status of infrastructure in the United States? How does it compare to that of 
China? What are the long-term implications of infrastructure development, or lack thereof?

	 5.	Look up cascading failure. To what part of the infrastructure does it generally apply? Are 
there other parts of the anthrosphere or infrastructure to which cascading failure may 
apply?
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	 6.	Look up information pertaining to critical infrastructure. Why is it a concern regarding 
security?

	 7.	Growth is commonly mentioned as a concern in political discussions? How do most politi-
cians regard growth? Is growth necessarily always a good thing? What are the alternatives 
to growth as it is commonly regarded?

	 8.	Look up microsociology. What does it have to do with the anthrosphere and sustainability? 
Do you think there is such a thing as the microsociosphere? If so, of what does it consist?

	 9.	Look up on the Internet recent or upcoming international conferences on industrial ecology. 
What are some of the topics covered? What do these topics tell you about the nature of 
industrial ecology?

	 10.	What is meant by just-in-time manufacturing processes? How does it contribute to 
sustainability?

	 11.	See if you can find any information pertaining to lead battery recycling in countries other 
than the United States. Have there been any problems with such operations? What are 
some of the occupational health problems that have been documented associated with the 
processing of lead?

	 12.	Explain how conditions in Cuba over the last several decades have provided an example 
(though painful in some respects) of at least one kind of recyclable service product.

	 13.	Explain how a laser printer provides examples of consumable products, recyclable com-
modities, and service products.

	 14.	Some power plants provide an example of how a toxic substance released from the anthro-
sphere may get into water, then into the biosphere, and finally adversely affect human 
health. What is this substance? Has there been any recent regulatory activity pertaining 
to it?

	 15.	Look up on the Internet recent or upcoming international conferences on green chemistry. 
What are some of the topics covered? What do these topics tell you about the nature of 
green chemistry?

	 16.	What are the environmental problems with MnO2, KMnO4, and K2Cr2O7 as oxidants in 
chemical processing? What are some of the more sustainable alternatives to the use of 
these reagents?

	 17.	Perchloric acid, HClO4, is a potent oxidizing agent when heated. See if you can find an 
example (from a long time ago) in which perchloric acid was involved in a devastating 
industrial accident with a number of fatalities.

	 18.	What influence do catalysts have on rate of reaction? What is meant by the specificity 
(selectivity) of catalysts and why is it important?

	 19.	The chapter mentions “an economical process to make hydrogen peroxide by combining 
H2 and O2 in a gas mixture at levels of H2 directly below the lower flammability limit of 
H2 using a catalyst” (Section 14.10). Why not just mix H2 and O2 in a 1/1 mole ratio and let 
them undergo a simple addition reaction to produce H2O2?

	 20.	 In what respect is a biphasic catalyst like a heterogeneous catalyst and in what respect is it 
like a homogeneous catalyst?

	 21.	Suggest why enzyme catalysts may be particularly advantageous in producing pharmaceu-
ticals or insecticides where specific biological activity is important.

	 22.	Name and describe at least one large-scale commodity chemical made by electrolysis. 
What chemical product is produced at the cathode and what at the anode in producing this 
chemical? How is electrolysis used in the preparation or purification of some metals?

	 23.	Find and describe a photochemical process that is used in the chemical analysis of organic 
chemical compounds in water.

	 24.	A relatively recent development in the synthetic fuels industry has made carbon dioxide 
much more available as a supercritical fluid that can be used as a medium in chemical 
synthesis. Explain.
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	 25.	Around 1900, organic compounds from coal tar became widely available and were used in 
chemical synthesis, especially in making synthetic dyes. What was the source of the coal 
tar? What were some of the unfortunate occupational health results of this industry?

	 26.	A popular cleaning agent is marketed under the brand name of Oxi-Clean. What is the 
chemical nature of this agent, and how does it function as a cleaning and bleaching agent? 
What other substance is commonly used as a laundry bleaching agent?

	 27.	 In what sense is electrolysis a reagent-free chemical synthesis process?
	 28.	What are some examples in which dusts composed of biological materials have caused 

accidents that have led to fatalities?
	 29.	Name two desirable characteristics of reagents insofar as their ability to generate products 

is concerned.
	 30.	What are the two oxidants used by organisms? What catalysts are used with these oxidants?
	 31.	What is a nonchemical alternative to the use of oxidant and reductant reagents?
	 32.	What are the two most common media used for chemical reactions?
	 33.	Why is toluene preferred to benzene as a solvent medium for organic reactions?
	 34.	What is a common toxicity problem with some lighter hydrocarbons, such as hexane?
	 35.	Name an environmental effect of industrial activities in the anthrosphere on each of the 

other four environmental spheres.
	 36.	Name an environmental effect of agricultural activities in the anthrosphere on each of the 

other four environmental spheres.
	 37.	For each of the other four environmental spheres, name a measure that may be taken in 

anthrospheric activities to reduce the environmental impact of these activities.
	 38.	Why should the use of lipid-soluble organics be reduced in the practice of green chemistry?
	 39.	What is a characteristic of VOCs that both makes them useful in industrial applications 

and increases their hazards?
	 40.	Distinguish between reactive and corrosive substances. Can a compound be both?
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15 Anthrosphere, 
Pollution, and Wastes

15.1  WASTES FROM THE ANTHROSPHERE

In its modern form, the anthrosphere has a tendency to produce wastes that can harm the environment 
and be dangerous to humans. Therefore, one of the most important activities of humans is to deal 
with the potential waste products that their activities generate. Of such wastes, hazardous wastes 
that pose particular dangers are of most concern.

A hazardous substance is a material that may pose a danger to living organisms, materials, 
structures, or the environment by explosion or fire hazards, corrosion, toxicity to organisms, or 
other detrimental effects. What, then, is a hazardous waste? A simple definition of a hazardous 
waste is that it is a hazardous substance that has been discarded, abandoned, neglected, released, or 
designated as a waste material or one that might interact with other substances to be hazardous. The 
definition of hazardous waste is addressed in greater detail in Section 15.2, but, in a simple sense, it 
is a material that has been left where it should not be and that could cause harm to living creatures 
or its surroundings.

15.1.1 H istory of Hazardous Substances

Humans have always been exposed to hazardous substances, going back to prehistoric times when 
people inhaled noxious volcanic gases or succumbed to carbon monoxide from inadequately vented 
fires in cave dwellings sealed too well against ice-age cold. Slaves in Ancient Greece developed lung 
disease from weaving mineral asbestos fibers into cloth to make it more degradation-resistant. Some 
archaeological and historical studies have concluded that lead wine containers were a leading cause 
of lead poisoning in the more affluent ruling class of the Roman Empire, leading to erratic behavior 
such as fixation on spectacular sporting events, chronic unmanageable budget deficits, speculative 
purchases of overvalued real estate, illicit trysts by high officials in governmental offices, and ill-
conceived, overly ambitious military ventures in remote foreign lands. Alchemists who worked dur-
ing the Middle Ages often suffered debilitating injuries and illnesses resulting from the hazards of 
their explosive and toxic chemicals. During the 1700s, runoff from mine spoil piles began to create 
serious contamination problems in Europe. As the production of dyes and other organic chemicals 
developed from the coal tar industry in Germany during the 1800s, pollution and poisoning from 
coal tar by-products was observed. By around 1900, the quantity and the variety of chemical wastes 
produced each year were increasing sharply with the addition of wastes such as spent steel and iron 
pickling liquor, lead battery wastes, chromic wastes, petroleum refinery wastes, radium wastes, and 
fluoride wastes from aluminum ore refining. As the century progressed into the World War II era, 
the wastes and hazardous by-products of manufacturing increased markedly from sources such as 
chlorinated solvent manufacture, pesticide synthesis, polymer manufacture, plastics, paints, and 
wood preservatives.

The Love Canal affair of the 1970s and 1980s brought hazardous wastes to public attention as 
a major political issue in the United States. Starting around 1940, the Hooker Chemical Company 
used this site of an abandoned canal in Niagara Falls, New York, to dispose of about 20,000 metric 
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tons (Mg) of chemical wastes containing at least 80 different chemicals, including benzene, chlori-
nated hydrocarbons, alkaline wastes, fatty acids, solvents, and other materials from the manufacture 
of synthetic resins, rubber, dyes, and perfumes. The U.S. Army and the city of Niagara Falls had 
also used the site for waste disposal. Given the technology at the time, the 1.6-km-long, 15-m-wide, 
and 3–12-m-deep canal excavation appeared to be ideal for waste disposal because of its suppos-
edly impermeable clay walls. Eventually, the dumping ceased and the wastes were covered by a 
layer of clay. Eventually, the town of Love Canal was developed at the site and construction of 
buildings and plumbing breached the clay barriers. In 1953, the Niagara Falls Board of Education 
purchased land at the site for $1.00 and built an elementary school on it (the school’s architect raised 
questions about the site after excavation uncovered chemicals, but his main concern was over the 
integrity of the school building’s foundations). Strange odors had been noted at the site in the 1950s, 
but by the 1970s, health problems including skin irritation had become common in the area.1 By 
1978, the waste problems associated with Love Canal had become so obvious that the U.S. Federal 
Government became involved and the site became the first on the Superfund list under legisla-
tion establishing the Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) of 1980 (see Section 15.1.3). After more than 2 decades of remediation effort, relocation 
of about 800 residents in the Love Canal area, and expenditure of $400 million in public and private 
funds spent by Occidental Chemical Corp., which had purchased Hooker Chemical, in 2004, the 
remediated site was declared safe and removed from the Superfund list.

Other areas in the United States containing hazardous wastes that received attention included 
an industrial site in Woburn, Massachusetts that had been contaminated by wastes from tanneries, 
glue-making factories, and chemical companies dating back to about 1850; the Stringfellow Acid 
Pits near Riverside, California; the Valley of the Drums in Kentucky; and Times Beach, Missouri, 
an entire town that was abandoned because of contamination by 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) (dioxin). Many sites around the world have been contaminated with hazardous 
wastes. Many areas of the former Soviet Union suffer from improperly discarded wastes, the man-
agement of which was not a high priority in state-run economies. (The largest area ever abandoned 
as a result of waste contamination is that around the site of the 1986 Chernobyl nuclear reactor fire 
in the former Soviet Union.) A major problem has occurred with dumping of hazardous wastes 
in poorer countries by industrial concerns from wealthier nations.2 The problem with hazardous 
wastes has become particularly acute in countries that are undergoing rapid industrialization, such 
as China and India.

15.1.2  Pesticide Burial Grounds

An example of problems from improper disposition of hazardous wastes is provided by “pesticide 
burial grounds” or “pesticide tombs.”3 In Poland, these consisted of about 20,000 Mg of obsolete 
pesticides, primarily organochlorine compounds, especially DDT, but also including organophos-
phates, carbamates, dinitrophenols, phenoxy acids, and inorganic compounds. An inventory of 
these sites was taken by the National Waste Management Plan in 1993 with site remediation that 
begun in 1999. Including the hazardous substances themselves, contaminated soils, and construc-
tion materials, the total amount of material in these sites in Poland amounted to about 100,000 Mg.

15.1.3 L egislation

Governments in a number of nations have passed legislation to deal with hazardous substances and 
wastes. In the United States, such legislation has included the following:4

•	 Toxic Substances Control Act of 1976
•	 Resource Conservation and Recovery Act (RCRA) of 1976 (amended and reauthorized by 

the Hazardous and Solid Wastes Amendments Act [HSWA] of 1984)
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•	 CERCLA of 1980
•	 Pollution Prevention Act of 1990

RCRA legislation charged the U.S. Environmental Protection Agency (EPA) with protecting 
human health and the environment from improper management and disposal of hazardous wastes 
by issuing and enforcing regulations pertaining to such wastes. RCRA requires that hazardous 
wastes and their characteristics be listed and controlled from the time of their origin until their 
proper disposal or destruction. Regulations pertaining to firms generating and transporting hazard-
ous wastes require that they keep detailed records, including reports on their activities and manifests 
to ensure proper tracking of hazardous wastes through transportation systems. Approved containers 
and labels must be used, and wastes can only be delivered to facilities approved for treatment, stor-
age, and disposal.

CERCLA (Superfund) legislation deals with actual or potential releases of hazardous materi-
als that have the potential to endanger people or the surrounding environment at uncontrolled or 
abandoned hazardous waste sites in the United States. The act requires responsible parties or the 
government to clean up waste sites. Among CERCLA’s major purposes are the following:

•	 Site identification
•	 Evaluation of danger from waste sites
•	 Evaluation of damages to natural resources
•	 Monitoring of release of hazardous substances from sites
•	 Removal or cleanup of wastes by responsible parties or government

CERCLA was extended for 5 years by the passage of the Superfund Amendments and 
Reauthorization Act (SARA) of 1986, legislation with greatly increased scope and additional fund-
ing. Actually longer than CERCLA, SARA encouraged the development of alternatives to land 
disposal that favor permanent solutions reducing volume, mobility, and toxicity of wastes; increased 
emphasis on public health, research, training, and state and citizen involvement; and establishment 
of a new program for leaking underground (petroleum) storage tanks. After 1986, few new legisla-
tive initiatives dealing with hazardous wastes were introduced in the United States.

In its earlier years, Superfund was supported by taxes on petroleum and chemical manufacture. 
However, in the 1990s, the U.S. Congress refused to reinstate these taxes, and the fund that they sup-
ported ran out in 2003. Since that time, superfund cleanup efforts costing around $1 billion per year 
have been financed from general revenues and from legal settlements with parties judged respon-
sible for improper waste disposal. As of January, 2012, a total of 1296 waste sites were on the U.S. 
EPA’s National Priorities List designated for cleanup under the Superfund program. Periodically, 
sites that have been cleaned up are deleted from the list, and others are added to the list.

The Pollution Prevention Act of 1990 was passed in recognition of the fact that existing regula-
tions, emphasis on treatment and disposal, and industrial resources diverted to compliance can 
hinder pollution prevention. This act is designed to change production, operation, and raw materials 
use in ways that reduce pollution. It attempts to focus industry, government, and public attention 
on pollution reduction. This act recognizes that source reduction is more desirable than waste man-
agement or pollution control, so it seeks to reduce the amount of pollution through cost-effective 
changes in production, operation, and raw materials use. The objectives of the Pollution Prevention 
Act are met very well by the proper practice of green chemistry and industrial ecology.

15.2  CLASSIFICATION OF HAZARDOUS SUBSTANCES AND WASTES

Many specific chemicals in widespread use are hazardous because of their chemical reactivities, fire 
hazards, toxicities, and other properties. There are numerous kinds of hazardous substances, usually 
consisting of mixtures of specific chemicals. These include such things as explosives; flammable 
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liquids; flammable solids such as magnesium metal and sodium hydride; oxidizing materials such 
as peroxides; corrosive materials such as strong acids; etiologic agents that cause disease; and radio
active materials.

Three basic approaches to defining hazardous wastes are (1) a qualitative description by origin, 
type, and constituents; (2) classification by characteristics largely based on testing procedures; and 
(3) by means of concentrations of specific hazardous substances. Wastes may be classified by gen-
eral type such as “spent halogenated solvents” or by industrial sources such as “pickling liquor from 
steel manufacturing.”

15.2.1 C haracteristics and Listed Wastes

For regulatory and legal purposes in the United States, hazardous substances are listed specifically 
and are defined according to general characteristics. Under the authority of the RCRA, the U.S. EPA 
defines hazardous substances in terms of the following characteristics:

•	 Ignitability: Characteristic of substances that are liquids, the vapors of which are likely 
to ignite in the presence of ignition sources; nonliquids that may catch fire from friction 
or contact with water and that burn vigorously or persistently; ignitable compressed gases; 
and oxidizers

•	 Corrosivity: Characteristic of substances that exhibit extremes of acidity or basicity or a 
tendency to corrode steel

•	 Reactivity: Characteristic of substances that have a tendency to undergo violent chemi-
cal change (examples are explosives, pyrophoric materials, water-reactive substances, or 
cyanide- or sulfide-bearing wastes)

•	 Toxicity: Defined in terms of a standard extraction procedure followed by chemical analy-
sis for specific substances

In addition to classification by characteristics, EPA designates more than 450 listed wastes that 
are specific substances or classes of substances known to be hazardous. Each such substance is 
assigned an EPA hazardous waste number in the format of a letter followed by three numerals, 
where a different letter is assigned to substances from each of the four following lists:

	 1.	F-type wastes from nonspecific sources: For example, quenching wastewater treatment 
sludges from metal heat treating operations where cyanides are used in the process (F012).

	 2.	K-type wastes from specific sources: For example, heavy ends from the distillation of 
ethylene dichloride in ethylene dichloride production (K019).

	 3.	P-type acute hazardous wastes: Wastes that have been found to be fatal to humans in low 
doses or capable of causing or significantly contributing to an increase in serious irrevers-
ible or incapacitating reversible illness. These are mostly specific chemical species such as 
fluorine (P056) or 3-chloropropane nitrile (P027).

	 4.	U-Type miscellaneous hazardous wastes: These are predominantly specific compounds 
such as calcium chromate (U032) or phthalic anhydride (U190).

15.2.2 H azardous Wastes and Air and Water Pollution Control

Somewhat paradoxically, measures taken to reduce air and water pollution (Figure 15.1) have had a 
tendency to increase production of hazardous wastes. Most water treatment processes yield sludges 
or concentrated liquors that require stabilization and disposal. Air scrubbing processes likewise 
produce sludges. Baghouses and precipitators used to control air pollution all yield significant quan-
tities of solids, some of which are hazardous.
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15.3  SOURCES OF WASTES

Quantities of hazardous wastes produced each year are not known with certainty and depend on the 
definitions used for such materials. In the United States, there are around 17,000 RCRA-regulated 
sites that generate approximately 30 million tons of wastes. However, most of this material is water, 
with only a few million tons consisting of solids. Some high-water-content wastes are generated 
directly by processes that require large quantities of water in waste treatment, and other aqueous 
wastes are produced by mixing hazardous wastes with wastewater.

Some wastes that might exhibit a degree of hazard are exempt from RCRA regulation by legisla-
tion. These exempt wastes include fuel ash and scrubber sludge from power generation by utilities, 
oil and gas drilling muds, by-product brine from petroleum production, cement kiln dust, waste and 
sludge from phosphate mining and beneficiation, mining wastes from uranium and other minerals, 
and household wastes.

15.3.1 T ypes of Hazardous Wastes

In terms of quantity by weight, the greatest quantities are those from categories designated by haz-
ardous waste numbers preceded by F and K, respectively. The former are those from nonspecific 
sources and include the following examples:

•	 F001—The spent halogenated solvents used in degreasing: tetrachloroethylene, trichlo-
roethylene, methylene chloride, 1,1,1-trichloroethane, carbon tetrachloride, and the chlo-
rinated fluorocarbons and sludges from the recovery of these solvents in degreasing 
operations

•	 F004—The spent nonhalogenated solvents: cresols, cresylic acid, and nitrobenzene and 
still bottoms from the recovery of these solvents
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Water pollution
control

Baghouse

Cyclone separators

Electrostatic
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Liquid scrubbers

Ionizing wet
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Fine particulate and wet
sludge byproducts

Sludge and concentrated
liquors
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Ion exchange

Reverse osmosis

Evaporation

Chemical
precipitation

Potentially hazardous waste substances

FIGURE 15.1  Potential contributions of air and water pollution control measures for hazardous wastes 
production.
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•	 F007— Spent cyanide plating-bath solutions from electroplating operations
•	 F010—Quenching-bath sludge from oil baths from metal heat treating operations

The “K-type” hazardous wastes are those from specific sources produced by industries such as 
the manufacture of inorganic pigments, organic chemicals, pesticides, explosives, iron and steel, 
and nonferrous metals and from processes such as petroleum refining or wood preservation; some 
examples are as follows:

•	 K001—Bottom sediment sludge from the treatment of wastewaters from wood-preserving 
processes that use creosote and/or pentachlorophenol

•	 K002—Wastewater treatment sludge from the production of chrome yellow and orange 
pigments

•	 K020—Heavy ends (residue) from the distillation of vinyl chloride in vinyl chloride mono-
mer production

•	 K043—2,6-Dichlorophenol waste from the production of 2,4-D
•	 K047—Pink/red water from trinitrotoluene (TNT) operations
•	 K049—Slop oil emulsion solids from the petroleum refining industry
•	 K060—Ammonia lime still sludge from coking operations
•	 K084—Wastewater treatment sludges generated during the production of veterinary phar-

maceuticals from arsenic or organoarsenic compounds

The remainder of wastes consists of reactive wastes; corrosive wastes; toxic wastes; ignitable 
wastes; and “P” wastes (discarded commercial chemical products, off-specification species, con-
tainers, and spill residues), “U” wastes, and unspecified types.

The EPA National Waste Minimization Program has designated 31 Priority Chemicals that 
are encountered in products and wastes.5 In keeping with the best practice of green chemistry, 
the minimization program emphasizes finding ways to eliminate or substantially reduce the use 
of these chemicals in production and in recovering or recycling them in cases where their use 
cannot be eliminated. The priority list consists of the following 28 organic chemicals and 3 heavy 
metals: 1,2,4-trichlorobenzene; 1,2,4,5-tetrachlorobenzene; 2,4,5-trichlorophenol; 4-bromophenyl 
phenyl ether; acenaphthene; acenaphthylene; anthracene; benzo(g,h,i)perylene; dibenzofuran; 
dioxins/furans; endosulfan, alpha and beta; fluorene (a polycyclic aromatic hydrocarbon); hepta-
chlor and heptachlor epoxide, hexachlorobenzene; hexachlorobutadiene; hexachlorocyclohexane, 
gamma-(lindane); hexachloroethane; methoxychlor; naphthalene; pendimethalin; pentachloroben-
zene; pentachloronitrobenzene (quintozene); pentachlorophenol; phenanthrene; polycyclic aromatic 
compounds; polychlorinated biphenyls (PCBs); pyrene; trifluralin; cadmium and its compounds; 
lead and its compounds; and mercury and its compounds.

15.3.2 H azardous Waste Generators

Several hundred thousand companies generate hazardous wastes in the United States, but most of 
these generators produce only small quantities. Hazardous waste generators are unevenly distributed 
geographically across the continental United States, with a relatively large number located in 
the industrialized upper Midwest, including the states of Illinois, Indiana, Ohio, Michigan, and 
Wisconsin.

Industry types of hazardous waste generators can be divided among the seven following 
major categories, each containing some 10–20% of hazardous waste generators: chemicals and 
allied products manufacture, petroleum-related industries, fabricated metals, metal-related prod-
ucts, electrical equipment manufacture, “all other manufacturing,” and nonmanufacturing and 
nonspecified generators. About 10% of the generators produce more than 95% of all hazardous 
wastes. Whereas, the number of hazardous waste generators is distributed relatively evenly among 
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several major types of industries, 70–85% of the quantities of hazardous wastes are generated by 
the chemical and petroleum industries. Of the remainder, about three-fourths comes from metal-
related industries and about one-fourth from all other industries.

15.4  FLAMMABLE AND COMBUSTIBLE SUBSTANCES

Most chemicals that are likely to burn accidentally are liquids. Liquids form vapors, which are 
usually more dense than air, and thus tend to settle. The tendency of a liquid to ignite is measured 
by a test in which the liquid is heated and periodically exposed to a flame until the mixture of 
vapor and air ignites at the liquid’s surface (Figure 15.2). The temperature at which ignition occurs 
momentarily under these conditions is called the flash point. The temperature at which combustion 
is sustained for at least 5 seconds is called the fire point.

With these definitions in mind, it is possible to divide ignitable materials into four major 
classes. A flammable solid is one that can ignite from friction or from heat remaining from its 
manufacture or that might cause a serious hazard if ignited. Explosive materials are not included 
in this classification. A flammable liquid is one having a flash point below 60.5°C (141°F). A com-
bustible liquid has a flash point in excess of 60.5°C, but below 93.3°C (200°F). Where gases are 
substances that exist entirely in the gaseous phase at 0°C and 1 atm pressure, a flammable com-
pressed gas meets specified criteria for lower flammability limit (LFL), flammability range, and 
flame projection.

In considering the ignition of vapors, two important concepts are those of flammability limit 
and flammability range. Values of the vapor–air ratio below which ignition cannot occur because 
of insufficient fuel define the LFL. Similarly, values of the vapor–air ratio above which ignition 
cannot occur because of insufficient air define the upper flammability limit (UFL). The difference 
between UFL and LFL at a specified temperature is the flammability range. Table 15.1 gives some 
examples of these values for common liquid chemicals. The percentage of flammable substance 
for best combustion (most explosive mixture) may be called “optimal.” In the case of acetone, for 
example, the optimal flammable mixture is 5.0% acetone.

One of the more disastrous problems that can occur with flammable liquids is a boiling liquid 
expanding vapor explosion (BLEVE). These are caused by rapid pressure buildup in closed con-
tainers of flammable liquids heated by an external source. The explosion occurs when the pressure 
buildup is sufficient to break the container walls.

15.4.1 C ombustion of Finely Divided Particles

Finely divided particles of combustible materials are somewhat analogous to vapors with respect to 
flammability. One such example is a spray or mist of hydrocarbon liquid in which oxygen has the 
opportunity for intimate contact with the liquid particles causing the liquid to ignite at a temperature 
below its flash point.

�ermometer Flame

Liquid

Heating block

FIGURE 15.2  Schematic of the Cleveland open-cup method for the determination of flash point and fire 
point.
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Dust explosions can occur with a large variety of solids that have been ground to a finely 
divided state. Many metal dusts, particularly those of magnesium and its alloys, zirconium, tita-
nium, and aluminum, can burn explosively in air. In the case of aluminum, for example, the reac-
tion is as follows:

	 4Al powder 3O from air 2Al O2 2 3( ) + ( )→ 	 (15.1)

Coal dust and grain dusts have caused many fatal fires and explosions in coal mines and grain 
elevators respectively. Dusts of polymers such as cellulose acetate, polyethylene, and polystyrene 
can also be explosive.

15.4.2 O xidizers

Combustible substances are reducing agents that react with oxidizers (oxidizing agents or oxidants) 
to produce heat. Diatomic oxygen, O2, from air is the most common oxidizer. Many oxidizers are 
chemical compounds that contain oxygen in their formulas. The halogens (periodic table group 7A) 
and many of their compounds are oxidizers. Some examples of oxidizers are given in Table 15.2.

An example of a reaction of an oxidizer is that of concentrated HNO3 with copper metal, which 
gives toxic NO2 gas as a product:

	 4HNO Cu Cu NO 2H O 2NO3 3 2 2 2+ → ( ) + + 	  (15.2)

15.4.3 S pontaneous Ignition

Substances that catch fire spontaneously in air without an ignition source are called pyrophoric. 
These include several elements—white phosphorus, the alkali metals (group 1A), and powdered 
forms of magnesium, calcium, cobalt, manganese, iron, zirconium, and aluminum. Also included 
are some organometallic compounds, such as ethyllithium (LiC2H5) and phenyllithium (LiC6H5), 
and some metal carbonyl compounds such as iron pentacarbonyl, Fe(CO)5. Another major class of 
pyrophoric compounds consists of metal and metalloid hydrides, including lithium hydride, LiH; 

TABLE 15.1
Flammabilities of Some Common Organic Liquids

Volume Percent in Air

Liquid Flash Point (°C)a LFLb UFLb

Diethyl ether −43 1.9 36

Pentane −40 1.5 7.8

Acetone −20 2.6 13

Toluene 4 1.27 7.1

Methanol 12 6.0 37

Gasoline 
(2,2,4-tri-methylpentane)

— 1.4 7.6

Naphthalene 157 0.9 5.9

a	 Closed-cup flash point test.
b	 LFL, lower flammability limit; UFL, upper flammability limit at 25°C.
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pentaborane, B5H9; and arsine, AsH3. Moisture in air is often a factor in spontaneous ignition. 
For example, lithium hydride undergoes the following reaction with water from moist air:

	 LiH H O LiOH H heat2 2+ → + + 	  (15.3)

The heat generated from this reaction can be sufficient to ignite the hydride so that it burns in air:

	 2LiH O Li O H O2 2 2+ → + 	  (15.4)

Some compounds with organometallic character are also pyrophoric. An example of such a com-
pound is diethylethoxyaluminum:
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Many mixtures of oxidizers and oxidizable chemicals catch fire spontaneously and are called 
hypergolic mixtures. Nitric acid and phenol form such a mixture.

15.4.4 T oxic Products of Combustion

Some of the greater dangers of fires are from toxic products and by-products of combustion. The 
most obvious of these is carbon monoxide, CO, which can cause serious illness or death because it 
forms carboxyhemoglobin with hemoglobin in the blood so that the blood no longer carries oxygen 
to body tissues. Toxic SO2, P4O10, and HCl are formed by the combustion of sulfur, phosphorus, 
and organochlorine compounds respectively. A large number of noxious organic compounds such 
as aldehydes are generated as by-products of combustion. In addition to forming carbon monoxide, 
combustion under oxygen-deficient conditions produces polycyclic aromatic hydrocarbons 

TABLE 15.2
Examples of Some Oxidizers

Name Formula State of Matter

Ammonium nitrate NH4NO3 Solid

Ammonium perchlorate NH4ClO4 Solid

Bromine Br2 Liquid

Chlorine Cl2 Gas (stored as liquid)

Fluorine F2 Gas

Hydrogen peroxide H2O2 Solution in water

Nitric acid HNO3 Concentrated solution

Nitrous oxide N2O Gas (stored as liquid)

Ozone O3 Gas

Perchloric acid HClO4 Concentrated solution

Potassium permanganate KMnO4 Solid

Sodium dichromate Na2Cr2O7 Solid
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consisting of fused ring structures. Some of these compounds, such as benzo[a]pyrene, in the fol-
lowing figure, are precarcinogens that are acted upon by enzymes in the body to yield cancer-
producing metabolites.

	
Benzo(a)pyrene

	

15.5  REACTIVE SUBSTANCES

Reactive substances are those that tend to undergo rapid or violent reactions under certain condi-
tions. Such substances include those that react violently or form potentially explosive mixtures with 
water. An example is sodium metal, which reacts strongly with water as follows:

	 2Na 2H O 2NaOH H heat2 2+ → + + 	  (15.5)

This reaction usually generates enough heat to ignite the sodium and hydrogen. Explosives con-
stitute another class of reactive substances. For regulatory purposes, substances that produce toxic 
gases or vapors when they react with water, acids, or bases are also classified as reactive. Hydrogen 
sulfide and hydrogen cyanide are the most common toxic substances released in this manner.

Heat and temperature are usually very important factors in reactivity. Many reactions require 
energy of activation to get them started. The rates of most reactions tend to increase sharply with 
increasing temperature, and most chemical reactions give off heat. Therefore, once a reaction is 
started in a reactive mixture lacking an effective means of heat dissipation, the rate may increase 
exponentially with time, leading to an uncontrollable event. Other factors that may affect reaction 
rate include physical form of reactants (e.g., a finely divided metal powder that reacts explosively 
with oxygen, whereas a single mass of metal barely reacts), rate and degree of mixing of reactants, 
degree of dilution with nonreactive media (solvent), presence of a catalyst, and pressure.

Some chemical compounds are self-reactive in that they contain an oxidant and a reductant in 
the same compound. Nitroglycerin, a strong explosive with the formula C3H5(ONO2)3, decomposes 
spontaneously to CO2, H2O, O2, and N2 with a rapid release of a very large amount of energy. Pure 
nitroglycerin has such a high inherent instability that the slightest blow might be sufficient to deto-
nate it. TNT is also an explosive with a high degree of reactivity. However, it is inherently relatively 
stable because some sort of detonating device is required to cause it to explode.

15.5.1 C hemical Structure and Reactivity

As shown in Table 15.3, some chemical structures are associated with high reactivity. High reactiv-
ity in some organic compounds results from unsaturated bonds in the carbon skeleton, particularly 
where multiple bonds are adjacent (allenes, C=C=C) or separated by only one carbon–carbon single 
bond (dienes, C=C−C=C). Some organic structures involving oxygen are very reactive. Examples 
are oxiranes such as ethylene oxide, hydroperoxides (ROOH), and peroxides (ROOR′), where R 
and R′ stand for hydrocarbon moieties such as the methyl group −CH3. Many organic compounds 
containing nitrogen along with carbon and hydrogen are very reactive. Included are triazenes con-
taining a functionality with three nitrogen atoms (R−N=N−N), some azo compounds (R−N=N−R′), 
and some nitriles in which a nitrogen atom is triply bonded to a carbon atom:

	 R–C N≡ Nitrile 	
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Functional groups containing both oxygen and nitrogen tend to impart reactivity to an organic 
compound. Examples of such functional groups are alkyl nitrates (R−NO2), alkyl nitrites (R−O−
N=O), nitroso compounds (R−N=O), and nitro compounds (R−NO2).

Many different classes of inorganic compounds are reactive. These include some of the halogen 
compounds of nitrogen (shock-sensitive nitrogen triiodide, NI3, is a spectacular example), com-
pounds with metal-nitrogen bonds (NaN3), halogen oxides (ClO2), and compounds with oxyanions 
of the halogens. An example of the last group of compounds is ammonium perchlorate, NH4ClO4, 
a solid rocket propellant that was involved in a series of massive explosions that destroyed 8 mil-
lion lb of the compound and demolished a 40 million lb/year U.S. rocket fuel plant near Henderson, 
Nevada, in 1988. (By late 1989, a new $92 million plant for the manufacture of ammonium per-
chlorate had been constructed near Cedar City in a remote region of southwest Utah. Prudently, the 
buildings at the new plant have been placed at large distances from each other!)

Explosives such as nitroglycerin or TNT are single compounds containing both oxidizing and 
reducing functions in the same molecule. Such substances are commonly called redox compounds. 
Some redox compounds have even more oxygen than is needed for a complete reaction and are 
said to have a positive balance of oxygen, some have exactly the stoichiometric quantity of oxy-
gen required (zero balance and maximum energy release), and others have a negative balance and 
require oxygen from outside sources to completely oxidize all components. TNT has a substantial 
negative balance of oxygen; ammonium dichromate ((NH4)2Cr2O7) has a zero balance, reacting with 
exact stoichiometry to H2O, N2, and Cr2O3; and treacherously explosive nitroglycerin has a positive 
balance, as shown by the following reaction:

	 4C H N O 12CO 1 H O 6N O3 5 3 9 2 2 2 2→ + + +0 	  (15.6)

TABLE 15.3 
Examples of Reactive Compounds and Structures

Name Structure or Formula

Organic
Allenes C=C=C

Dienes C=C−C=C

Azo compounds C−N=N−C

Triazenes C−N=N−N

Hydroperoxides R−OOHa

Peroxides R−OO−R′
Alkyl nitrates R−O−NO2

Nitro compounds R−NO2

Inorganic
Nitrous oxide N2O

Nitrogen halides NCl3, NI3

Interhalogen compounds BrCl

Halogen oxides ClO2

Halogen azides ClN3

Hypohalites NaClO

a	 R and R′ denote hydrocarbon groups such as −CH3.
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15.6  CORROSIVE SUBSTANCES

Corrosive substances are regarded as those that dissolve metals or cause oxidized material to form 
on the surface of metals—rusted iron is a prime example—and, more broadly, cause deterioration 
of materials, including living tissue, that they contact. Most corrosives belong to at least one of the 
four following chemical classes: (1) strong acids, (2) strong bases, (3) oxidants, and (4) dehydrating 
agents. Table 15.4 lists some of the major corrosive substances and their effects.

15.6.1 S ulfuric Acid

Sulfuric acid is a prime example of a corrosive substance. As well as being a strong acid, concen-
trated sulfuric acid is also a dehydrating agent and oxidant. The tremendous affinity of H2SO4 for 
water is illustrated by the heat generated when water and concentrated sulfuric acid are mixed. If 
this is done incorrectly by adding water to the acid, localized boiling and spattering can occur, 
which could result in personal injury. The major destructive effect of sulfuric acid on skin tissue is 
removal of water with accompanying release of heat. Sulfuric acid decomposes carbohydrates by 
removal of water. In contact with sugar, for example, concentrated sulfuric acid reacts to leave a 
charred mass. The reaction is

	 C H O 11H12 22 11
(Conc.H SO )

2
2 4� ����������������� OO(H SO ) + 12C + heat2 4 	  (15.7)

Some dehydration reactions of sulfuric acid can be very vigorous. For example, the reaction with 
perchloric acid produces unstable Cl2O7, and a violent explosion can result. Concentrated sulfuric 
acid produces dangerous or toxic products with a number of other substances such as toxic carbon 
monoxide (CO) from reaction with oxalic acid, H2C2O4; toxic bromine and sulfur dioxide (Br2 and 
SO2) from reaction with sodium bromide, NaBr; and toxic, unstable chlorine dioxide (ClO2) from 
reaction with sodium chlorate, NaClO3.

Contact with sulfuric acid causes severe tissue destruction resulting in a severe burn that may be 
difficult to heal. Inhalation of sulfuric acid fumes or mists damages tissues in the upper respiratory 
tract and eyes. Long-term exposure to sulfuric acid fumes or mists has caused erosion of teeth.

TABLE 15.4
Examples of Some Corrosive Substances

Name and Formula Properties and Effects

Nitric acid, HNO3 Strong acid and strong oxidizer, corrodes metal, and reacts with 
protein in tissue to form yellow xanthoproteic acid; lesions are slow 
to heal

Hydrochloric acid, HCl Strong acid, corrodes metals, and gives off HCl gas vapor, which can 
damage respiratory tract tissue

Hydrofluoric acid, HF Corrodes metals, dissolves glass, and causes particularly bad burns 
to flesh

Alkali metal hydroxides, NaOH and KOH Strong bases, corrode zinc, lead, and aluminum, substances that 
dissolve tissue and cause severe burns

Hydrogen peroxide, H2O2 Oxidizer, all but very dilute solutions cause severe burns

Interhalogen compounds such as ClF and BrF3 Powerful corrosive irritants that acidify, oxidize, and dehydrate tissue

Halogen oxides such as OF2, Cl2O, and Cl2O7 Powerful corrosive irritants that acidify, oxidize, and dehydrate tissue

Elemental fluorine, chlorine, and bromine 
(F2, Cl2, Br2)

Very corrosive to mucous membranes and moist tissue, strong irritants
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15.7  TOXIC SUBSTANCES

Toxicity is of the utmost concern in dealing with hazardous substances. This includes both long-term 
chronic effects from continual or periodic exposures to low levels of toxicants and acute effects from a 
single large exposure. Some toxic substances and their toxicological chemistry are covered in Chapter 2.

For regulatory and remediation purposes, a standard test is needed to measure the likelihood of 
toxic substances getting into the environment and causing harm to organisms. The U.S. EPA speci-
fies a test called the toxicity characteristic leaching procedure (TCLP) designed to determine 
the toxicity hazard of wastes.6 The test was designed to estimate the availability to organisms of 
both inorganic and organic species in hazardous materials present as liquids, solids, or multiple-
phase mixtures and does not test for the direct toxic effects of wastes. Basically, the procedure 
consists of leaching a material with a solvent designed to mimic leachate generated in a municipal 
waste-disposal site, followed by chemical analysis of the leachate.

15.8  PHYSICAL FORMS AND SEGREGATION OF WASTES

Three major categories of wastes based on their physical forms are organic materials, aqueous 
wastes, and sludges. These forms largely determine the course of action taken in treating and dis-
posing of the wastes. The level of segregation, a concept illustrated in Figure 15.3, is very impor-
tant in treating, storing, and disposing of different kinds of wastes. It is relatively easy to deal with 
wastes that are not mixed with other kinds of wastes, that is, those that are highly segregated. For 
example, spent hydrocarbon solvents can be used as fuel in boilers. However, if these solvents are 
mixed with spent organochlorine solvents, the production of contaminant hydrogen chloride dur-
ing combustion may prevent fuel use and require disposal in special hazardous waste incinerators. 
Further mixing with inorganic sludges adds mineral matter and water. These impurities complicate 
the treatment processes required by producing mineral ash in incineration or lowering the heating 
value of the material incinerated because of the presence of water. Among the most difficult types 
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of wastes to handle and treat are those with the least segregation, of which a “worst case scenario” 
would be “dilute sludge consisting of mixed organic and inorganic wastes,” as shown in Figure 15.3.

Concentration of wastes is an important factor in their management. A waste that has been con-
centrated or, preferably, never diluted is generally much easier and more economical to handle than 
one that is dispersed in a large quantity of water or soil. Dealing with hazardous wastes is greatly 
facilitated when the original quantities of wastes are minimized and the wastes remain separated 
and concentrated as much as possible.

15.9  ENVIRONMENTAL CHEMISTRY OF HAZARDOUS WASTES

The properties of hazardous materials, their production, and what makes a hazardous substance 
a hazardous waste were discussed in Sections 15.1–15.8 of this chapter. Hazardous materials nor-
mally cause problems when they enter the environment and have detrimental effects on organisms 
or other parts of the environment. Therefore, this chapter deals with the environmental chemistry 
of hazardous materials. In discussing the environmental chemistry of hazardous materials, it is con-
venient to consider the following five aspects based on the definition of environmental chemistry:

	 1.	Origins
	 2.	Transport
	 3.	Reactions
	 4.	Effects
	 5.	Fates

It is also useful to consider the five environmental spheres as defined and discussed in other 
chapters of this book:

	 1.	Anthrosphere
	 2.	Geosphere
	 3.	Hydrosphere
	 4.	Atmosphere
	 5.	Biosphere

Hazardous materials almost always originate in the anthrosphere, are often discarded into the 
geosphere, and are frequently transported through the hydrosphere or the atmosphere. The greatest 
concern for their effects is usually on the biosphere, particularly human beings. Figure 15.4 sum-
marizes these relationships.

Geosphere

Origin

Hydrosphere

Anthrosphere

Atmosphere

Fate

Biosphere

Effects

TransportReactions
X + hv → Y + Z

FIGURE 15.4  Scheme of interactions of hazardous wastes in the environment.
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There are several ways in which hazardous wastes get into the environment. Although now 
much more controlled by pollution prevention laws, hazardous substances have been deliberately 
added to the environment by humans. Wastewater containing a variety of toxic substances has been 
discharged in large quantities into waterways. A particularly egregious example is the estimated 
590,000 kg of PCBs (see Chapter 4, Section 4.12) that were discharged into the Hudson River in 
New York by a General Electric electrical equipment manufacturing operation before PCBs were 
banned in 1977. Although the dumping was entirely legal at the time, the U.S. EPA declared a 
317-km section of the Hudson River from Hudson Falls, New York, to the southern tip of Manhattan 
to be a Superfund hazardous waste site with an ongoing cleanup involving dredging of sediment 
and shipping of it to a disposal site in Texas that may cost several hundred million dollars before it 
is completed.

Hazardous gases and particulate matter have been discharged into the atmosphere through stacks 
from power plants, incinerators, and a variety of industrial operations. Hazardous wastes have been 
deliberately spread on soil or placed in landfills in the geosphere. Evaporation and wind erosion 
may move hazardous materials from waste dumps into the atmosphere, or they may be leached 
from waste dumps into groundwater or surface waters. Underground storage tanks or pipelines have 
leaked a variety of materials into soil. Accidents, fires, and explosions may distribute dangerous 
materials into the environment. Another source of such materials consists of improperly operated 
waste treatment or storage facilities.

15.10  TRANSPORT, EFFECTS, AND FATES OF HAZARDOUS WASTES

The transport of hazardous wastes is largely a function of their physical properties, the physical 
properties of their surrounding matrix, the physical conditions to which they are subjected, and 
chemical factors. Highly volatile wastes are obviously more likely to be transported through the 
atmosphere and more soluble ones to be carried by water. Wastes will move farther and faster in 
porous, sandy formations than in denser soils. Volatile wastes are more mobile under hot, windy 
conditions and soluble ones during periods of heavy rainfall. Wastes that are more chemically and 
biochemically reactive will not move so far as less reactive wastes before breaking down.

The major properties of hazardous substances and their surroundings that determine the envi-
ronmental transport of such substances are as follows:

•	 Physical properties of the substances, including vapor pressure and solubility.
•	 Physical properties of the surrounding matrix.
•	 Physical conditions to which wastes are subjected. Higher temperatures and erosive wind 

conditions enable volatile substances to move more readily.
•	 Chemical and biochemical properties of wastes. Substances that are less chemically reac-

tive and less biodegradable will tend to move farther before breaking down.

15.10.1  Physical Properties of Wastes

The major physical properties of wastes that determine their amenability to transport are volatility, 
solubility, and the degree to which they are sorbed to solids, including soil and sediments.

The distribution of hazardous waste compounds between the atmosphere and the geosphere or 
hydrosphere is largely a function of compound volatility. Usually, in the hydrosphere, and often in 
soil, hazardous waste compounds are dissolved in water; therefore, the tendency of water to hold the 
compound is a factor in its mobility. For example, although ethyl alcohol has a higher vapor pressure 
and lower boiling temperature (77.8°C) than toluene (110.6°C), vapor of the latter compound is more 
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readily evolved from soil because of its limited solubility in water compared with ethanol, which is 
totally miscible with water.

15.10.2 C hemical Factors

The environmental movement, effects, and fates of hazardous waste compounds are strongly 
related to their chemical properties. For example, a toxic heavy metal cationic species, such as 
Pb2+ ion, may be strongly held by negatively charged soil solids. If the lead is chelated by the 
chelating ethylenediaminetetraacetic acid (EDTA) anion, represented as Y4−, it becomes much 
more mobile as PbY2−, an anionic form. Oxidation state can be very important in the movement 
of hazardous substances. The reduced states of iron and manganese, Fe2+ and Mn2+, respectively, 
are water soluble and relatively mobile in the hydrosphere and the geosphere. However, in their 
common oxidized states, Fe(III) and Mn(IV), these elements are present as insoluble Fe2O3·xH2O 
and MnO2, which have virtually no tendency to move. Furthermore, these iron and manganese 
oxides will sequester heavy metal ions, such as Pb2+ and Cd2+, preventing their movement in the 
soluble form.

15.10.3  Environmental Effects of Hazardous Wastes

The effects of hazardous wastes in the environment can be divided among effects on organisms, 
effects on materials, and effects on the environment. These are addressed briefly here and in greater 
detail through Section 15.15.

The ultimate concern with wastes has to do with their toxic effects on animals, plants, and 
microbes. Virtually all hazardous waste substances are poisonous to a degree, some extremely so. 
The toxicity of a waste is a function of many factors, including the chemical nature of the waste, 
the matrix in which it is contained, circumstances of exposure, the species exposed, manner of 
exposure, degree of exposure, and time of exposure. The toxicities of some of the substances found 
in hazardous wastes are discussed in more detail in Chapter 2.

As defined in Section 15.6, many hazardous wastes are corrosive to materials, usually because 
of extremes of pH or because of dissolved salt content. Oxidant wastes can cause combustible sub-
stances to burn uncontrollably. Highly reactive wastes can explode, causing damage to materials 
and structures. Contamination by wastes, such as by toxic pesticides in grain, can result in sub-
stances becoming unfit for use.

In addition to their toxic effects in the biosphere, hazardous wastes can damage air, water, and 
soil. Wastes that get into air can cause deterioration of air quality, either directly or by the formation 
of secondary pollutants. Hazardous waste compounds dissolved in, suspended in, or floating as sur-
face films on the surface of water can render it unfit for use and for sustenance of aquatic organisms.

Soil exposed to hazardous wastes can be severely damaged by alteration of its physical and 
chemical properties and ability to support plants. For example, soil exposed to concentrated brines 
from petroleum production may become unable to support plant growth so that the soil becomes 
extremely susceptible to erosion.

15.10.4 F ates of Hazardous Wastes

The fate of a hazardous waste substance in water is a function of the substance’s solubility, density, 
biodegradability, and chemical reactivity. Dense, water-immiscible liquids may simply sink to the 
bottoms of bodies of water or aquifers and accumulate there as “blobs” of liquid. This has hap-
pened, for example, with hundreds of tons of PCB wastes that have accumulated in sediments in the 
Hudson River in New York State noted in Section 15.9. Biodegradable substances are broken down 
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by bacteria, a process for which the availability of oxygen is an important variable. Substances 
that readily undergo bioaccumulation are taken up by organisms, exchangeable cationic materi-
als become bound to sediments, and organophilic materials may be sorbed by organic matter in 
sediments.

The fates of hazardous waste substances in the atmosphere are often determined by photochemi-
cal reactions. Ultimately, such substances may be converted to nonvolatile, insoluble matter and 
precipitate from the atmosphere onto soil or plants.

15.11  HAZARDOUS WASTES AND THE ANTHROSPHERE

As the part of the environment where humans process substances, the anthrosphere is the source 
of most hazardous wastes. Releases of hazardous wastes from the anthrosphere commonly occur 
through incidents such as spills of liquids, accidental discharge of gases or vapors, fires, and explo-
sions. Under regulations enforced as part of the RCRA act, hazardous waste generators in the 
United States are required to have specified equipment, trained personnel, and procedures that 
protect human health in the event of a release and that facilitate remediation if a release occurs. An 
effective means of communication for summoning help and giving emergency instruction must be 
available. Also required are firefighting capabilities including fire extinguishers and adequate water. 
To deal with spills, a facility is required to have on hand absorbents, such as granular vermiculite 
clay, or absorbents in the form of pillows or pads. Neutralizing agents for corrosive substances that 
may be used should be available as well.

In addition to originating in the anthrosphere, to a large extent, hazardous wastes move, have 
effects, and end up in the anthrosphere as well. Large quantities of hazardous substances are moved 
through the anthrosphere by truck, rail, ship, and pipeline. Spills and releases from such movement, 
ranging from minor leaks from small containers to catastrophic releases of petroleum from wrecked 
tanker ships, are a common occurrence. Much effort in the area of environmental protection can be 
profitably devoted to minimizing and increasing the safety of the transport of hazardous substances 
through the anthrosphere.

In the United States, the transportation of hazardous substances is regulated through the U.S. 
Department of Transportation (DOT). One of the ways in which this is done is through a manifest 
system of documentation designed to track shipments of wastes; provide information regarding 
proper actions in the event of emergencies such as collisions, spills, fires, or explosions; and provide 
documentation for record keeping and reporting.

Many of the adverse effects of hazardous substances occur in the anthrosphere. One of the main 
examples of such effects occurs as corrosion of materials that are strongly acidic or basic or that 
otherwise attack materials. Fire and explosion of hazardous materials can cause severe damage to 
anthrospheric infrastructure.

The fate of hazardous materials is often in the anthrosphere. One of the main examples of a 
material dispersed in the anthrosphere consists of lead-based anticorrosive paints used to be widely 
coated on steel structural members.

15.12  HAZARDOUS WASTES IN THE GEOSPHERE

The sources, transport, interactions, and fates of contaminant hazardous wastes in the geosphere 
involve a complex scheme, some aspects of which are illustrated in Figure 15.5. As illustrated in the 
figure, there are numerous vectors by which hazardous wastes can get into groundwater. Leachate 
from a landfill can move as a waste plume carried along by groundwater, in severe cases draining 
into a stream or into an aquifer where it may contaminate well water. Sewers and pipelines may leak 
hazardous substances into the geosphere. Such substances seep from waste lagoons into geological 
strata, eventually contaminating groundwater. Wastes leaching from sites where they have been 
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spread on land for disposal or as a means of treatment can contaminate the geosphere and ground-
water. In some cases, wastes are pumped into deep wells as a means of disposal.

The movement of hazardous waste constituents in the geosphere is largely by the action of flow-
ing water in a waste plume, as shown in Figure 15.5. The speed and degree of waste flow depend on 
numerous factors. Hydrologic factors such as water gradient and permeability of the solid forma-
tions through which the waste plume moves are important. The rate of flow is usually rather slow, 
typically several centimeters per day. An important aspect of the movement of wastes through the 
geosphere is attenuation by the mineral strata. This occurs because waste compounds are sorbed 
to solids by various mechanisms. A measure of the attenuation can be expressed by a distribution 
coefficient, Kd,

	
K

C

Cd
s

w

=
	  

(15.8)

where Cs and Cw are the equilibrium concentrations of the constituent on solids and in solution 
respectively. This relationship assumes relatively ideal behavior of the hazardous substance that 
is partitioned between water and solids (the sorbate). A more empirical expression is based on the 
Freundlich equation

	
C K Cs F eq

n= 1

	  
(15.9)

where and KF and 1/n are empirical constants.
Several important properties of the solid determine the degree of sorption. One obvious factor is 

surface area. The chemical nature of the surface is also important. Among the important chemical 
factors are presence of sorptive clays, hydrous metal oxides, and humus (particularly important for 
the sorption of organic substances).

In general, sorption of hazardous waste solutes is higher above the water table in the unsatu-
rated zone of soil. This region tends to have a higher surface area and to favor oxic biodegradation 
processes.

The chemical nature of the leachate is important in sorptive processes of hazardous substances in 
the geosphere. Organic solvents or detergents in leachates will solubilize organic materials, prevent-
ing their retention by solids. Acidic leachates tend to dissolve metal oxides

Landfill Stream

Sewer
Waste
lagoon

Land
spreading

Water table

Leakage
Leachate

Waste plume W
el

l

Aquifer containing groundwater

FIGURE 15.5  Sources and movement of hazardous wastes in the geosphere.
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thus preventing sorption of metals in insoluble forms. This is a reason that leachates from municipal 
landfills, which contain weak organic acids, are particularly prone to transport metals. Solubilization 
by acids is particularly important in the movement of heavy metal ions.

Heavy metals are among the most dangerous hazardous waste constituents that are transported 
through the geosphere. Many factors affect their movement and attenuation. The temperature, pH, 
and reducing nature (as expressed by the negative log of the electron activity, pE) of the solvent 
medium are important. The nature of the geospheric solids, especially the inorganic and organic 
chemical functional groups on the surface, the cation-exchange capacity, and the surface area of 
the solids largely determine the attenuation of heavy metal ions. In addition to being sorbed and 
undergoing ion exchange with geospheric solids, heavy metals may undergo oxidation-reduction 
processes, precipitate as slightly soluble solids (especially sulfides), and in some cases, such as 
occurs with mercury, undergo microbial methylation reactions that produce mobile organometallic 
species.

The importance of chelating agents interacting with metals and increasing their mobilities has 
been illustrated by the effects of chelating EDTA on the mobility of radioactive heavy metals, 
especially 60Co. The EDTA and other chelating agents, such as diethylenetriaminepentaacetic 
acid (DTPA) and nitrilotriacetic acid (NTA), were used to dissolve metals in the decontamina-
tion of radioactive facilities and were codisposed with radioactive materials at Oak Ridge National 
Laboratory (Tennessee) during the period 1951–1965. Unexpectedly, high rates of radioactive metal 
mobility were observed, which was attributed to the formation of anionic species such as 60CoT− 
(where T3− is the chelating NTA anion). Whereas unchelated cationic metal species are strongly 
retained in soil by precipitation reactions and cation-exchange processes

	 )( )(+ →+ −Co 2OH Co OH s2
2 	  (15.11)
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anion bonding processes are very weak, so that the chelated anionic metal species are not strongly 
bound. Naturally occurring humic acid chelating agents may also be involved in the subsurface 
movement of radioactive metals and the less soluble humic substances may serve to immobilize 
radioactive metals.

Soil can be severely damaged by hazardous waste substances. Such materials may alter the 
physical and chemical properties of soil and thus its ability to support plants. Some of the more 
catastrophic incidents in which soil has been damaged by exposure to hazardous materials have 
arisen from soil contamination from SO2 emitted from copper or lead smelters or from brines from 
petroleum production. Both of these contaminants stop the growth of plants and, without the bind-
ing effects of viable plant root systems, topsoil is rapidly lost by erosion.

Unfortunate cases of the improper disposal of hazardous wastes into the geosphere have occurred 
throughout the world. This often occurs in poorer countries where wastes are dumped from con-
cerns in more developed countries.

15.13  HAZARDOUS WASTES IN THE HYDROSPHERE

Hazardous waste substances can enter the hydrosphere as leachate from waste landfills, drainage 
from waste ponds, seepage from sewer lines, or runoff from soil. Deliberate release into waterways 
also occurs and is a particular problem in countries with lax environmental enforcement. There are, 
therefore, numerous ways by which hazardous materials may enter the hydrosphere.
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For the most part, the hydrosphere is a dynamic, moving system, so that it provides, perhaps, 
the most important variety of pathways for moving hazardous waste species in the environment. 
Once in the hydrosphere, hazardous waste species can undergo a number of processes by which 
they are degraded, retained, and transformed. These include the common chemical processes 
of precipitation–dissolution, acid-base reactions, hydrolysis, and oxidation-reduction reactions. 
Also included is a wide variety of biochemical processes that, in most cases, reduce hazards, but 
in some cases, such as the biomethylation of mercury, they greatly increase the risks posed by 
hazardous wastes.

The unique properties of water have a strong influence on the environmental chemistry of haz-
ardous wastes in the hydrosphere. Aquatic systems are subject to constant change. Water moves 
with groundwater flow, stream flow, and convection currents. Bodies of water become stratified 
so that low-oxygen reducing conditions may prevail in the bottom regions of a body of water, and 
there is a constant interaction of the hydrosphere with the other environmental spheres. There is a 
continuing exchange of materials between water and the other environmental spheres. Organisms 
in water may have a strong influence on even poorly biodegradable hazardous waste species through 
bioaccumulation mechanisms.

Figure 15.6 shows some of the pertinent aspects of hazardous waste materials in bodies of water, 
with emphasis on the strong role played by sediments. An interesting kind of hazardous waste mate-
rial that may accumulate in sediments consists of dense, water-immiscible liquids that can sink to 
the bottoms of bodies of water or aquifers and remain there as “blobs” of liquid as was the case with 
the PCB wastes dumped into the Hudson River, noted in Section 15.9.

Hazardous waste species undergo a number of physical, chemical, and biochemical processes in 
the hydrosphere that strongly influence their effects and fates. The major ones are listed as follows:

•	 Hydrolysis reactions are those in which a molecule is cleaved with the addition of a mole
cule of H2O. An example of a hydrolysis reaction is the hydrolysis of dibutyl phthalate, 
Hazardous Waste Number U069:
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FIGURE 15.6  Aspects of hazardous wastes in surface water in the hydrosphere. The deep unstirred sedi-
ments are anoxic, and the site of hydrolysis reactions and reductive processes that may act on hazardous waste 
constituents is sorbed to the sediment.
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Another example is the hydrolysis of bis(chloromethyl)ether to produce HCl and 
formaldehyde:
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C H + 2HCl→2HCl Cl + H2OO

	

Compounds that hydrolyze are normally those, such as esters and acid anhydrides, that are 
originally formed by joining two other molecules with the loss of H2O.

•	 Precipitation reactions, such as the formation of insoluble lead sulfide from soluble 
lead(II) ion in the anoxic regions of a body of water:

	 )(+ → ++ − +Pb HS PbS s H2
	

An important part of the precipitation process is normally aggregation of the colloidal 
particles first formed to produce a cohesive mass. Precipitates are often relatively 
complicated species such as the basic salt of lead carbonate, 2PbCO3·Pb(OH)2. 
Heavy metals, a common ingredient of hazardous waste species precipitated in the 
hydrosphere, tend to form hydroxides, carbonates, and sulfates with the −OH , −HCO3, 
and 2−SO4  ions that commonly are present in water, and sulfides are likely to be formed 
in bottom regions of bodies of water where sulfide is generated by anoxic bacteria. 
Heavy metals are often coprecipitated as a minor constituent of some other compound 
or are sorbed by the surface of another solid.

•	 Oxidation-reduction reactions commonly occur with hazardous waste materials in the 
hydrosphere, generally mediated by microorganisms. An example of such a process is the 
oxidation of ammonia to toxic nitrite ion mediated by Nitrosomonas bacteria:

	 )(+ → + ++ −NH 3/2O H NO s H O3 2 2 2 	

•	 Biochemical processes, which often involve hydrolysis and oxidation-reduction reactions. 
Organic acids and chelating agents, such as citrate, produced by bacterial action may solu-
bilize heavy metal ions. Bacteria also produce methylated forms of metals, particularly 
mercury and arsenic.

•	 Photolysis reactions and miscellaneous chemical phenomena. Photolysis of hazardous 
waste compounds in the hydrosphere commonly occurs on surface films exposed to sun-
light on the top of water.

Hazardous waste compounds have a number of effects on the hydrosphere. Perhaps the most seri-
ous of these is the contamination of groundwater, which in some cases can be almost irreversible. 
Waste compounds accumulate in sediments such as river or estuary sediments. Hazardous waste 
compounds dissolved in, suspended in, or floating as surface films on the surface of water can ren-
der it unfit for use and for sustenance of aquatic organisms.

Many factors determine the fate of a hazardous waste substance in water. Among these are the sub-
stance’s solubility, density, biodegradability, and chemical reactivity. As noted in Section 15.13 and 
in Chapter 3, Section 3.14, biodegradation largely determines the fate of hazardous waste substances 
in the hydrosphere. In addition to biodegradation, some substances are concentrated in organisms by 
bioaccumulation processes and may become deposited in sediments as a result. Organophilic materi-
als may be sorbed by organic matter in sediments. Cation-exchanging sediments have the ability to 
bind cationic species, including cationic metal ions and organics that form cations.
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15.14  HAZARDOUS WASTES IN THE ATMOSPHERE

Hazardous waste chemicals can enter the atmosphere by evaporation from hazardous waste sites, 
by wind erosion, or by direct release. Hazardous waste chemicals usually are not evolved in large 
enough quantities to produce secondary air pollutants. (As noted in Chapter 7, Section 7.1, sec-
ondary air pollutants are formed by chemical processes in the atmosphere. Examples are sulfu-
ric acid formed from emissions of sulfur oxides and oxidizing photochemical smog formed under 
sunny conditions from nitrogen oxides and hydrocarbons.) Therefore, species from hazardous waste 
sources are usually of most concern in the atmosphere as primary pollutants emitted in localized 
areas at a hazardous waste site. Plausible examples of primary air pollutant hazardous waste chemi-
cals include corrosive acid gases, particularly HCl; toxic organic vapors such as vinyl chloride 
(U043); and toxic inorganic gases such as HCN potentially released by the accidental mixing of 
waste cyanides with acid:

	 H SO 2NaCN Na SO 2HCN g2 4 2 4+ → + ( ) 	  (15.13)

Primary air pollutants such as these are almost always of concern to people only adjacent to the 
site or to workers involved in site remediation. One such substance that has been responsible for 
fatal poisonings at hazardous waste sites, usually tanks that are undergoing cleanup or demolition, 
is the highly toxic hydrogen sulfide gas, H2S.

An important characteristic of a hazardous waste material that enters the atmosphere is its 
pollution potential. This refers to the degree of environmental threat posed by the substance acting 
as a primary pollutant or to its potential to cause harm from secondary pollutants.

Another characteristic of a hazardous waste material that determines its threat to the atmosphere 
is its residence time, which can be expressed by an estimated atmospheric half-life, t1/2. Among 
the factors that go into estimating atmospheric half-lives are water solubilities, rainfall levels, and 
atmospheric mixing rates.

Hazardous waste compounds in the atmosphere that have significant water solubilities are com-
monly removed from the atmosphere by dissolution in water. The water may be in the form of very 
small cloud or fog particles or it may be present as rain droplets.

Some hazardous waste species in the atmosphere are removed by adsorption onto aerosol 
particles. Typically, the adsorption process is rapid so that the lifetime of the species is that of the 
aerosol particles (typically a few days). Adsorption onto solid particles is the most common removal 
mechanism for highly nonvolatile constituents such as benzo(a)pyrene.

Dry deposition is the name given to the process by which hazardous waste species are removed 
from the atmosphere by impingement onto soil, water, or plants on the Earth’s surface. These rates 
are dependent on the type of substance, the nature of the surface that they contact, and weather 
conditions.

A significant number of hazardous waste substances leave the atmosphere much more rapidly 
than predicted by dissolution, adsorption onto particles, and dry deposition, meaning that chemical 
processes must be involved. The most important of these are photochemical reactions, commonly 
involving hydroxyl radical, HO·. Other reactive atmospheric species that may act to remove hazard-
ous waste compounds are ozone (O3), atomic oxygen (O), peroxyl radicals (HOO·), alkylperoxyl 
radicals (ROO·), and NO3. Although its concentration in the troposphere is relatively low, HO· is so 
reactive that it tends to predominate in the chemical processes that remove hazardous waste species 
from air. Hydroxyl radical undergoes abstraction reactions that remove H atoms from organic 
compounds

	 R H HO R H O2− + ⋅→ ⋅ + 	  (15.14)
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and may react with those containing unsaturated bonds by addition as illustrated by the following 
reaction:

	 C C C C
H

H H

H

OHH+ HO⋅
R R

H
⋅ 	  (15.15)

The free radical products are very reactive. They react further to form oxygenated species, such 
as aldehydes, ketones, and dehalogenated organics, eventually leading to the formation of particles 
or water-soluble materials that are readily scavenged from the atmosphere.

Direct photodissociation of hazardous waste compounds in the atmosphere may occur by the 
action of the shorter wavelength light that reaches to the troposphere and is absorbed by a molecule 
with a light-absorbing group called a chromophore:

	 R X R X– + → ⋅ + ⋅hν 	

Among the factors involved in assessing the effectiveness of direct absorption of light to remove 
species from the atmosphere are light intensity, quantum yields (chemical reactions per quantum 
absorbed), and atmospheric mixing. The requirement of a suitable chromophore limits direct pho-
tolysis as a removal mechanism for most compounds other than conjugated alkenes, carbonyl com-
pounds, some halides, and some nitrogen compounds, particularly nitro compounds, all of which 
commonly occur in hazardous wastes.

15.15  HAZARDOUS WASTES IN THE BIOSPHERE

Microorganisms, bacteria, fungi, and, to a certain extent, protozoa may act metabolically on haz-
ardous waste substances in the environment. Most of these substances are anthropogenic (made by 
human activities), and most are classified as xenobiotic molecules that are foreign to living systems. 
Although by their nature xenobiotic compounds are degradation-resistant, almost all classes of 
them—nonhalogenated alkanes, halogenated alkanes (trichloroethane and dichloromethane), non-
halogenated aryl compounds (benzene, naphthalene, and benzo[a]pyrene), halogenated aryl com-
pounds (hexachlorobenzene and pentachlorophenol), phenols (phenol and cresols), PCBs, phthalate 
esters, and pesticides (chlordane and parathion)—can be at least partially degraded by various 
microorganisms.

Bioaccumulation occurs in which wastes are concentrated in the tissues of organisms. It is an 
important mechanism by which wastes enter food chains. Biodegradation occurs when wastes 
are converted by biological processes to generally simpler molecules; the complete conversion to 
simple inorganic species, such as CO2, NH4

+, H PO HPO2 4
− −/ 4, and 2−SO4 , is called mineralization. The 

production of a less toxic product by biochemical processes is called detoxification. An example is 
the bioconversion of highly toxic organophosphate paraoxon to p-nitrophenol, which is only about 
l/200 as toxic:

	
HO

O

O

Enzymes

NO2 + Other products
H5C2O

H5C2O H2O,{O}
P NO2 	  (15.16)
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15.15.1 M icrobial Metabolism in Waste Degradation

The following terms and concepts apply to the metabolic processes by which microorganisms bio-
degrade hazardous waste substances:

•	 Biotransformation is the enzymatic alteration of a substance by microorganisms.
•	 Metabolism is the biochemical process by which biotransformation is carried out.
•	 Catabolism is an enzymatic process by which more complex molecules are broken down 

into less complex ones.
•	 Anabolism is an enzymatic process by which simple molecules are assembled into more 

complex biomolecules.

Two major divisions of biochemical metabolism that operate on hazardous waste species are oxic 
processes, which use molecular O2 as an oxygen source, and anoxic processes, which make use of 
another oxidant. For example, when sulfate ion acts as an oxidant (electron receptor), the transforma-
tion 2−SO4  → H2S occurs. (This has the benefit of providing sulfide, which precipitates insoluble metal 
sulfides in the presence of hazardous waste heavy metals.) Because molecular oxygen does not pen-
etrate to such depths, anoxic processes predominate in the deep sediments, as shown in Figure 15.6.

For the most part, anthropogenic compounds resist biodegradation much more strongly than 
do naturally occurring compounds. Given the nature of xenobiotic substances, there are very few 
enzyme systems in microorganisms that act specifically on these substances, especially in mak-
ing an initial attack on the molecule. Therefore, most xenobiotic compounds are acted upon by a 
process called cometabolism, which occurs concurrently with normal metabolic processes. An 
interesting example of cometabolism is provided by the white rot fungus, Phanerochaete chryso-
sporium, which has been promoted for the treatment of hazardous organochlorides such as PCBs, 
DDT, and chlorodioxins. This fungus uses dead wood as a carbon source and has an enzyme system 
that breaks down wood lignin, a degradation-resistant biopolymer that binds the cellulose in wood. 
Under appropriate conditions, this enzyme system attacks organochloride compounds and enables 
their mineralization.

The susceptibility of a xenobiotic hazardous waste compound to biodegradation depends on 
its physical and chemical characteristics. Important physical characteristics include water solubil-
ity, hydrophobicity (aversion to water), volatility, and lipophilicity (affinity for lipids). In organic 
compounds, certain structural groups—branched carbon chains, ether linkages, meta-substituted 
benzene rings, chlorine, amines, methoxy groups, sulfonates, and nitro groups—impart particular 
resistance to biodegradation.

Microorganisms vary in their ability to degrade hazardous waste compounds; virtually never 
does a single microorganism have the ability to completely mineralize a waste compound. Abundant 
oxic bacteria of the Pseudomonas family are particularly adept at degrading synthetic compounds 
such as biphenyl, naphthalene, DDT, and many other compounds. Actinomycetes, microorganisms 
that are morphologically similar to both bacteria and fungi, degrade a variety of organic com-
pounds, including degradation-resistant alkanes and lignocellulose, as well as pyridines, phenols, 
nonchlorinated aryls, and chlorinated aryls.

Because of their requirement for oxygen-free (anoxic) conditions, anoxic bacteria are fastidious 
and difficult to study. However, they can play an important role in degrading biomass, particularly 
through hydrolytic processes in which molecules are cleaved with addition of H2O. Anoxic bacte-
ria reduce oxygenated organic functional groups. As examples, they convert nitro compounds to 
amines, degrade nitrosamines, promote reductive dechlorination, reduce epoxide groups to alkenes, 
and break down aryl structures. Partial dechlorination of PCBs by bacteria growing anoxically in 
PCB-contaminated river sediments such as those in New York’s Hudson River has been reported. 
PCB waste remediation schemes have been proposed that make use of anoxic dechlorination of the 
more highly chlorinated PCBs and oxic degradation of the less highly chlorinated products.
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Fungi are particularly noted for their ability to attack long-chain and complex hydrocarbons and 
are more successful than bacteria in the initial attack on PCB compounds. The potential of the white 
rot fungus, P. chrysosporium, to degrade biodegradation-resistant compounds, especially organo-
chloride species, was previously noted.

Phototrophic microorganisms, algae, photosynthetic bacteria, and cyanobacteria that perform 
photosynthesis have lipid bodies that accumulate lipophilic compounds. There is some evidence to 
suggest that these organisms can induce photochemical degradation of the stored compounds.

Biologically, the greatest concern with wastes has to do with their toxic effects on animals, 
plants, and microbes. Virtually all hazardous waste substances are poisonous to a degree, some 
extremely so. Toxicities vary markedly with the physical and chemical nature of the waste; the 
matrix in which it is contained; the type and condition of the species exposed; and the manner, 
degree, and time of exposure.

15.16 � HAZARDOUS SUBSTANCES AND ENVIRONMENTAL 
HEALTH AND SAFETY

Health effects are a major concern with hazardous substances and hazardous wastes generated in 
the anthrosphere. These include worker exposure during the generation, use, treatment, and disposal 
of hazardous materials; worker exposure resulting from remediation of disposal sites; exposure of 
people to emissions from disposal sites; and exposure of the public to hazardous substances as a 
result of transportation.

Children are especially vulnerable to the health effects of hazardous substances. As noted in the 
discussion of the Love Canal waste disposal site in Section 15.1, a particular concern with this noto-
rious site was the exposure of children in residential areas and even in a school that was constructed 
essentially on top of some of the buried wastes. Another concern involving children is the possibil-
ity of increased birth defects due to exposure to toxic substances in hazardous wastes.

Contaminated soil is a particular concern with respect to exposure of children to hazardous 
substances. The most common such contaminant is lead, especially in areas around lead smelters. 
Soil contaminants from hazardous waste sources also include arsenic, carcinogenic benzo(a)pyrene, 
and PCBs.7

QUESTIONS AND PROBLEMS

	 1.	Match the following kinds of hazardous substances on the left with a specific example of 
each from the right, as follows:

	 2.	Of the following, the property that is not a member of the same group as the other proper-
ties listed is (a) substances that are liquids whose vapors are likely to ignite in the presence 
of ignition sources, (b) nonliquids that may catch fire from friction or contact with water 
and that may burn vigorously or persistently, (c) ignitable compressed gases, (d) oxidizers, 
and (e) substances that exhibit extremes of acidity or basicity.

1. Explosives (a) Oleum, sulfuric acid, and caustic soda

2. Compressed gases (b) White phosphorus

3. Radioactive materials (c) NH4ClO4

4. Flammable solids (d) Hydrogen and sulfur dioxide

5. Oxidizing materials (e) Nitroglycerin

6. Corrosive materials (f) Plutonium and cobalt-60
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	 3.	 In what respects can it be said that measures taken to alleviate air and water pollution tend 
to aggravate hazardous waste problems?

	 4.	Why is attenuation of metals likely to be very poor in acidic leachate? Why is attenuation 
of anionic species in soil less than that of cationic species?

	 5.	Discuss the significance of LFL, UFL, and flammability range in determining the flam-
mability hazards of organic liquids.

	 6.	Concentrated HNO3 and its reaction products pose several kinds of hazards. What are 
these?

	 7.	What are substances that catch fire spontaneously in air without an ignition source called?
	 8.	Name four or five hazardous products of combustion and specify the hazards posed by 

these materials.
	 9.	What kind of property tends to be imparted to a functional group of an organic compound 

containing both oxygen and nitrogen?
	 10.	Match the corrosive substance from the column on the left, in the following, with one of its 

major properties from the right column:

	 11.	Rank the following wastes in increasing order of segregation (a) mixed halogenated and 
hydrocarbon solvents containing little water, (b) spent steel pickling liquor, (c) dilute sludge 
consisting of mixed organic and inorganic wastes, (d) spent hydrocarbon solvents free of 
halogenated materials, and (e) dilute mixed inorganic sludge.

	 12.	List and discuss some of the important processes determining the transformations and 
ultimate fates of hazardous chemical species in the hydrosphere.

	 13.	 In what form would a large quantity of hazardous waste PCB likely be found in the 
hydrosphere?

	 14.	The TCLP was originally devised to mimic a “mismanagement scenario” in which hazard-
ous wastes were disposed of along with biodegradable organic municipal refuse. Discuss 
how this procedure reflects the conditions that might arise from circumstances in which 
hazardous wastes and actively decaying municipal refuse were disposed of together.

	 15.	What are three major properties of wastes that determine their amenability to transport?
	 16.	List and discuss the significance of major sources for the origin of hazardous wastes, that 

is, their main modes of entry into the environment. What are the relative dangers posed by 
each of these? Which part of the environment would each be most likely to contaminate?

	 17.	What is the influence of organic solvents in leachates upon attenuation of organic hazard-
ous waste constituents?

	 18.	What features or characteristics should a compound possess for direct photolysis to be a 
significant factor in its removal from the atmosphere?

	 19.	Describe the particular danger posed by codisposal of strong chelating agents with radio-
nuclide wastes. What can be said about the chemical nature of the latter with regard to this 
danger?

	 20.	Describe a beneficial effect that might result from the precipitation of either Fe2O3·xH2O or 
MnO2·xH2O from hazardous wastes in water.

	 21.	Why are secondary air pollutants from hazardous waste sites usually of only limited con-
cern as compared with primary air pollutants? What is the distinction between the two?

1. Alkali metal hydroxides (a) �Reacts with protein in tissue to form yellow 
xanthoproteic acid

2. Hydrogen peroxide (b) Dissolves glass

3. Hydrofluoric acid, HF (c) Strong bases

4. Nitric acid, HNO3 (d) Oxidizer
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	 22.	Match the following physical, chemical, and biochemical processes dealing with the trans-
formations and ultimate fates of hazardous chemical species in the hydrosphere on the left 
with the description of the process on the right, as follows:

	 23.	As applied to hazardous wastes in the biosphere, distinguish among biodegradation, bio-
transformation, detoxification, and mineralization.

	 24.	What is the potential role of P. chrysosporium in treatment of hazardous waste com-
pounds? For which kinds of compounds might it be most useful?

	 25.	Which part of the hydrosphere is most subject to long-term, largely irreversible contamina-
tion from the improper disposal of hazardous wastes in the environment?

	 26.	Several physical and chemical characteristics are involved in determining the amenability 
of a hazardous waste compound to biodegradation. These include hydrophobicity, solubil-
ity, volatility, and affinity for lipids. Suggest and discuss ways in which each one of these 
factors might affect biodegradability.

	 27.	Look up the U.S. EPA website that gives the National Priorities List for waste cleanup:
		  (http://www.epa.gov/superfund/sites/query/queryhtm/nplfin2.htm). Select some of the Site 

Listing Narratives for specific descriptions of the various sites. Can you find any sites 
where heavy metals, chromium(VI), organochlorine solvents, or alkaline wastes are listed 
as contaminants? What other kinds of wastes can you find?
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16 Industrial Ecology and 
Green Chemistry for 
Sustainable Management 
of the Anthrosphere

16.1  MANAGING THE ANTHROSPHERE FOR SUSTAINABILITY

This chapter addresses management of the anthrosphere for sustainability. It is important to manage 
the anthrosphere sustainably for two major reasons. One of these is that the anthrosphere tends to 
be a voracious consumer of materials and Earth’s natural capital. Therefore, it is very important 
to manage the anthrosphere in ways that control its appetite for consumption and conserve and 
preserve Earth’s limited resources in the most sustainable way possible. A second reason is that the 
anthrosphere has a strong tendency to produce pollutants and wastes (Figure 16.1). For this reason, 
a major goal of sustainability must be to manage the anthrosphere in a way that minimizes or com-
pletely eliminates wastes, especially hazardous wastes.

The first part of this chapter addresses utilization of materials by the anthrosphere. Emphasis is 
placed on renewable materials, especially those from the biosphere, and on conservation and recy-
cling of metals and other nonrenewable materials. The second part of this chapter discusses mini-
mization of the impact of anthrospheric wastes with emphasis on elimination of hazardous wastes 
and treatment of wastes to make them nonhazardous.

16.2  FEEDING THE ANTHROSPHERE

As noted in Chapter 14, Section 14.14, feedstocks are defined as the main ingredients that go into 
the production of chemical products and reagents are defined as substances that act upon feedstocks 
in the manufacture of materials; often the two are not readily distinguished. This chapter addresses 
the sources, processing, and uses of feedstocks in more detail. Closely related to feedstocks are 
fuels, which are burned to produce energy; their sources, processing, and utilization are addressed 
in Chapter 17 in the discussion on energy. The anthrosphere is in fact “fed” by feedstocks and fuels.

Since the Industrial Revolution gained impetus around 1800, and especially around 1900 with 
the development of the chemical industry, the anthrosphere has developed a voracious appetite 
for materials. This is especially true of the vast petrochemicals industry fed by materials from 
petroleum and producing huge quantities of polymers, plastics, synthetic detergents, agricultural 
chemicals, and many other products. The era of petrochemicals must eventually come to an end 
because sources of petroleum cannot indefinitely sustain the enormous appetite of the anthrosphere 
for petrochemicals. The demand for the kinds of products now produced from petroleum will not go 
away, so alternate means of providing the materials desired by humans will have to be found. The 
only real alternative is biomaterials, which in fact provided most of the stuff that humans used until 
very recently in the history of humankind. Although challenging, this shift in raw materials sources 
promises to be a very exciting one for chemistry. And it provides an opportunity for chemists and 
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engineers to “get it right” by applying the principles of green chemistry, green engineering, and 
industrial ecology in ways that will ensure a sustainable future.

Feedstock selection largely dictates the reactions and conditions that are employed in a chemical 
synthesis and is, therefore, of utmost importance in the practice of green chemistry. A feedstock 
should be as safe as possible. The source of a feedstock can largely determine its environmental 
impact, and the acquisition of the feedstock should not strain Earth’s resources. The process of iso-
lating and concentrating a feedstock can add to the potential harm of otherwise safe materials. This 
is true of some metal ores in which corrosive and toxic reagents (in the case of gold, e.g., cyanide; 
see Section 16.4) are used to isolate the desired material.

As a general rule, it is best if feedstocks come from renewable sources rather than depletable 
resources. A biomass feedstock, for example, can be obtained as a renewable resource grown by 
plants on land, whereas a petroleum-based feedstock is obtained from depletable crude oil resources. 
However, the environmental trade-offs between these two sources may be more complex than they 
first appear in that the petroleum feedstock may be simply pumped from a few wells in Saudi 
Arabia, whereas the biomass may require large areas of land, significant quantities of fertilizer, 
and large volumes of irrigation water for its production. Another important decision is whether or 
not the feedstock should be made entirely from virgin materials or at least in part from recycled 
material.

In the United States, petroleum amounts to all but about 2% of the raw material used for the 
manufacture of organic chemicals and the many products made from them, such as textiles, plas-
tics, and rubber. To a degree, petroleum is an ideal feedstock for this purpose; during the last 100 
years, it has been readily available and relatively inexpensive except during times of temporary 
supply disruption. There are of course disadvantages to the use of petroleum as a feedstock, not the 
least of which is the fact that eventually available supplies will become exhausted. The transporta-
tion and refining of petroleum consumes large amounts of energy, amounting to more than 15% of 
total energy use in the United States. Chemically, a consideration in the use of petroleum as a raw 
material is that the hydrocarbon molecules that compose petroleum are in a highly reduced chemi-
cal state. In order to be utilized as feedstocks, petroleum hydrocarbons often must be oxidized. 
The oxidation process entails a net consumption of energy and often requires the use of severe and 
hazardous reagents.

Much of the challenge and potential environmental harm in obtaining feedstocks is in sepa-
rating the feedstocks from other materials. This is certainly true with petroleum, which consists 
of many different hydrocarbons only one of which may be needed as the raw material for a 
particular kind of product. Some metals occur at levels of less than 1% in their ores, requiring 
energy-intensive means of separating out the metals from huge quantities of rock. The smelting 
of copper and lead ores releases significant quantities of impurity arsenic with the flue dust, 
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FIGURE 16.1  Industrial systems operating in the anthrosphere take in materials (feedstocks) and produce 
wastes, including hazardous wastes. Both these activities have important implications for sustainability.
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which must be collected from the smelting operation. Indeed, this by-product arsenic provides 
more than enough of the arsenic needed in commerce. Biobased materials are also generally 
mixtures that require separation. Cellulose from wood, which can be converted to paper and 
a variety of chemicals, is mixed intimately with lignin, from which it is separated only with 
difficulty.

In evaluating the suitability of a feedstock, it is not sufficient to consider just the hazards attribut-
able to the feedstock itself and its acquisition. This is because different feedstocks require differ-
ent processing and synthetic operations downstream that may add to their hazards. If feedstock A 
requires the use of a particularly hazardous material to convert it to product, whereas feedstock B 
can be processed by relatively benign processes, feedstock B should be chosen. This kind of con-
sideration points to the importance of considering the whole life cycle of materials rather than just 
one aspect of them.

An example of the use of a hazardous material in further processing of feedstock is the synthesis 
of 2,2,4-trimethylpentane, commonly called isooctane, from isobutane and butene (Reaction 16.1). 
As shown by its structural formula, 2,2,4-trimethylpentane is a highly branched hydrocarbon and 
an important ingredient of gasoline because it burns smoothly and does not cause engine “knock-
ing.” The favored synthesis of this hydrocarbon uses a catalyst of hydrogen fluoride, HF, a volatile, 
highly reactive, and corrosive toxic substance that can be fatal if inhaled and that causes severe 
chemical burns that are difficult to heal. The use of concentrated HF mixed with a small amount 
of water has been a subject of concern with respect to possible terrorist attacks on petroleum 
refineries.
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16.2.1 U tilization of Feedstocks

Before considering alternative sources of feedstocks, it is useful to consider how those feedstocks 
can be used in the least polluting, most sustainable way possible. Feedstocks are modified by chemi-
cal processes to produce new chemical materials with commercial uses. The ideal feedstock is 
renewable and poses no hazards. And it can be converted to the desired product using a few steps 
with 100% yield and 100% atom economy. This should be done with minimum quantities of reagent 
using only safe media in which the reaction occurs.

There are three major categories of reactions that are involved in the chemical processing of 
feedstocks, as shown in a general sense in Figure 16.2. In an addition reaction, all feedstock mate-
rial becomes part of the product and there are no by-products. These are the best kinds of reactions 
from the viewpoint of green chemistry because, when they work ideally, there are no wastes. A 
substitution reaction uses a reagent to replace a functional group on the feedstock molecule. As its 
name implies, an elimination reaction removes a functional group from a feedstock molecule. Both 
these latter kinds of reactions produce by-product materials from the feedstock and from the spent 
reagent. Their impacts can be reduced by reclaiming by-products, if some use can be found for them, 
and by regenerating the reagent, when this is possible. In some cases, elimination reactions can be 
carried out without the use of a reagent, reducing the impact of this kind of reaction.
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16.3 � KEY FEEDSTOCK: ABUNDANT ELEMENTAL HYDROGEN 
FROM SUSTAINABLE SOURCES

Of all possible feedstocks, none is more important than elemental hydrogen, H2. This is because 
elemental hydrogen has so many uses in chemical synthesis and in making synthetic fuels. From an 
environmental viewpoint, hydrogen’s big advantage, whether it is used in a fuel cell or in a turbine 
or piston engine, is that its only exhaust product is water:

	 2H O 2H O2 2 2+ → 	 (16.2)

This characteristic has led to much interest in some quarters on the possibility of a “hydro-
gen economy” in which hydrogen would be the fuel of choice for virtually all energy applica-
tions.1 Although fuel-cell-powered buses are in operation in some locations around the world and 
hydrogen-powered automobiles are common in Iceland, hydrogen has not become the fuel of choice 
for two important reasons. The first of these is the limited storage capacity for hydrogen, which 
normally must be contained as a highly pressurized gas. This is not a problem in Iceland, an island 
where one cannot drive very far from a fueling station and elemental hydrogen is generated cheaply 
from electricity produced with geothermal energy, but it is very limiting in most other parts of the 
world. The second limitation is that to date most hydrogen is generated from steam reforming of 
natural gas

	 CH 2H O 4H CO4 2 2 2+ → + 	 (16.3)

or from the reaction of steam with hot carbon from coal for which the overall reaction is as 
follows:

	 C 2H O 2H CO2 2 2+ → + 	 (16.4)

Feedstock A

Feedstock B

Feedstock

Feedstock
Elimination

reaction

+ reaction
Addition Product containing all

the material originally
in feedstocks

reaction
Substitution

Product

Product

By-products

By-productsReagent

Reagent

FIGURE 16.2  Illustration of three major categories of reaction processes by which feedstocks are acted 
upon by reagents to produce desired products.
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Although the aforementioned processes, especially steam reformation of methane, are the cur-
rent methods of choice for the production of industrial hydrogen, they both use fossil fuels and 
produce greenhouse gas carbon dioxide. Therefore, a sustainable, low-cost means of H2 produc-
tion is needed. The best means for producing hydrogen gas sustainably is through electrolysis (see 
Chapter 14, Section 14.14.4) by passing a direct current through water made conducting by the addi-
tion of a nonreactive salt such as Na2SO4:

	 2H O electrical energy 2H g O g2 2 2+ → ( )+ ( )	 (16.5)

Current commercial electrolysis cells are about 70% efficient in utilizing electricity to pro-
duce H2. In most regions, the most likely electrical energy source for this application is “free” 
wind power driving generators. Wind is entirely renewable and not subject to uncertainties in the 
market, including international markets subject to political pressures. In this application, the inter-
mittent characteristic of wind power is not an issue in that hydrogen produced in abundance during 
times of strong wind can be pumped underground under pressure to be withdrawn for subsequent 
use during periods of lesser wind speed (see Chapter 14, Figure 14.16). Another advantage of the 
electrolysis reaction is the production of by-product O2, which can be used to burn fossil fuels from 
which the exhaust CO2 product can be captured without dilution with N2 from air, thus enabling 
sequestration of the carbon dioxide or even its use as a concentrated carbon source (see Chapter 17, 
Section 17.11).

Sustainably generated hydrogen has many uses in chemical synthesis and in synthetic fuels 
manufacture. In addition to its applications in fuel cells, it can be burned directly in gas turbines 
and internal combustion engines. It is the fuel of choice for fuel cells and, combined chemically with 
N2 from air, it is used to make ammonia for fertilizer and synthetic nitrogen compounds. It is a key 
feedstock for processes to convert biomass materials, such as sugars, to useful synthetic chemicals. 
And elemental H2 is a key ingredient in making synthetic fuels from coal, biomass, and even CO2.

16.4  FEEDSTOCKS FROM THE GEOSPHERE

The geosphere is a source of a large number of feedstocks that are taken from it in the form of 
minerals. These include all the metals that are refined from metal-bearing ores including sources 
of iron; aluminum; copper; lead; zinc; and, as discussed in Chapter 9, Section 9.3, the rare earths 
that are very important in modern technology-based societies. Also taken from the geosphere are 
fuels including fossil fuels such as coal and uranium used in nuclear reactors, which are discussed 
in Chapter 17.

The environmental and toxicological effects of mineral extraction from the geosphere are sub-
stantial. A major portion of these effects results from physical disturbances of the geosphere. In 
strip mining, soil and rock may be removed that cover a mineral deposit; the mineral dug up; and, 
with the best practice of modern mining technology, the overburden replaced along with a layer of 
topsoil followed by revegetation of the whole area. In some countries, these restoration practices are 
not followed as they should be and the geosphere is scarred by many improperly operated surface 
mines from the past.

Underground mining has also caused numerous problems. Surface subsidence can be a problem 
with many relatively shallow underground mines. Aquifers have been disturbed and contaminated 
by improperly designed and operated underground mines. Water contamination can come from 
several sources. In the case of metal mines, water may become polluted with metals such as lead, 
copper, and zinc. A substantial water pollution problem has resulted from the exposure of iron 
pyrite, FeS2, to air. As discussed in some detail in Chapter 3, Section 3.5.1 microbial and chemical 
action produces sulfuric acid and soluble iron from this mineral, causing substantial water pollution 
problems.
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Desired minerals are always mixed with other rocks that must be separated. In many cases, 
particularly for more valuable metals, the mineral that is sought is less than 1% of the ore. This 
requires processing of the ore, a procedure called beneficiation, which produces relatively large 
amounts of finely divided by-product rock. For economic reasons, beneficiation is usually car-
ried out at the mine site with the residues returned to the mine or left in piles at the site. As a 
result, water pollution problems may develop from the leaching of mine spoils. Some commu-
nities in the vicinity of lead mines have been contaminated by lead from mine residues, with 
particular concern over the health of exposed children. Spoils from iron mining in Minnesota 
have contaminated water with an asbestos-like mineral associated with the iron ore, requiring 
remedial action that has cost millions of dollars. Enormous piles of tar-contaminated sand are 
left over from the extraction by hot water of heavy crude oil from tar sands in the Canadian 
province of Alberta.

16.4.1 O ccupational and Public Health Aspects of Mining

The occupational and public health aspects of mining are very important. In some countries, there 
is still a high toll of injuries and deaths from mining. Coal mining in China takes a shocking number 
of lives each year. One of the lowest recent annual tolls from mining in China was in 2010 when 
“only” 2433 deaths were reported, down from 6000 deaths in both 2004 and 2005. U.S. coal mining 
deaths typically range from 20 to 50 each year. The year 2010 was a bad one with 48 deaths being 
reported including 29 from the April 5, 2010, blast at Massey Energy Company’s Upper Big Branch 
Mine in West Virginia. The major hazard in coal mining results from explosions of methane gas 
released from coal seams.

The occupational health aspects of mining can be substantial. In coal mining, the main problem 
is “black lung disease” from the inhalation of coal dust. Miners of several mineral commodities 
may suffer lung silicosis from the inhalation of silica dust released in the mining process. Uranium 
miners have developed lung cancer from the inhalation of α-particle-emitting noble gas radon and 
its daughter product polonium. Inhalation of radium from the dust released in uranium mining can 
also cause lung cancer.

16.4.2 T oxic Hazards of Cyanide in Gold Recovery

Metal recovery and processing can pose some significant toxicological hazards. One such poten-
tial hazard is from cyanide (CN−), which is used to extract gold (chemical symbol Au) from low-
grade ores. In such ores, the gold is present in the elemental form, but it is so finely divided and 
dispersed that it cannot be separated mechanically from the ore. To extract the gold, the ore is 
leached with a solution of sodium cyanide in the presence of atmospheric air, for which the reac-
tion is as follows:

	 4Au 8CN O 2H O 4Au CN 4OH2 2+ + + → ( ) +− − −
2 	 (16.6)

The gold is then chemically precipitated from the dissolved Au(CN)2
− in the leachate solution.

An obvious concern with the cyanide extraction of gold, as well as with metal electroplating 
processes that use cyanide in the plating baths, is the toxicity of cyanide, both as soluble cyanide 
salts and as hydrogen cyanide gas, HCN (see Chapter 7, Section 7.3). Given the rather frightening 
picture of thousands of liters of deadly cyanide solution seeping through beds of gold ore, surpris-
ingly few fatal cases of cyanide poisoning have been reported as a result of gold ore processing, 
although there have been numerous reports of massive fish kills in streams into which the cyanide 
leachate has spilled.
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16.5  BIOLOGICAL FEEDSTOCKS

As discussed in Chapter 13, Section 13.2, there are several major categories of biomass that can be 
used as raw material to replace petroleum as a feedstock for the organic chemicals industry:

	 1.	Carbohydrate, which has the general formula of approximately CH2O. Carbohydrate is the 
biomass that is produced initially as glucose sugar from water and carbon dioxide during 
photosynthesis. It is contained in the structural parts of plants as cellulose, a biopolymer.

	 2.	Lignin, a biological polymer with a complex structure, which occurs with carbohydrate 
cellulose in woody parts of plants where it binds fibers of cellulose together. Relatively few 
uses have been found for lignin, and it poses impurity problems in extracting cellulose for 
feedstock use.

	 3.	Lipid oils extracted from seeds, including soybeans, sunflowers, and corn.
	 4.	Hydrocarbon terpenes produced by rubber trees, pine trees, and some other kinds of plants.
	 5.	Proteins, produced in relatively small quantities but potentially valuable as nutrients and in 

other uses.

Biological materials used as sources of feedstocks are usually complex mixtures, which makes 
separation of desired materials difficult. However, in some biological starting materials, nature has 
done much of the synthesis of products from biological feedstocks. Most biomass materials are par-
tially oxidized as is the case with carbohydrates, which contain approximately one oxygen atom per 
carbon atom (compared to petroleum hydrocarbons, which have no oxygen). This can avoid expensive, 
sometimes difficult, oxidation steps, which may involve potentially hazardous reagents and conditions.

There are several main pathways by which feedstocks can be obtained from biomass. The most 
straightforward of these is a simple physical separation of biological materials, such as squeez-
ing oil from oil-bearing biomass or tapping latex from rubber trees. Only a slightly more drastic 
treatment consists of extraction of oils by organic solvents. Physical and chemical processes can 
be employed to remove useful biomass from the structural materials of plants, which consist of 
lignocellulose, a mixture of cellulose and the related carbohydrate polymer hemicellulose bound 
together by lignin “glue.”

The most abundant biomass feedstocks are carbohydrates, which are discussed in more detail 
in Sections 16.6 and 16.8. It follows that one of the most promising pathways to obtain useful raw 
materials and fuels from biomass is their synthesis directly from carbohydrates. Carbohydrates 
come in several forms. Sucrose sugar, C12H22O11, can be squeezed from sugar cane as sap and can be 
extracted from sugar beets and sugar cane with water. The exceptional photochemical productivity 
of sugar cane makes sucrose from this source an attractive option. Larger amounts of carbohydrates 
are available in starch, a polymer of glucose readily isolated from grains, such as corn, or from 
potatoes. An even more abundant source is cellulose, which occurs in woody parts of plants.2 It is 
relatively easy to break down starch molecules with the addition of water (hydrolysis) to give simple 
sugar glucose. Breaking down cellulose is more difficult but can be accomplished by the action of 
cellulase enzymes from microorganisms.

Lipid oils are extracted from the seeds of some plants (see Chapter 13, Figure 13.3, for the 
structural formula of a typical lipid oil). Volatile solvents, most commonly the six-carbon straight-
chain alkane n-hexane, C6H14, are used to extract oils. In this process, the solvents are distilled off 
from the extract and recirculated through the process. Care has to be exercised to prevent worker 
exposure to excessive levels of n-hexane because it can cause polyneuropathy, that is, multiple 
disorders of the peripheral nervous system (see Chapter 2, Section 2.12). This occurs as the result of 
loss of myelin (a fatty substance constituting a sheath around certain nerve fibers) and degeneration 
of axons (part of a nerve cell through which nerve impulses are transferred out of the cell). This 
malady afflicted workers in Japan shortly after World War II who were involved in home production 
of sandals from used tires using glue with n-hexane solvent.
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The hydrocarbon terpenes that occur in rubber trees can be tapped from the trees as a latex 
suspension in tree sap. Steam treatment and distillation can be employed to extract terpenes from 
sources such as pine or citrus tree biomass. Terpenes from plants are discussed as potential air pol-
lutants and several structural formulas of terpenes are given in Chapter 7, Section 7.7.

Grain seeds are rich sources of protein, almost always used for food, and are potentially useful as 
chemical feedstocks for specialty applications. An exciting possibility just now coming to fruition 
in a practical sense is to transplant genes into plants so that they will make specialty proteins, such 
as medicinal agents (see Chapter 13, Section 13.3).

Genetic engineering can be very useful in producing biomass for feedstocks. One area in which 
there is much room for improvement is in enhancing the efficiency of photosynthesis. Grain crops 
can be bred to increase the amount of by-product biomass along with the grain they produce. 
Dedicated crops can be developed for the production of large quantities of biomass alone. This has 
already been done using conventional plant breeding techniques to develop rapidly growing hybrid 
poplar trees that produce large quantities of lignocellulosic wood.

Single-cell algae may well turn out to be the best option for the production of large quantities of 
biomass, renewable chemical feedstocks, and biomass fuels.3 Algae are significantly more produc-
tive than rooted plants and can be grown in saltwater or brackish water in desert regions that are not 
suitable for other plants. Algae can serve as sources of lipids including fatty acid esters of glycerol, 
phospholipids, and glycolipids; carbohydrates including starch and complex polysaccharides; and 
proteins including nutrient amino acids and secondary metabolites that may be sources of antibiot-
ics and other natural products.

16.6  MONOSACCHARIDE FEEDSTOCKS: GLUCOSE AND FRUCTOSE

The most abundant biomass feedstocks are carbohydrates. It follows that one of the most promis-
ing pathways to obtain useful raw materials and fuels from biomass is their synthesis directly from 
carbohydrates. The monosaccharides such as glucose and fructose, as well as xylose, a five-carbon 
sugar that is the monomer of hemicellulose, which makes up almost one-third of typical plant 
biomass
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are produced in abundance by plants. These compounds are excellent platforms for a number 
of different organic syntheses. With their relatively high oxygen contents, they are particularly 
advantageous where a partially oxidized product is made, as is often the case in organic synthesis. 
Monosaccharides contain hydroxyl groups, –OH, around the molecule, which act as convenient 
sites for the attachment of various functionalities. Glucose is metabolized by essentially all organ-
isms, so it serves as an excellent starting material for biosynthesis reactions using enzymes, and it 
and many of its products are biodegradable, adding to their environmental acceptability.

Glucose can be obtained by enzyme-catalyzed processes from other sugars, including fruc-
tose, and from disaccharide sucrose and from starch, a macromolecular polymer of glucose 
produced by plants for the storage of food and energy. A large fraction of the glucose that is 
now used is obtained from the enzymatic hydrolysis of cornstarch, and approximately one-
third of U.S. corn production is now consumed to produce glucose for fermentation to ethanol 



417Industrial Ecology and Green Chemistry for Sustainable Management of the Anthrosphere

fuel. This diversion has led to distortions in the corn market and higher food prices. Alarmed 
by the disruptive price increases for corn caused by production of biofuels from cornstarch, in 
2007 China stopped this practice and switched to cassava, a root crop that is a prolific producer 
of starch.4 The percentage of Chinese cassava going into biofuels jumped from 10% in 2008 
to 52% in 2010. Cassava is a root crop that serves as a food energy source for approximately 
500 million people in Africa and in some areas of Asia including China and Thailand. An inter-
esting toxicological aspect regarding cassava as a food source is that it can be toxic because the 
starch is mixed with two cyanide-producing glycosides, linamarin and lotaustralin. Cyanide-
forming linamarin in cassava leaves protects the plants from insects and animals. Food made 
from cassava, such as the traditional African dishes gari and fufu, is subjected to soaking, boil-
ing, fermentation, and other processes that break down the cyanide-producing glycosides and 
make the cassava safe to eat. Some people have been poisoned by HCN fumes released in the 
processing of cassava.

In addition to starch as a source of glucose, it is also possible to obtain glucose by the enzymatic 
hydrolysis of cellulose, although it has proved to be economically and technically challenging on 
an industrial scale because of the refractory nature of the cellulose polymer (see Section 16.8). 
Nevertheless, the enormous quantities of cellulose available in wood and other biomass sources 
make glucose from cellulose an attractive prospect.

The greatest use of glucose and fructose (which is readily converted to glucose by enzymes) for 
chemical synthesis is by fermentation with yeasts to produce ethanol
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an alcohol that is widely used as a gasoline additive, solvent, and chemical feedstock. A by-product 
of this fermentation process is carbon dioxide, the potential of which in green chemical applications 
as a supercritical fluid solvent is discussed in Chapter 14, Section 14.13.

Glucose is widely used as a starting material for the biological synthesis of a number of dif-
ferent biochemical compounds. These include ascorbic acid, citric acid, and lactic acid. Several 
amino acids used as nutritional supplements, including lysine, phenylalanine, threonine, and tryp-
tophan, are biochemically synthesized starting with glucose. The vitamins folic acid, ubiquinone, 
and enterochelin are also made biochemically from glucose.

In addition to the aforementioned predominantly biochemical applications of glucose, monosac-
charides can be used to make feedstocks for chemical manufacture. The possibilities for doing so 
are now greatly increased by the availability of genetically engineered microorganisms that can 
be made to express genes for the biosynthesis of a number of products from glucose. Sophisticated 
genetic engineering is required to make chemical feedstocks because these are materials not ordi-
narily produced biologically.

A study by the U.S. Department of Energy Pacific Northwest Regional Laboratory has identi-
fied “top twelve value-added chemicals” that can be made enzymatically from monosaccharides, 
especially glucose and fructose.5 Listed in Table 16.1, these chemicals could form the main feed-
stocks for future biorefineries that would generate an abundance of products that are currently made 
largely from petrochemicals. Several possible syntheses of commercially valuable chemicals start-
ing with glucose are discussed here.

In 2011, San Diego-based Genomatica demonstrated industrial-scale microbial produc-
tion from glucose of 1,4-butanediol, an organic alcohol used around the world in quantities of 
about 1 million metric tons per year as a solvent and in the manufacture of plastics, polyure-
thane, polyesters, tetrahydrofuran, and other materials. The conventional chemical synthesis of 
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TABLE 16.1 
Top 12 Chemical Feedstocks That Can Be Made Enzymatically from 
Monosaccharides

Name and Structural Formula Examples of Products
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1,4-butanediol involves the reaction of acetylene with formaldehyde followed by hydrogenation 
of the product:
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(16.7)

Although this synthesis is “green” in that it is carried out by addition reactions without by-
products, it involves explosive acetylene and hydrogen gas and toxic formaldehyde. The sugar-based 
biosynthesis of 1,4-butanediol is carried out by genetically engineered Escherichia coli (a type of 
bacteria that inhabits the lower intestines of warm-blooded animals) acting upon glucose:6
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As another example of the potential of glucose for making important feedstocks, consider the 
synthesis from glucose of adipic acid
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a feedstock consumed in large quantities to make nylon. The conventional chemical synthesis of 
this compound starts with benzene, a volatile, flammable hydrocarbon that is believed to cause 
leukemia in humans. The synthesis involves several steps using catalysts at high pressure and cor-
rosive oxidant nitric acid, which releases air pollutant nitrous oxide, N2O. Throughout the synthesis 
process, elevated temperatures of approximately 250°C are employed. The N2O released by the 
synthesis of adipic acid in the manufacture of nylon accounts for a significant fraction of worldwide 
N2O releases. The potential dangers and environmental problems with this synthesis are obvious.

As an alternative to the aforementioned chemical synthesis of adipic acid, a biological synthesis 
using genetically modified E. coli bacteria and a simple hydrogenation reaction has been described.7 
The bacteria convert glucose to cis, cis-muconic acid:
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The muconic acid is then treated under relatively mild conditions with H2 under 3-atm pressure 
over a platinum catalyst to give adipic acid.
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16.7  HYDROCARBONS AND SIMILAR MATERIALS FROM SUGARS

Hydrocarbons and materials that have properties similar to hydrocarbons are among the most valu-
able feedstocks and fuels, and efforts are under way to produce these materials from abundant 
simple sugars. One of the more promising end products from the chemical modification of carbohy-
drates is dimethylfuran, an oxygen-containing cyclic organic compound that has most of the desir-
able properties of hydrocarbons as a raw material and fuel. Compared to ethanol, dimethylfuran 
has a relatively low boiling temperature, has high energy content per unit mass, does not absorb 
water, and exhibits combustion characteristics comparable to those of commonly used hydrocarbon 
fuels. As shown in Figure 16.3, structurally, dimethylfuran with its five-membered ring resembles 
the abundant monosaccharide fructose, which also has a five-membered ring, and the conversion 
of fructose to dimethylfuran is basically a matter of removing oxygen from the monosaccharide by 
dehydration and hydrogenation. This has been done by dehydration in a biphasic catalytic system 
employing mineral acids (HCl, H2SO4, H3PO4) to first produce 5-hydroxymethylfurfural, which is 
extracted into the organic phase of the biphasic system, followed by hydrogenation over a CuRu 
catalyst. The reaction scheme is illustrated in Figure 16.3.

As with many syntheses of feedstocks from sugars, the aforementioned synthesis of dimethylfu-
ran involves chemical processes, especially expensive chemical hydrogenation, usually with metal 
catalysts. It is known that some organisms produce hydrocarbons, so the biochemical conversion of 
simple sugars to hydrocarbons has been an area of active research. Hydrocarbons and organics with 
hydrocarbon-like properties are produced by a variety of organisms and include constituents of plant 
cuticular waxes, insect pheromones (sex attractants), and other compounds with as yet unknown func-
tions. Many of these are generated by plants, but microorganisms as well can synthesize hydrocarbons. 
One such microorganism is cyanobacterium, a highly productive photosynthetic bacterium of which 
many strains are commonly found in water. A study of the hydrocarbons biosynthesized by selected 
cyanobacteria has shown the production of heptadecane, a straight-chain C17H36 alkane hydrocarbon 
that apparently derives from C18 fatty acids. Some shorter-chain alkanes were found as well.8

The 2010 Presidential Green Chemistry Award for Small Business was given to LS9, a South 
San Francisco, California, company that published the aforementioned study of alkanes from cya-
nobacteria and has developed a one-step fermentation process to convert sugars to alkanes, alkenes, 
long-chain alcohols, and esters useful as feedstocks and fuels. As shown in Figure 16.4, the process 
uses a single-stage fermenter fed by a simple sugar feedstock and containing suspended biochemical 
whole-cell catalysts to produce alkanes, alkenes, long-chain alcohols, and fatty esters. The products 
are preferentially soluble in hydrocarbons and are extracted into a light water-immiscible hydrocar-
bon phase for removal to the product stream.
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FIGURE 16.3  Synthesis from fructose of dimethylfuran, an organooxygen compound with many of the 
desirable properties of petroleum hydrocarbons: fructose is a carbohydrate produced in abundance by plants.
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Assuming that it works well on a commercial scale, the aforementioned process for direct bio-
synthesis of hydrocarbons represents the best of green chemical production. It uses a renewable 
feedstock that can be produced in large quantities photosynthetically. It takes place under ambient 
conditions of temperature and pressure with little or no input of external energy. It does not require 
metal catalysts and does not produce waste by-products. The diesel fuel produced is claimed to be 
“ultraclean” and does not contain potentially pollutant or toxic benzene, sulfur, and the heavy met-
als that can cause problems in petroleum-based fuels.

16.8  CELLULOSE

The most abundant natural material produced by organisms is cellulose, which is synthesized biologi-
cally by the joining of glucose molecules with the loss of one H2O molecule for each bond formed (see 
Figure 16.5). This makes the chemical formula of cellulose (C6H10O5)n, where n ranges from about 
1500 to 6000 or more. Most cellulose is made by plants, with total amounts exceeding 500 billion 
metric tons per year worldwide. Cellulose makes up the sturdy cell walls of plants. Wood is about 
40% cellulose; leaf fibers about 70%; and cotton, one of the purest sources of cellulose, about 95%. 
Cellulose occurs in different forms and is generally associated with hemicellulose, a material also 
composed of carbohydrate polymers, and lignin, a biopolymer of varied composition and bonding 
composed largely of aromatic units (see the structural formula of lignin in Chapter 13, Figure 13.2).

The first major step in cellulose utilization, such as extraction of cellulose fibers for making 
paper, consists of separating the cellulose from its matrix of lignocellulose (hemicellulose and lig-
nin). This step has been the cause of many problems in utilizing cellulose because of the harsh 
chemical processing that is employed. Lignin residues impart color to the cellulose, so wood pulp 
used in making paper has to be bleached with oxidants that alter the structure of the coloring 
agents. Bleaching used to be done almost entirely with elemental chlorine, Cl2, and with salts of 
hypochlorite ion, ClO−. However, the bleaching of biomass with these chlorine-based materials 
produces chlorinated organic impurities and pollutants. Therefore, ozone and hydrogen peroxide 
are preferred as bleaching agents.

A finely divided form of cellulose called microcrystalline cellulose is produced by appropriate 
physical and chemical processing of cellulose. This material has many uses in foods in which it 
imparts smoothness, stability, and a quality of thickness. Microcrystalline cellulose is also used in 
pharmaceutical preparations and cosmetics. When added to food, indigestible cellulose contributes 
bulk and retains moisture.
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FIGURE 16.4  A fermentation process for the production of hydrocarbons and other organics by biochemi-
cally catalyzed reaction of simple sugars.
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Chemically modified cellulose is used to make a wide variety of materials. Like the glucose 
that comprises it, cellulose has an abundance of –OH groups to which various other groups can 
be bonded to impart a variety of properties. One of the oldest synthetic fabrics, rayon, is made by 
treating cellulose with a base and carbon disulfide, CS2, and then extruding the product through fine 
holes to make thread. In a similar process, chemically treated cellulose is extruded through a long, 
narrow slot to form a sheet of transparent film called cellophane.

As seen by the structural formula in Figure 16.5, each unit of the cellulose polymer has three 
–OH groups that are readily attached to other functional groups, leading to chemically modi-
fied cellulose. One of the most common such products is cellulose acetate, an ester (see Chapter 
20) used primarily for apparel and home furnishings fabrics in which most of the –OH groups 
on cellulose are replaced by acetate groups by reaction with acetic anhydride (see the following 
structural formulas):
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Although the cellulose feedstock for cellulose acetate synthesis is certainly a “green” material, 
acetic anhydride used to make the acetate is a corrosive, toxic chemical that produces poorly heal-
ing wounds on exposed flesh. Furthermore, potentially hazardous solvents, such as dichlorometh-
ane, are used in some processes for making cellulose acetate.

Another cellulose ester that is widely manufactured is cellulose nitrate, in which the −OH groups 
on cellulose are replaced by −ONO2 groups by treating cellulose with a mixture of nitric acid, 
HNO3, and sulfuric acid, H2SO4. Cellulose nitrate makes transparent film and was used in the early 
days of moving pictures for movie film. However, one of the other major uses of this material is as 
an explosive, so cellulose nitrate can burn violently giving off highly toxic fumes of NO2 gas. In the 
early years of movie film, this characteristic led to several tragic fires involving human fatalities. 
The use of cellulose nitrate is now largely restricted to lacquer coatings, explosives, and propellants. 
Although the cellulose raw material is green, neither the process for making cellulose nitrate involv-
ing strong acids nor the flammable product would qualify as green.

From this discussion, it is apparent that cellulose is an important raw material for the preparation 
of a number of materials. The reagents and conditions used to convert cellulose to other products 
are in some cases rather severe. It is hoped that advances in the science of transgenic organisms will 
result in alternative biological technologies that will enable conversion of cellulose to a variety of 
products under relatively mild conditions.
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16.8.1 F eedstocks from Cellulose Wastes

Large quantities of cellulose-rich waste biomass are generated as by-products of crop production 
in the form of straw remaining from grain harvest, bagasse residue from the extraction of sucrose 
from sugar cane, and other plant residues. This biomass represents an abundant source of raw 
material that potentially can be converted to chemical feedstocks. Cellulose can be hydrolyzed 
to produce simple sugars, a process called saccharification. Glucose and other simple sugars 
obtained in this way can be fermented to produce ethanol or used directly as chemical or bio-
chemical feedstocks. Saccharification has long been carried out with strong mineral acids, a rather 
expensive process that requires handling of potentially hazardous reagents. Saccharification can 
also be performed with enzymes, although this has proved to be difficult and normally must be 
carried out in dilute media, which increases the energy required for product separation. The bac-
teria and protozoa in the digestive systems of ruminant animals such as cattle effectively convert 
cellulose to organic acids, including acetic and propionic acids; microbial protein biomass; and 
other materials with potential uses as feedstocks. Research is under way to duplicate this process 
artificially with rumen microorganisms in digesters and extraction of the substances produced as 
feedstock materials.

Another product of rumen fermentation is methane, CH4. As much as 6% or 7% of the food 
energy ingested by ruminant animals is converted to methane gas, which is expelled from the ani-
mals to the atmosphere, a significant source of greenhouse warming gases. Methane is a premium 
fuel and, although it is not practical to harvest it from the digestive systems of cows, presumably it 
could be taken from artificial digesters.

16.9  LIGNIN

Lignin, a chemically complex biopolymer that is associated with cellulose in plants and that serves 
to bind cellulose in the plant structure, ranks second in abundance only to cellulose and hemicel-
lulose as a biomass material produced by plants. Lignin is normally regarded as a troublesome 
waste in the processing and utilization of cellulose, although efforts are being made to utilize this 
material in biotechnology and bioenergy applications.9 The characteristic that makes lignin so dif-
ficult to handle in chemical processing is its inconsistent, widely variable molecular structure as 
shown by the segment of lignin polymer in Chapter 13, Figure 13.2. This structure shows that much 
of the carbon is present in aromatic rings that are bonded to oxygen-containing groups, and lignin 
is the only major plant biopolymer that is largely aromatic. Because of this characteristic, lignin is 
of considerable interest as a source of aromatic compounds including phenolic compounds, which 
have the −OH group bonded to aromatic rings or even aromatic hydrocarbons. The abundance of 
hydroxyl, −OH; methoxyl, −OCH3; and carbonyl, C=O, groups in lignin also suggests potential 
chemical uses for the substance. A significant characteristic of lignin is its resistance to biological 
attack. This property, combined with lignin’s highly heterogeneous nature, makes it a difficult sub-
strate to use for the enzyme-catalyzed reactions favored in the practice of green chemistry to give 
single pure products useful as chemical feedstocks.

Since lignin is a major component of most plant biomass, significant fractions of this biopolymer 
must be dealt with in biorefineries. Lignin generated as a by-product in the extraction of cellulose 
from wood is now largely burned for fuel, the lowest level of use for this material. By retaining much 
of the lignin molecule intact, use may be made of larger-molecular-mass segments of the molecule; 
such has been done for some uses for binders to hold materials together in coherent masses, fill-
ers, resin extenders, and dispersants. There is also some potential to use lignin as a degradation-
resistant structural material, such as in circuit boards. Potentially, the most profitable use for lignin 
is to make small aromatic molecules useful for chemical synthesis. For this to be practical, special 
techniques need to be developed to partially break down the lignin molecule without destroying the 
relatively valuable aromatic molecule segments in it.
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16.10  BIOSYNTHESIS OF CHEMICALS

In the provision of specialty and commodity chemicals and feedstocks, there are two main biologi-
cal sources of materials. One of these consists of plants and algae, which make huge quantities of 
cellulose and lesser quantities of other materials by photosynthesis. The other source is microorgan-
isms, especially bacteria and yeasts.

The status of biotechnology in chemical synthesis has been the subject of an extensive review,10 
and several examples of chemical syntheses involving biotechnology are given here.

Enzyme-catalyzed reactions (biocatalytic conversions) can be carried out in a number of con-
figurations, including suspensions of microorganisms in a liquid medium, microorganisms held on 
a solid support, and isolated enzymes. A biocatalytic conversion may be carried out as a one-step 
process using a single enzyme or as a multistep process using several enzymes in sequence.11 Where 
applicable, biosynthesis using enzymes offers a number of potential advantages over conventional 
chemical synthesis. The most important of these are the following:

	 1.	Unlike some chemical catalysts, especially those based on precious metals, enzymes come 
from renewable biological sources.

	 2.	Coming from biological systems, enzymes have to be compatible with biological systems 
and are therefore generally not toxic or chemically hazardous.

	 3.	Because they have evolved in organisms, enzymes function under moderate conditions of 
temperature, pressure, and pH, which contributes substantially to the safety of enzymati-
cally catalyzed processes.

	 4.	Enzymes are highly selective in the reactions they catalyze and often result in shorter syn-
theses with fewer steps.

	 5.	Enzyme-catalyzed reactions generally produce pure products with minimal by-product 
impurities and generate relatively little waste.

	 6.	Enzymes function in aqueous media and minimize the need for organic solvents.

16.10.1 F ermentation and Industrial Microbiology

Fermentation or industrial microbiology refers to the action of microorganisms on nutrients 
under controlled conditions to produce desired products. A general outline of the fermentation pro-
cess used for chemical synthesis is shown in Figure 16.6. Fermentation has a number of applications 
in green chemical synthesis.12

Fermentation for some products is anoxic (absence of O2); for other products, oxic fermenta-
tion may be required. Fermentation processes have been used for thousands of years to produce 
alcoholic beverages, sauerkraut, vinegar, pickles, cheese, yogurt, and other foods. More recently, 
fermentation has been applied to the production of a wide variety of organic acids, antibiotics, 
antibodies, complex plant metabolites, enzymes, and vitamins. Ethanol, the alcohol in alcoholic 
beverages, is the most widely produced chemical made by fermentation.

Another very important chemical that has been made from biological feedstocks by fermentation 
for many years is lactic acid. Lactic acid is the most important hydrocarboxylic acid and is used to 
make a number of chemicals including pyruvic acid, acrylic acid, 1,2-propanediol, lactate esters, 
and polylactic acid polymer. Fermentation of glucose with the intermediate production of pyruvic 
acid is the leading process for making lactic acid, as shown in Reaction 16.10:13
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This reaction summarizes a rather complex set of metabolic processes that, depending on the 
kinds of bacteria involved, may also produce ethanol and carbon dioxide.

Great impetus was given to the technology of industrial microbiology in the 1940s with the 
establishment of fermentation processes to produce antibiotic penicillin, a bactericidal pharmaceu-
tical that has saved millions of lives. Following penicillin, fermentation processes were developed 
for the production of numerous other significant antibiotics and other pharmaceuticals.

Selection of the appropriate microorganism is the most important consideration of a successful 
fermentation production process. Conditions such as those of temperature, exposure to oxygen, sup-
ply of nutrients, and sterility demand exacting control.

Fermentation is undergoing tremendous development with the use of transgenic microorgan-
isms to which genes have been transferred to make specific kinds of substances. The most com-
mon and valuable substances made by transgenic microorganisms consist of a variety of proteins. 
These include proteins and smaller-molecule polypeptides that are used as pharmaceuticals. The 
best example of such a substance is human insulin, which is now produced in large quantities by 
transgenic microorganisms.

There is increasing interest in using fermentation and biotechnology to make commodity 
chemicals used on a large scale. The large-scale production of ethanol as a gasoline additive from 
the fermentation of glucose sugar by yeasts and the production of lactic acid by fermentation are 
important examples of the production of commodity chemicals by fermentation. Advances in 
transgenic microbiology have increased the possibilities for using fermentation to produce a variety 
of chemicals and chemical feedstocks, several examples of which are discussed in this chapter.

The first, and a very important, example of the enzymatic manufacture of a bulk synthetic chem-
ical is the biosynthesis of acrylamide from acrylonitrile (Reaction 16.11). The chemical pathway 
that has been used for this transformation is definitely not a green process in that it involves the 
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hydration of acrylonitrile over a Raney copper catalyst (porous copper made by dissolving alumi-
num from a copper/aluminum alloy with concentrated NaOH). This leaves a residue of potentially 
toxic wastes and may release highly toxic HCN, and makes a product that requires extensive puri-
fication. As an alternative, an industrial process has now been developed that uses immobilized 
Rhodococcus rhodochrous bacteria with 100% product yield to convert acrylonitrile to acrylamide.
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Acrylonitrile is highly flammable and toxic, burning to release deadly hydrogen cyanide gas and 
nitrogen oxides. By doing biosynthesis under conditions that enable enzyme action, the transforma-
tion to acrylamide avoids the severe conditions that might result in the release of acrylonitrile or 
its combustion products. Unlike acrylonitrile, acrylamide does not release hydrogen cyanide in an 
organism so that it is relatively less toxic than acrylonitrile. However, acrylamide does form adducts 
with blood hemoglobin by binding with sulfhydryl, –SH, groups on hemoglobin. The presence of 
these adducts in blood has been used as a biomarker of occupational exposure to acrylamide. An 
interesting footnote is that acrylamide was discovered at levels up to 3.5 mg/kg in potato chips and 
french fries by scientists in Sweden in 2002. It is believed that the acrylamide forms by the reaction 
of amino acid asparagine with glucose and other carbohydrates at elevated temperatures.

16.10.2 M etabolic Engineering and Chemical Biosynthesis

Metabolic engineering is the name given to the optimization of cellular genetic and regulatory 
processes to produce specific substances (Figure 16.7).14 Metabolic engineering has the potential to 
enable the production of both large quantities of commodity chemicals (e.g., butanol that can substitute 
for gasoline) and high-value “un-natural” chemicals, such as some kinds of pharmaceuticals. In 
principle, this may be done by transferring genetic material from different hosts into a single micro-
organism in which the enzymes and metabolic pathways function to produce desired products.15 
The potential exists to transfer genetic material from rare or genetically intractable organisms into 
microorganisms that are commonly used for industrial fermentation processes.
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FIGURE 16.7  Production of chemical products by metabolically engineered microorganisms acting on 
simple sugars produced from sucrose, starch, or cellulose: synthetic chemicals are chemicals that are not nor-
mally synthesized biologically but that organisms potentially may be engineered to make. Natural products 
are substances that are biosynthesized by a variety of organisms, some of which have potential pharmaceutical 
applications.
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16.10.3  Production of Materials by Plants

The uses of microorganisms operating in fermentation processes to generate commodity chemicals 
were discussed in Section 16.10.2. Plants are the other kind of organisms that can be used for large-
scale production of chemicals. Indeed, the nutrients used for fermentation processes originally come 
from plants. Fermentation is in a sense not a very efficient means of producing chemicals because 
of the consumption of nutrients to support the microorganisms and their reproduction and because 
of the generation of large quantities of by-products. Plants, which generate their own biomass from 
atmospheric carbon dioxide and water are very efficient producers of materials. Wood and the cel-
lulose extracted from it are prime examples of such materials.

In addition to their efficient production of biomass, plants offer distinct advantages in their pro-
duction and harvesting. Genetics determine the materials that a plant makes and, once a crop is 
growing in a field, the products it is programmed for will be produced without fear of contamination 
by other organisms, which is always a concern in fermentation. Plants can be grown by relatively 
untrained personnel using well-known agricultural practices. Plant matter is generally easy to har-
vest in the form of grains, stalks, and leaves, which can be taken to a biorefinery (see Section 16.12) 
to extract needed materials.

The production of feedstocks and other chemical commodities from plants has been limited by 
the genetic restrictions inherent to plants. Now, however, transgenic plants can be bred to produce 
a variety of materials directed by genes transplanted from other kinds of organisms. For example, 
as discussed in Section 16.12, plants have even been developed to synthesize plastics. Another limi-
tation of the production of materials by plants has been the mixture of these materials with other 
matter generated by plants. The intimate mixture of useful wood cellulose with lignin, for which 
uses are still being sought, is a prime example of this problem. Again, transgenic technology can be 
expected to be helpful in developing plants that produce relatively pure products (such as the almost 
pure cellulose in cotton).

The potential of plants to produce useful products has been greatly increased by the development 
of hybrid plants with spectacular capacities to generate biomass photosynthetically. Corn is one of 
the more productive field crops, and hybrid varieties produce large quantities of grain and plant 
biomass (leaves, stalks, husks, and cobs commonly called corn stover). Sugar cane is noted for its 
ability to produce biomass, some in the form of sucrose sugar and much more in cane stalk biomass. 
The sugar cane stalk residues left after extracting sugar from them (bagasse) have had relatively few 
uses, other than for fuel, but they can potentially produce large quantities of chemical feedstocks 
in biorefineries. One of the more prolific producers of biomass is the hybrid poplar tree, which, 
nourished by minimal amounts of fertilizer and watered by economical trickle irrigation systems, 
grows within a few years to a harvestable size for the production of wood pulp, wood for plywood, 
and cellulose that potentially can be converted to glucose. The ability of these trees and other even 
more productive hybrid plants to generate cellulose that can be converted to glucose means that they 
may serve as the basis of an entire plant-based chemicals industry.

16.11  DIRECT BIOSYNTHESIS OF POLYMERS

Cellulose in wood and cotton is only one example of the numerous significant polymers that are made 
biologically by organisms. Other important examples are wool and silk, which are protein polymers. 
(An interesting case is spiderweb polymer, which is stronger than steel of a comparable cross sec-
tion. Unfortunately, spiders are finicky and impossible to train for making significant amounts of 
spiderwebs. Genes involved in making spiderwebs have been transferred to goats that then produced 
the material in their milk, but not in useful quantities.) A big advantage of biopolymers from an 
environmental viewpoint is that polymers made biologically are also the ones that are most likely to 
be biodegradable. Attempts have been made to synthesize synthetic polymers that are biodegradable. 
These efforts have centered on those prepared from biodegradable monomers, such as lactic acid.
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Much of the green chemistry enterprise is devoted to the sustainable synthesis of polymers, 
especially those from biobased materials using biocatalytic syntheses. From the standpoint of green 
chemistry, it is ideal to have polymers that are made by organisms in a form that is essentially ready 
to use. Recently, interest has focused on poly(hydroxyalkanoate) compounds,16 of which the most 
common are polymers of 3-hydroxybutyric acid:
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This compound and some related ones have both a carboxylic acid, –CO2H, group and an alco-
hol, –OH, group. A carboxylic acid can bond with an alcohol with the elimination of a molecule of 
H2O, forming an ester linkage (see Chapter 20, Section 20.4). Since hydroxyalkanoates have both 
functional groups, the molecules can bond with each other to form polymer chains:
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Ester groups are among the most common in a variety of biological compounds, such as fats 
and oils, and organisms possess enzyme systems that readily attack ester linkages. Therefore, the 
poly(hydroxyalkanoate) compounds are amenable to biological attack. Aside from their biodegrad-
ability, polymers of 3-hydroxybutyric acid and related organic acids that have –OH groups on their 
hydrocarbon chains (alkanoates) can be engineered to have a variety of properties ranging from 
rubberlike to hard solid materials.

It was first shown in 1923 that some kinds of bacteria make and store poly(hydroxyalkanoate) 
ester polymers as a reserve of food and energy. In the early 1980s, it was shown that these materials 
have thermoplastic properties, which means that they melt when heated and resolidify when cooled. 
This kind of plastic can be very useful, and the thermoplastic property is rare in biological materi-
als. The Metabolix Corporation, Cambridge, Massachusetts, received the 2005 Presidential Green 
Challenge Award for its work in synthesizing these plastics from biological sources. One com-
mercial operation was set up for the biological synthesis of a polymer in which 3-hydroxybutyrate 
groups alternate with 3-hydroxyvalerate groups, where valeric acid has a five-carbon atom chain. 
This process uses a bacterium called Ralstonia eutropia that is fed glucose and the sodium salt of 
propionic acid, a three-carbon carboxylic acid, to make the polymer in fermentation vats. Although 
the process works, costs are high because of problems common to most microbial fermentation 
synthesis processes: the bacteria have to be provided with a source of food, yields are relatively low, 
and it is difficult to isolate the product from the fermentation mixture.

Developments in genetic engineering have raised the possibility of producing poly(hydroxyalkanoate) 
polymers in plants. The plant Arabidopsis thaliana has accepted genes from the bacterial species 
Alcaligenes eutrophus, which has resulted in plant leaves containing as much as 14% poly(hydroxybutyric 
acid) on a dry mass basis. Transgenic Arabidopsis thaliana and Brassica napus (canola) have shown 
production of the copolymer of 3-hydroxybutyrate and 3-hydroxyvalerate. If yields can be raised to 
acceptable levels, plant-synthesized poly(hydroxyalkanoate) materials would represent a tremendous 
advance in the biosynthesis of polymers because of the ability of photosynthesis to provide the raw 
materials used to make the polymers.
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16.12  BIOREFINERIES AND BIOMASS UTILIZATION

Just as crude oil is a complex mixture of hydrocarbons and other organic compounds that must be 
run through a petroleum refinery to separate and chemically modify the materials in it to produce 
fuel and petrochemical feedstocks, chemicals from biological sources are usually complex mixtures 
that require refining and chemical processing to provide needed feedstocks. The separation and 
processing of biomaterials from plants or from bacteria cultured in digesters is accomplished in a 
biorefinery, the output of which consists of organic chemicals and fuels. In a biorefinery, the vari-
ous products that can be obtained from biomass are separated and subjected to chemical treatment, 
generally with the objective of reducing the chemically bound oxygen contents of organic liquids. 
Although the large number of compounds generated from biomass poses a challenge for separa-
tions, it also provides the opportunity to produce smaller quantities of high-value chemicals.

Chapter 13, Figure 13.4, illustrates a biorefinery showing the main ways in which feedstocks 
may be obtained from biomass. The simplest and least energy consumptive of these is extraction in 
which an organic solvent or, in more sophisticated operations, supercritical carbon dioxide is used 
to dissolve materials from biomass. This approach is widely used to extract oils from some kinds 
of oilseeds. Terpene hydrocarbons can be extracted from pinewood and other terpene-producing 
plants. A very attractive possibility is to extract hydrocarbons and other oils from algae that produce 
these materials. Single-cell algae are particularly efficient photosynthesizers and the potential is 
high to genetically engineer strains that can produce specific classes of extractable organics.

Other than by extraction, the pathway to useful chemicals from biomass involves breaking down 
complex biomass polymers. One way in which this is done is with enzymatic processing, employ-
ing microorganisms or the action of isolated enzymes, for example, to produce glucose sugar from 
starch or cellulose. This step may require the addition of nutrients including nitrogen, phosphorus, 
and potassium to enable microorganisms to grow. The glucose and other monomers isolated by 
enzymatic action can be subjected to additional processing, the most common example of which is 
fermentation of glucose to alcohol.

Hydrogenation of biomass involves reaction with elemental H2 under high pressure and at elevated 
temperatures. This approach can be used with hydrogen generated relatively inexpensively by electroly-
sis of water employing renewable sources of electricity, especially from wind power (see Section 16.3). 
Direct hydrogenation of biomass produces a wide variety of organics including oxygenated compounds, 
some of which have direct uses and others that may be chemically modified to give desired products.

Pyrolysis involves heating biomass externally or with a hot gas stream to evolve liquid and gas 
products. An external heat source including even solar energy focused and concentrated on a reactor 
may be employed. As with hydrogenation, pyrolysis generates a variety of products including oxy-
genated compounds. It also produces large amounts of residual carbon, which can be used directly 
as fuel or gasified with steam and oxygen to produce synthesis gas.

Gasification, which is discussed in more detail as a source of clean fuel from coal and biomass 
in Chapter 17, involves the reaction of hot carbon with steam

	 H O C H CO2 2+ → + 	 (16.12)

yielding a synthesis gas mixture of H2 and CO, from which additional H2 may be generated by the 
reaction of CO with H2O. The carbon is usually heated by partial combustion with O2, and the CO 
in the synthesis gas is reacted with steam to increase the ratio of H2 to CO. Biomass can be gasified 
directly by reaction with a minimal amount of O2. Since biomass has the approximate empirical 
formula of {CH2O}, the water required for gasification is largely in the biomass itself. Such direct 
gasification of biomass also produces large quantities of organics that are processed downstream in 
the biorefinery.

An important consideration in biorefineries is the use of catalysts. Insofar as possible, biorefiner-
ies should use heterogeneous catalysts that do not get into the product and enzyme catalysts that 
operate at moderate temperatures.
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16.13 � GREEN CHEMISTRY AND INDUSTRIAL 
ECOLOGY IN WASTE MANAGEMENT

Having discussed in Sections 16.1–16.12 the raw materials and feedstocks that go into the chemical 
industry enterprise, attention in the rest of the chapter is dedicated to the reducing and processing 
of the wastes and by-products generated in chemical manufacture. With its tendency to produce 
large quantities of wastes, including those that are potentially hazardous, an important aspect of 
sustaining the anthrosphere is to avoid producing wastes and to deal effectively with the waste 
materials that are produced. Chapter 15 addresses the nature and sources of hazardous wastes and 
their environmental chemistry and points out some of the major problems associated with such 
wastes. The remainder of this chapter deals with means for minimizing wastes, utilizing materials 
that might go into wastes, and treating and disposing of wastes, the generation of which cannot 
be avoided. The practice of industrial ecology combined with green chemistry is all about not 
producing wastes and, instead, utilizing wastes for beneficial purposes. Therefore, in dealing with 
wastes, it is essential in the modern age to consider the contributions of industrial ecology and green 
chemistry.

In sustaining the anthrosphere, it is important to apply environmental chemistry, industrial ecol-
ogy, and green chemistry to hazardous waste management in order to develop measures by which 
chemical wastes can be minimized, recycled, treated, and disposed of (Figure 16.8). In descending 
order of desirability, hazardous waste management attempts to accomplish the following:

•	 Do not produce it.
•	 If making it cannot be avoided, produce only minimum quantities.
•	 Recycle it.
•	 If it is produced and cannot be recycled, treat it, preferably in a way that makes it 

nonhazardous.
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FIGURE 16.8  Order of effectiveness of waste treatment management options: the darkened circles indicate 
the degree of effectiveness from the most desirable (1) to the least (4). In the figure, POTW refers to a publicly 
owned treatment works.
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•	 If it cannot be rendered nonhazardous, dispose of it in a safe manner.
•	 Once it is disposed of, monitor it for leaching and other adverse effects.

Industrial ecology is all about the efficient use of materials (see Chapter 14, Section 14.2). Therefore, 
by its nature, a system of industrial ecology is also a system of waste reduction and minimization. In 
reducing the quantities of wastes, it is important to take the broadest possible view. This is because 
dealing with one waste problem in isolation may simply create another. Early efforts to control air 
and water pollution resulted in problems from hazardous wastes isolated from industrial operations.

Many hazardous waste problems can be avoided at early stages by waste reduction (cutting 
down quantities of wastes from their sources) and waste minimization (utilization of treatment 
processes that reduce the quantities of wastes requiring ultimate disposal). This section outlines 
some basic approaches to waste minimization and reduction.

There are several ways in which quantities of wastes can be reduced, including source reduc-
tion, waste separation and concentration, resource recovery, and waste recycling. The most effec-
tive approaches to minimizing wastes center around careful control of manufacturing processes, 
taking into consideration discharges and the potential for waste minimization at every step of 
manufacturing. Viewing the process as a whole (as outlined for a generalized chemical manufactur-
ing process in Figure 16.9) often enables crucial identification of the source of a waste, such as a 
raw material impurity, catalyst, or process solvent, so that measures may be taken to reduce wastes 
at the source.

Modifications of the manufacturing process can yield substantial waste reduction. Some such 
modifications are of a chemical nature. Changes in chemical reaction conditions can minimize 
the production of by-product hazardous substances. In some cases, potentially hazardous catalysts, 
such as those formulated from toxic substances, can be replaced by catalysts that are nonhazardous 
or that can be recycled rather than discarded. Wastes can be minimized by volume reduction, for 
example, through dewatering and drying sludge.

A crucial part of the process for reducing and minimizing wastes is the development of a mate-
rial balance, which is an integral part of the practice of industrial ecology. Such a balance addresses 
various aspects of waste streams, including sources, identification, and quantities of wastes, and 
methods and costs of handling, treatment, recycling, and disposal. Priority waste streams can then 
be subjected to detailed process investigations to obtain the information needed to reduce wastes.
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FIGURE 16.9  Chemical manufacturing process from the viewpoint of discharges and waste minimization.
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16.14  RECYCLING

Wherever possible, recycling and reuse should be accomplished on site because it avoids having to 
move wastes and because a process that produces recyclable materials is often the most likely to 
have use for them. Wastes can be recycled by direct recycling of unconsumed leftover raw feedstock 
to a process; (2) transfer of waste material to another process where it may serve as feedstock; 
(3) utilization for waste treatment, such as waste alkali used to neutralize acid; and (4) energy recov-
ery, such as incineration of combustible wastes to generate electrical power.

Some specific examples of recycling include ferrous metals (scrap steel) as feedstock for electric 
arc furnaces; nonferrous metals, particularly aluminum, copper, and lead; metal compounds (salts); 
inorganic substances such as steel pickling liquor acid; glass, which makes up about 10% of municipal 
refuse; plastics making up a substantial fraction of municipal refuse; rubber; catalysts such as those 
used in petroleum processing; substances with agricultural uses such as phosphate-containing sludges 
used for fertilizers; and organic substances including solvents and hydraulic and lubricating oils.

16.14.1  Waste Oil Utilization and Recovery

Waste oil generated from lubricants and hydraulic fluids is one of the more commonly recycled 
materials. A significant fraction of the approximately 4 billion liters of waste oil produced annually 
in the United States is burned as fuel, much is recycled, and lesser quantities are disposed of as waste. 
The collection, recycling, treatment, and disposal of waste oil are all complicated by the fact that it 
comes from diverse, widely dispersed sources and contains several classes of potentially hazardous 
contaminants. These are divided between organic constituents (polycyclic aromatic hydrocarbons, 
chlorinated hydrocarbons) and inorganic constituents (aluminum, chromium, and iron from wear of 
metal parts; barium and zinc from oil additives; and formerly lead from leaded gasoline).

As a minimum, waste oil should be burned for its fuel value, a practice in some automobile 
servicing shops. Waste cooking oil can serve as a feedstock for diesel engine fuel. Generally, this 
is done by chemical treatment and esterification of the fatty acids from cooking oils and fats (see 
Chapter 17). Some enterprising individuals fuel their diesel-powered vehicles directly with waste 
oil scavenged from restaurants.

Waste lubricating oils from vehicles can be processed to produce an acceptable recycled lubri-
cating oil. Normally, this involves distillation and vacuum distillation to remove water and lighter 
hydrocarbon impurities, leaving some heavy residue that can be burned, purification by treatment 
with solvents such as methylethyl ketone, and hydrotreatment with H2 to eliminate unsaturated 
hydrocarbons and compounds containing O, N, or S.

16.14.2  Waste Solvent Recovery and Recycling

Among the many solvents listed as hazardous wastes and potentially recoverable from wastes are 
dichloromethane, tetrachloroethylene, trichloroethylene, 1,1,1-trichloroethane, benzene, liquid 
alkanes, 2-nitropropane, methylisobutyl ketone, and cyclohexanone. For reasons of both economics 
and pollution control, many industrial processes that use solvents are equipped for solvent recycling. 
The basic scheme for solvent reclamation and reuse is shown in Figure 16.10.

16.14.3 R ecovery of Water from Wastewater

It is usually desirable to reclaim water from wastewater generated in manufacturing and other 
anthrospheric processes, including water in hazardous wastes, to reduce the quantity of wastes 
requiring disposal and to conserve water. Many hazardous waste materials are predominantly water, 
and the purification and reclamation of water from these sources can greatly reduce the quantity of 
wastes requiring further treatment or disposal.
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The degree and type of treatment applied to wastewater depends on the water’s intended use. 
Water used for industrial quenching and washing usually requires the least treatment, and waste-
water from some other processes may be suitable for these purposes without additional treatment. 
At the other end of the scale, boiler makeup water, potable (drinking) water, water used to directly 
recharge aquifers, and water that people will directly contact (in boating, water skiing, and similar 
activities) must be of very high quality.

The treatment processes applied to anthrospheric wastewater are the same as those discussed 
in Chapter 5. For water associated with hazardous wastes, special attention must be given to the 
removal of potentially toxic constituents including heavy metals and carcinogenic substances.

The ultimate water quality is achieved by processes that remove essentially all solutes from 
water, leaving pure H2O. A combination of activated carbon treatment to remove organics, cation 
exchange to remove dissolved cations, and anion exchange to remove dissolved anions can provide 
very high–quality water from wastewater. Reverse osmosis (see Chapter 5, Section 5.10) can accom-
plish the same objective. However, these processes generate spent activated carbon, ion exchange 
resins that require regeneration, and concentrated brines (from reverse osmosis) that require dis-
posal, all of which have the potential to end up as hazardous wastes.

16.15  HAZARDOUS WASTE TREATMENT PROCESSES

As shown in Figure 16.11, waste treatment may occur at three major levels—primary, secondary, and 
polishing—somewhat analogous to the treatment of wastewater (see Chapter 5).17 Primary treatment 
is generally regarded as preparation for further treatment, although it can result in the removal of by-
products and the reduction of the quantity and hazard of wastes. Secondary treatment detoxifies, destroys, 
and removes hazardous constituents. Polishing usually refers to treatment of water that is removed from 
wastes so that it can be safely discharged, but may refer to other hazardous waste materials as well.

16.16  METHODS OF PHYSICAL TREATMENT

For the most part, methods of physical treatment of wastes involve transfers of materials between 
phases, sometimes with a phase change involved and, in the case of membrane separations, move-
ment across a physical barrier.

The most straightforward means of physical treatment involves phase separation of the compo-
nents of a mixture that are already in two different phases. Sedimentation and decanting are easily 
accomplished with simple equipment. In many cases, the separation must be aided by mechanical 
means, particularly filtration or centrifugation. Flotation is used to bring suspended organic mat-
ter or finely divided particles to the surface of a suspension. In the process of dissolved air flotation 
(DAF), air is dissolved in the suspending medium under pressure and comes out of solution when 
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FIGURE 16.10  Overall process for recycling solvents.
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the pressure is released as minute air bubbles attached to suspended particles, which causes the 
particles to float to the surface (see Chapter 5, Figure 5.2).

An important and often difficult waste treatment step is emulsion breaking, which causes 
colloidal-sized emulsions to aggregate and settle from suspension. Agitation, heat, acid, and the 
addition of coagulants consisting of organic polyelectrolytes, or inorganic substances such as an 
aluminum salt, can be used for this purpose. The chemical additive acts as a flocculating agent to 
cause the particles to stick together and settle out.

A second major class of physical separation is that of phase transition, in which a material changes 
from one physical phase to another. It is best exemplified by distillation, which is used in treating and 
recycling solvents, waste oil, aqueous phenolic wastes, xylene contaminated with paraffin from histolog-
ical laboratories, and mixtures of ethylbenzene and styrene. Distillation produces distillation bottoms 
(still bottoms), which are often hazardous and polluting. These consist of unevaporated solids, semisolid 
tars, and sludges from distillation. Specific examples with their hazardous waste numbers (see Chapter 
15) are distillation bottoms from the production of acetaldehyde from ethylene (hazardous waste num-
ber K009) and still bottoms from toluene reclamation distillation in the production of disulfoton (K036). 
The landfill disposal of these and other hazardous distillation bottoms used to be widely practiced but is 
now severely limited, and it is much better to treat the waste to make them nonhazardous.

Evaporation is usually employed to remove water from an aqueous waste to concentrate it. 
A special case of this technique is thin-film evaporation in which volatile constituents are removed 
by heating a thin layer of liquid or sludge waste spread on a heated surface. Drying is employed to 
remove solvent or water from a liquid, suspension, or solid or semisolid (sludge). In freeze drying, 
the solvent, usually water, is sublimed from a frozen material. Stripping is a means of separat-
ing volatile components from less volatile ones in a liquid mixture by the partitioning of the more 
volatile materials to a gas phase of air or steam (steam stripping). Examples include air stripping of 
benzene and dichloromethane from water and volatile ammonia gas from water treated with base.

Physical precipitation is used here as a term to describe processes in which a solid forms from 
a solute in solution as a result of a physical change in the solution such as evaporation of solvent, or 
alteration of solvent composition. Phase transfer consists of the transfer of a solute in a mixture 
from one phase to another. An important type of phase transfer process is solvent extraction, a 

Wastes in

Primary treatment

Secondary treatment

Disposal, resource
recovery

Disposal, resource
recovery

Discharge,
recycle

Neutralization
Oxidation-reduction
Precipitation
Adsorption
Extraction
Emulsion breaking

Coagulation
Sedimentation
Centrifugation
Air floatation
Sludge dewatering

Polishing

Dissolution
Blending
Slurrying
Phase separation

Filtration
Activated carbon sorption
Reverse osmosis

FIGURE 16.11  Major phases of waste treatment.



435Industrial Ecology and Green Chemistry for Sustainable Management of the Anthrosphere

process in which a substance is transferred from solution in one solvent (usually water) to another 
(usually an organic solvent) without any chemical change taking place (see Figure 16.12). A com-
mon example is extraction into an organic solvent of phenol from water by-product of coal coking. 
Supercritical carbon dioxide (see Chapter 14, Section 14.13) can be used for solvent extraction 
and leaching of materials from waste solids. After a substance has been extracted from a waste 
into supercritical CO2, the pressure can be released, resulting in the separation of the substance 
extracted. The fluid can then be compressed again and recirculated through the extraction system.

The transfer of a substance from a solution to a solid phase is called sorption. The most impor-
tant solid sorbent is activated carbon used for several purposes in waste treatment, commonly to 
remove organics from wastewater. In some cases, it is adequate for complete treatment and can also 
be applied to pretreatment of waste streams going into processes such as reverse osmosis to improve 
treatment efficiency and reduce fouling.

A third major class of physical separation is molecular separation, which is often based on 
membrane processes in which dissolved contaminants or solvents pass through a size-selective 
membrane under pressure.18 The products are a relatively pure solvent phase (usually water) and 
a concentrate rich in the solute impurities. Membrane processes including the special case of 
reverse osmosis to remove salts from water are discussed for the treatment of water in Chapter 5, 
Section 5.10. Electrodialysis, employing membranes alternately permeable to cations and to anions 
and driven by the passage of an electrical current (see Chapter 5, Section 5.10), is sometimes used 
to concentrate metal plating wastes and to reclaim dissolved metals.

16.17  CHEMICAL TREATMENT

The applicability of chemical treatment to wastes depends on the chemical properties of the waste 
constituents, particularly acid-base, oxidation-reduction, precipitation, and complexation behav-
iors; reactivity; flammability/combustibility; corrosivity; and compatibility with other wastes. The 
chemical behavior of wastes translates to various unit operations for waste treatment that are based 
on chemical properties and reactions.

Waste acids and bases are treated by neutralization:

	 H OH H O2
+ −+ → 	 (16.13)

Lime, Ca(OH)2, is widely used as a base for treating acidic wastes, and sulfuric acid, H2SO4, is a rel-
atively inexpensive acid for treating alkaline wastes. Acetic acid, CH3COOH, is sometimes preferred 
to treat alkaline wastes. It has the advantage of being a weak acid so that an excess of it does little 
harm, and it is also a natural product and is biodegradable. Neutralization, or pH adjustment, is often 
required prior to the application of other waste treatment processes such as biochemical treatment.
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FIGURE 16.12  Outline of solvent extraction/leaching process with important terms underlined.
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Chemical precipitation is used in hazardous waste treatment primarily for the removal of heavy 
metal ions from water. The most widely used means of precipitating metal ions is by the addition of base 
(Ca(OH)2), NaOH, or Na2CO3), leading to the formation of hydroxides such as chromium(III) hydroxide

	 Cr 3OH Cr OH s3
3

+ −+ → ( ) ( )	 (16.14)

or basic salt precipitates such as basic copper(II) sulfate, CuSO4∙3Cu(OH)2, which is formed as a 
solid when hydroxide is added to a solution containing Cu2+ and SO4

2− ions. The solubilities of some 
heavy metal sulfides are extremely low, so precipitation of heavy metal sulfides such as PbS by H2S 
or other sulfides can be a very effective means of treatment. Hydrogen sulfide is a toxic gas that is 
itself considered to be a hazardous waste (U135). Iron(II) sulfide (ferrous sulfide) can be used as a 
safe source of sulfide ion to produce sulfide precipitates with other metals that are less soluble than 
FeS. Some metals can be precipitated from solution in the elemental metal form by the action of a 
reducing agent such as sodium borohydride or through the reaction of active elemental metals in a 
process called cementation:

	 Cd Zn Cd Zn2 2+ ++ → + 	 (16.15)

Coprecipitation, most commonly with iron(III) hydroxide, may be used to remove heavy metals 
from wastes. An example is removal of lead from lead battery industry wastewater with Fe(OH)3 to 
which a soluble Fe3+ salt has been added.

As shown by the reactions in Table 16.2, oxidation and reduction can be used for the treatment 
and removal of a variety of inorganic and organic wastes. Some waste oxidants can be used to treat 
oxidizable wastes in water and cyanides. Ozone, O3, is a strong “green” oxidant that can be gener-
ated on site by an electrical discharge through dry air or oxygen (see Chapter 5, Section 5.11 and 
Figure 5.7) and is employed to treat a variety of oxidizable contaminants, effluents, and wastes, 
including wastewater and sludges containing oxidizable constituents.

16.17.1  Electrolysis

As shown in Figure 16.13, electrolysis is a process in which one species in solution (usually a 
metal ion) is reduced by electrons at the cathode and another gives up electrons to the anode and 
is oxidized there. In hazardous waste applications, electrolysis is most widely used in the recovery 
of cadmium, copper, gold, lead, silver, and zinc from sources such as spent metal plating solutions. 
An electrolysis procedure has been described for the recovery of copper from cyanide-containing 

TABLE 16.2
Oxidation-Reduction Reactions Used to Treat Wastes

Waste Substance Reaction with Oxidant or Reductant

Oxidation of organics
Organic matter:  {CH2O} + 2{O} → CO2 + H2O
Aldehyde:  CH3CHO + {O} → CH3COOH (acid)

Oxidation of inorganics
Cyanide:  2CN− + 5OCl− + H2O → N2 + 2HCO3

− + 5Cl−

Iron(II):  4Fe2+ + O2 + 10H2O → 4Fe(OH)3 + 8H+

Sulfur dioxide:  2SO2 + O2 + 2H2O → 2H2SO4

Reduction of inorganics
Chromate:  2CrO2

4
− + 3SO2 + 4H+ → Cr2(SO4)3 + 2H2O

Permanganate:  MnO4
− + 3Fe2+ + 7H2O → MnO2(s) + 3Fe(OH)3(s) + 5H+
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spent plating bath water at the Brazilian mint.19 Destruction of cyanide also was observed, from the 
electrolytic oxidation of CN− at the anode.

16.17.2 H ydrolysis

One of the ways to dispose of chemicals that are reactive with water is hydrolysis, that is, the reaction 
with water under controlled conditions. Inorganic chemicals that can be treated by hydrolysis include 
metals that react with water; metal carbides, hydrides, amides, alkoxides, and halides; and nonmetal 
oxyhalides and sulfides. An example of a waste chemical treated by hydrolysis is the reaction with 
water of sodium aluminum hydride (used as a reducing agent in organic chemical reactions):

	 NaAlH 4H O 4H NaOH Al OH4 2 2 3+ → + + ( ) 	 (16.16)

Care must be exercised in the handling of the explosive elemental hydrogen product from this 
reaction.

Organic chemicals can also be treated by hydrolysis. For example, toxic acetic anhydride is 
hydrolyzed to relatively safe acetic acid:
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16.17.3 C hemical Extraction and Leaching

Chemical extraction or leaching in hazardous waste treatment is the removal of a hazardous con-
stituent by chemical reaction with an extractant in solution. Poorly soluble heavy metal salts can be 
extracted by reaction of the salt anions with H+, as illustrated by the following reaction:

	 PbCO H Pb HCO3
2

3+ → ++ + −
	 (16.18)
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FIGURE 16.13  Electrolysis of copper solution.
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Acids also dissolve basic organic compounds such as amines and aniline. Chelating agents, such 
as dissolved ethylenediaminetetraacetate (EDTA, HY3−), dissolve insoluble metal salts by forming 
soluble species with metal ions:

	 FeS HY FeY HS3 2+ → +− − −	 (16.19)

The EDTA and its metal chelates are poorly biodegradable. As an alternative to EDTA, ethylene-
diaminesuccinic acid may be used for metal extraction.20 This chelating agent is about as effective 
for heavy metal extraction as EDTA, but succinic acid is an intermediate in metabolic processes and 
ethylenediaminesuccinic acid and its metal chelates are readily biodegradable, making ethylenedi-
aminesuccinic acid a greener alternative to EDTA for metal extraction.
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Heavy metal ions in soil contaminated by hazardous wastes may be present in a coprecipitated 
form with insoluble iron(III) and manganese(IV) oxides, Fe2O3 and MnO2, respectively. These 
oxides can be dissolved by reducing agents, such as solutions of sodium dithionate/citrate or hydrox-
ylamine. This results in the production of soluble Fe2+ and Mn2+ and the release of heavy metal ions, 
such as Cd2+ or Ni2+, which are removed with water.

16.17.4 I on Exchange

Ion exchange is a means of removing cations or anions from solution onto a solid resin, which can 
be regenerated by treatment with acids, bases, or salts. The greatest use of ion exchange in hazard-
ous waste treatment is for the removal of low levels of heavy metal ions from wastewater:

	 2H CatExchr Cd Cd CatExchr 2H2 2
2

+− + +− +{ }+ → { } + 	 (16.20)

Ion exchange is used in the metal plating industry to purify rinse water and spent plating bath 
solutions. Cation exchangers remove cationic metal species, such as Cu2+, from such solutions. 
Anion exchangers remove anionic cyanide metal complexes, such as Ni(CN)4

2− , and chromium(VI) 
species, such as CrO4

2−. Radionuclides can be removed from radioactive and mixed radioactive/
hazardous chemical waste by ion exchange resins.

16.18  PHOTOLYTIC REACTIONS

Photolytic (photochemical) reactions are discussed as a means of destroying refractory organic 
water pollutants in Chapter 5, Section 5.8.3 and as ideal green chemistry reagents in Chapter 14, 
Section 14.12. Photolysis can be used to destroy a number of kinds of hazardous wastes. In such 
applications, it is most useful in breaking chemical bonds in refractory organic compounds. As 
discussed in Chapter 5, Section 5.15, and shown in Figure 5.12, photolysis by ultraviolet radiation 
is used to break down chemical compounds such as pharmaceuticals and their metabolites in the 
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treatment of wastewater for recycling. Ultraviolet photolysis is also used along with oxidants to 
break down organic compounds in water in the analytical determination of total organic carbon in 
water (see Chapter 18, Section 18.17 and Figure 18.15).

An initial photolysis reaction can result in the generation of reactive intermediates that participate 
in chain reactions that lead to the destruction of a compound. One of the most important reactive 
intermediates is the hydroxyl radical, HO⋅. In some cases, sensitizers are added to the reaction 
mixture to absorb radiation and generate reactive species that destroy wastes. Hazardous waste 
substances other than 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) that have been destroyed by 
photolysis are herbicides (atrazine); 2,4,6-trinitrotoluene (TNT); and polychlorinated biphenyls 
(PCBs). The addition of a chemical oxidant, such as potassium peroxydisulfate, K2S2O8, enhances 
destruction by oxidizing active photolytic products.

16.19  THERMAL TREATMENT METHODS

Thermal treatment of hazardous wastes can be used to accomplish most of the common objectives 
of waste treatment—volume reduction; removal of volatile, combustible, mobile organic matter; and 
destruction of toxic and pathogenic materials. The most widely applied means of thermal treatment 
of hazardous wastes is incineration. Incineration utilizes high temperatures, an oxidizing atmo-
sphere, and often turbulent combustion conditions to destroy wastes.

16.19.1 I ncineration

Hazardous waste incineration is a process that involves the exposure of waste materials to oxidizing 
conditions at a high temperature, usually in excess of 900°C. Normally, the heat required for incin-
eration comes from the oxidation of organically bound carbon and hydrogen contained in the waste 
material or in supplemental fuel. These reactions destroy organic matter and generate heat required 
for endothermic reactions, such as the breaking of C–Cl bonds in organochlorine compounds.

The four major components of hazardous waste incineration systems are shown in Figure 16.14. 
Hazardous waste incinerators can be divided as follows, based on the type of combustion chamber: 
about 40% of U.S. incinerators are of the rotary kiln type consisting of a rotating cylinder lined 
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with refractory materials and equipped with a downstream afterburner to complete the destruc-
tion of the wastes. Another approximately 40% of U.S. hazardous waste incinerators are of the 
liquid injection type that burn pumpable liquid wastes dispersed as small droplets. Fixed-hearth 
incinerators burn solid wastes on single or multiple hearths. Fluidized-bed incinerators in which 
combustion of wastes is carried out on a bed of granular solid (such as limestone) maintained in 
a suspended (fluid-like) state by injection of air retain pollutant acid gas and ash products in the 
bed material and are especially effective for air pollution control. A number of kinds of advanced 
design incinerators have been designed. These include plasma incinerators that make use of an 
extremely hot plasma of ionized air injected through an electrical arc; electric reactors that use 
resistance-heated incinerator walls at around 2200°C to heat and pyrolyze wastes by radiative heat 
transfer; infrared systems, which generate intense infrared radiation by passing electricity through 
silicon carbide resistance heating elements; molten salt combustion that uses a bed of molten 
sodium carbonate at about 900°C to destroy the wastes and retain gaseous pollutants; and molten 
glass processes that use a pool of molten glass to transfer heat to the wastes and to retain products 
in a poorly leachable glass form.

16.19.2  Effectiveness of Incineration

EPA standards for hazardous waste incineration are based on the effectiveness of destruction of 
principal organic hazardous constituents (POHCs). Measurement of these compounds before 
and after incineration gives the destruction removal efficiency (DRE) according to the formula

	
DRE in out

in

= − ×W W

W
100

	
(16.21)

where Win and Wout are the mass flow rates of the POHC input and output (at the stack downstream 
from emission controls), respectively. U.S. EPA regulations call for destruction of 99.99% of POHCs 
and 99.9999% (“six nines”) destruction of 2,3,7,8-tetrachlorodibenzo-p-dioxin, commonly called 
TCDD or “dioxin.”

16.19.3  Hazardous Waste Fuel

Many industrial wastes, including hazardous wastes, are burned as hazardous waste fuel for 
energy recovery in industrial furnaces and boilers and in incinerators for nonhazardous wastes, 
such as sewage sludge incinerators. This process is called coincineration, and more combustible 
wastes are utilized by it than are burned solely for the purpose of waste destruction. In addition to 
heat recovery from combustible wastes, it is a major advantage to use an existing on-site facility for 
waste disposal rather than a separate hazardous waste incinerator.

16.20  BIODEGRADATION OF HAZARDOUS WASTES

Through biodegradation, wastes can be converted enzymatically to simple inorganic molecules 
(mineralization) and, to a certain extent, to biological materials. Usually, the products of biodeg-
radation are molecular forms that tend to occur in nature and that are in greater thermodynamic 
equilibrium with their surroundings than are the starting materials. Detoxification refers to the 
biological conversion of a toxic substance to a less toxic species. Microbial bacteria and fungi pos-
sessing enzyme systems that are required for the biodegradation of wastes are usually best obtained 
from populations of indigenous microorganisms at a hazardous waste site where the microorgan-
isms have developed the ability to degrade particular kinds of molecules.
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The biodegradability of a compound is influenced by its physical characteristics, such as solu-
bility in water and vapor pressure, and by its chemical properties, including molar mass, molecular 
structure, and presence of various kinds of functional groups, some of which provide a “biochemi-
cal handle” for the initiation of biodegradation. With the appropriate organisms and under the right 
conditions, even substances such as phenol that are considered to be biocidal to most microorgan-
isms can undergo biodegradation.

Recalcitrant or biorefractory substances are those that resist biodegradation and tend to per-
sist and accumulate in the environment. Such materials are not necessarily toxic to organisms but 
simply resist their metabolic attack. However, even some compounds regarded as biorefractory 
can be degraded by microorganisms that have had the opportunity to adapt to their biodegrada-
tion, for example, dichlorodiphenyltrichloroethane (DDT) is degraded by properly acclimated 
Pseudomonas. Chemical pretreatment, especially by partial oxidation, can make some kinds of 
recalcitrant wastes much more biodegradable.

Properties of hazardous wastes and their media can be changed to increase biodegradability. 
This can be accomplished by adjustment of conditions to optimum temperature, pH (usually in the 
range of 6–9), stirring, oxygen level, and material load. Biodegradation can be aided by the removal 
of toxic organic and inorganic substances, such as heavy metal ions.

16.20.1  Oxic and Anoxic Waste Biodegradation

Oxic (aerobic) waste treatment processes utilize bacteria and fungi that require molecular oxygen, 
O2. These processes are often favored by microorganisms, in part because of the high energy yield 
obtained when molecular oxygen reacts with organic matter. Oxic waste treatment is well adapted 
to the use of an activated sludge process. It can be applied to hazardous wastes such as chemical 
process wastes and landfill leachates. Some systems use powdered activated carbon as an additive 
to absorb organic wastes that are not biodegraded by microorganisms in the system.

Contaminated soils can be mixed with water and treated in a bioreactor to eliminate biodegrad-
able contaminants in the soil. It is possible, in principle, to treat contaminated soils biologically in 
place by pumping oxygenated, nutrient-enriched water through the soil in a recirculating system.

Anoxic waste treatment in which microorganisms degrade wastes in the absence of oxygen can 
be practiced on a variety of organic hazardous wastes. Compared with the aerated activated sludge 
process, anoxic digestion requires less energy; yields less sludge by-product; generates hydrogen 
sulfide, H2S, which precipitates toxic heavy metal ions; and produces methane gas, CH4, which can 
be used as an energy source.

The overall process for anoxic digestion is a generally metabolically complicated fermentation 
process in which organic matter is both oxidized and reduced; it is especially suited to the destruc-
tion of oxygenated compounds, such as acetaldehyde or methylethyl ketone. The simplified reaction 
for the anoxic fermentation of a hypothetical organic substance, {CH2O}, is as follows:

	 2 CH O CO CH2 2 4{ }→ + 	 (16.22)

Reductive dehalogenation is a mechanism by which halogen atoms are removed from organo-
halide compounds by anoxic bacteria converting the organically bound chlorine to innocuous Cl− 
ion. It is an important means of detoxifying alkyl halides (particularly solvents), aryl halides, and 
organochlorine pesticides, all of which are important hazardous waste compounds and which were 
discarded in large quantities in some of the older waste disposal dumps. Reductive dehalogenation 
is the only means by which some of the more highly halogenated waste compounds are biode-
graded; such compounds include tetrachloroethene, hexachlorobenzene, pentachlorophenol, and the 
more highly chlorinated PCB congeners.
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The two general processes by which reductive dehalogenation occurs are hydrogenolysis, as 
shown by the example in Reaction 16.23:

	 DRE = × 100
Win –Wout

Win
	

(16.23)

and vicinal reduction, which removes two adjacent halogen atoms and works only on alkyl halides, 
not aryl halides:

	

CI
2H

HC1
 	 (16.24)

16.20.2 L and Treatment and Composting

Soil has physical, chemical, and biological characteristics that can enable waste detoxification, bio-
degradation, chemical decomposition, and physical and chemical fixation. Therefore, land treat-
ment of wastes can be accomplished by mixing the wastes with soil under appropriate conditions.

The microorganisms in soil that biodegrade wastes are bacteria, including those from the 
genera Agrobacterium, Arthrobacteri, Bacillus, Flavobacterium, Pseudomonas, fungus-like 
Actinomycetes, and fungi, usually present naturally in sufficient numbers to provide the inoculum 
required for their growth. The growth of these indigenous microorganisms can be stimulated by 
adding nutrients and an electron acceptor to act as an oxidant (for anoxic degradation) accompanied 
by mixing. The most commonly added nutrients are nitrogen and phosphorus. For oxic biodegrada-
tion, oxygen can be added by pumping air underground or by treatment with hydrogen peroxide, 
H2O2. In some cases, such as for treatment of hydrocarbons on or near the soil surface, simple tillage 
provides both oxygen and the mixing required for optimum microbial growth.

Wastes that are amenable to land treatment are biodegradable organic substances. However, 
in soil contaminated with hazardous wastes, bacterial cultures may develop that are effective in 
degrading normally recalcitrant compounds through acclimation over a long period of time. Land 
treatment is most used for petroleum-derived wastes and biodegradable organic chemical wastes, 
including some organohalide compounds.

Composting of hazardous wastes is the biodegradation of solid or solidified materials in a 
medium other than soil. Bulking material, such as plant residue, paper, municipal refuse, or saw-
dust, can be added to retain water and enable air to penetrate to the waste material. Successful 
composting of hazardous wastes depends on a number of factors, including those discussed earlier 
under land treatment. Once a successful composting operation is under way, a good inoculum is 
maintained by recirculating spent compost to each new batch. The composting process generates 
heat; so, if the mass of the compost pile is sufficiently high, it can be self-heating under most condi-
tions. Some wastes are deficient in nutrients such as nitrogen, which must be supplied from com-
mercial sources or from other wastes.

16.21  PREPARATION OF WASTES FOR DISPOSAL

Although it is far better to find uses for hazardous waste constituents and put them into a nonhazard-
ous form, in the past, and even today, wastes were disposed of to the geosphere, usually in landfill. 
This requires treatment of wastes to get them into a form that is suitable for long-term disposal, 
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especially to avoid leaking or leaching into groundwater. Several techniques for doing this are 
discussed here.

Immobilization includes physical and chemical processes that reduce surface areas, solubil-
ity, and volatility of wastes to minimize leaching. It isolates the wastes from their environment, 
especially groundwater, so that they have the least possible tendency to migrate. Stabilization or 
fixation means the conversion of a waste from its original form to a physically and chemically more 
stable material that is less likely to cause problems during handling and disposal, and is less likely to 
be mobile after disposal. Solidification may involve chemical reaction of the waste with a solidifi-
cation agent, mechanical isolation in a protective binding matrix, or a combination of chemical and 
physical processes. It can be accomplished by evaporation of water from aqueous wastes or sludges, 
sorption onto solid material, reaction with portland cement, reaction with silicates, encapsulation, 
or embedding in polymers or thermoplastic materials. Hazardous waste liquids, emulsions, sludges, 
and free liquids in contact with sludges can be solidified and stabilized by fixing onto solid sor-
bents, including activated carbon (for organics), fly ash, kiln dust, clays, vermiculite, and various 
proprietary materials.

Some wastes can be immobilized in thermoplastics, which are solids or semisolids that become 
liquefied at elevated temperatures and that cool to rigid but deformable forms. The thermoplastic 
material most used for this purpose is asphalt bitumen.

Vitrification, or glassification, consists of embedding wastes in a glass material. In this appli-
cation, glass can be regarded as a high-melting-temperature inorganic thermoplastic. Molten glass 
can be used, or glass can be synthesized in contact with the waste by mixing and heating with 
glass constituents—silicon dioxide, SiO2; sodium carbonate, Na2CO3; and calcium oxide, CaO. 
Vitrification is relatively complicated and expensive, the latter because of the energy consumed 
in fusing glass. Despite these disadvantages, it is the favored immobilization technique for some 
special wastes and has been promoted for the solidification of radionuclear wastes because glass is 
chemically inert and resistant to leaching.

Water-insoluble pozzolanic substances containing oxyanionic silicon such as SiO3
2− and usually 

reacted with calcium hydroxide are used for waste solidification. The most abundant and commonly 
used pozzolanic substance is fly ash from coal combustion. Other pozzolanic substances, which 
are usually waste products from various processes include flue dust and ground slag from blast 
furnaces.

Similar to pozzolanic substances, portland cement is widely used for the solidification of haz-
ardous wastes and is most applicable to inorganic sludges. In this application, portland cement 
provides a solid matrix for the isolation of wastes, chemically binds water from sludge wastes, and 
may react chemically with wastes (e.g., the calcium and the base in portland cement react chemi-
cally with inorganic arsenic sulfide wastes to reduce their solubilities). Some kilns in which the 
sand, limestone, and clay ingredients are heated to make portland cement are partially fueled by 
combustible hazardous wastes. The very high temperatures required to make the cement ensure 
destruction of even the most refractory organic wastes, and the mineral ingredients of portland 
cement effectively sequester acid gas products and heavy metals.

16.22  ULTIMATE DISPOSAL OF WASTES

Regardless of the destruction, treatment, and immobilization techniques used, there will always 
remain from hazardous wastes some material that has to be put somewhere. This section briefly 
addresses the ultimate disposal of ash, salts, liquids, solidified liquids, and other residues that must 
be placed where their potential to do harm is minimized.

In some cases, hazardous wastes are disposed of above the ground, essentially in a mound rest-
ing on a layer of compacted clay covered with impermeable membrane liners laid somewhat above 
the original soil surface and shaped to allow leachate flow and collection. In a properly designed 
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aboveground disposal facility, any leachate that is produced drains quickly by gravity to the leach-
ate collection system, where it can be detected and treated.

Historically, landfill has been the most common way of disposing of solid hazardous wastes and 
some liquids, although it is being severely limited today in many nations by new regulations and 
high land costs. Landfill involves disposal that is at least partially underground in excavated cells, 
quarries, or natural depressions lined with impermeable clay and synthetic membranes to stop the 
permeation of leachate. Usually, fill is continued above the ground to utilize space most efficiently 
and provide a grade for drainage of precipitation.

Many liquid hazardous wastes, slurries, and sludges are placed in surface impoundments, which 
usually serve for treatment and often are designed to be filled in eventually as landfill disposal sites. 
Most liquid hazardous wastes and a significant fraction of solids are placed in surface impound-
ments in some stage of treatment, storage, or disposal. The construction of a surface impoundment 
is similar to that discussed earlier for landfills in that its bottom and walls should be impermeable 
to liquids and provision must be made for leachate collection.

Deep-well disposal of liquids consists of their injection under pressure to underground strata 
isolated by impermeable rock strata from aquifers. Early experience with this method was gained 
in the petroleum industry where disposal is required of large quantities of saline wastewater copro-
duced with crude oil. The method was later extended to the chemical industry for the disposal of 
brines, acids, heavy metal solutions, organic liquids, and other liquids. As of 2012, a controversial 
deep-well disposal practice was that of the disposal of large quantities of contaminated water left 
over from hydraulic fracturing (“fracking”) (see Chapter 17, Section 17.9) of tight shale formations 
to recover natural gas.

16.23  LEACHATE AND GAS EMISSIONS

The production of contaminated leachate is a possibility with most disposal sites. Leachate 
consists of water that has become contaminated by wastes as it passes through a waste dis-
posal site. It contains waste constituents that are soluble, not retained by soil, and not read-
ily degraded chemically or biochemically. Therefore, new hazardous waste landfills require 
leachate collection/treatment systems, and many older sites are required to have such systems 
retrofitted to them. Leachate is collected in perforated pipes that are embedded in granular 
drain material.

The best approach to leachate management is to prevent its production by limiting the infil-
tration of water into the site. Rates of leachate production may be very low when sites are 
selected, designed, and constructed with minimal production of leachate as a major objec-
tive. A well-maintained, low-permeability cap over a landfill is very important for leachate 
minimization.

If leachate is released from a hazardous waste landfill, it may be necessary to install a leachate 
treatment system. Such a facility is a sophisticated wastewater treatment system using biological, 
physical, and chemical treatment processes as described in Chapter 5.

Gas emissions may be produced from hazardous waste disposal sites. In some cases, gases 
come directly from materials disposed of in the site. If biodegradable wastes are present, the anoxic 
biodegradation of biomass, represented by {CH2O}, may produce significant quantities of CO2, 
explosive CH4, and toxic H2S:

	 2 CH O CH g CO g2 4 2{ }→ ( )+ ( )	 (16.25)

	 SO 2 CH O 2H H S 2CO 2H O4
2

2 2 2 2
− ++ { }+ → + + 	 (16.26)
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These gases may carry volatile wastes, such as benzene and chlorinated hydrocarbons, from 
the disposal site into the atmosphere and cause air pollution problems or pose health hazards 
near the site. In some cases, it may be necessary to collect the gases and treat them as discussed 
in Section 16.24. Filtration over activated carbon can be employed, and in some cases the gases 
have been pumped with intake air into internal combustion engines where they are destroyed by 
combustion.

16.24  IN SITU TREATMENT OF DISPOSED HAZARDOUS WASTES

In a number of cases, the treatment of improperly disposed hazardous wastes may be required. An 
expensive option is to dig up the wastes and treat them or place them in modern, properly designed 
landfills. Soil contaminated by waste leachate may require treatment such as digging it up, wash-
ing with water, and putting it back into place. In some cases, contaminated soil has even been 
incinerated.

Another approach to treating disposed hazardous wastes is in situ treatment in which the wastes 
are treated in place. Heavy metal contaminants including lead, cadmium, zinc, and mercury can be 
immobilized by chemical precipitation as their sulfides by treatment with gaseous H2S or alkaline 
Na2S solution. Heavy metal ions can also be immobilized by the oxidation of soluble Fe2+ and Mn2+ 
to their insoluble hydrous oxides, Fe2O3∙xH2O and MnO2∙xH2O, respectively, which can coprecipi-
tate other heavy metal ions. Chelation can convert metal ions to less mobile forms, although with 
most agents chelation has the opposite effect. The insoluble humin fraction of soil humic substances 
immobilizes metal ions.

In situ solidification can be used as a remedial measure at hazardous waste sites. One 
approach is to inject soluble silicates followed by reagents that cause them to solidify. For exam-
ple, injection of soluble sodium silicate followed by calcium chloride or lime forms solid cal-
cium silicate.

Many important wastes have relatively high vapor pressures and can be removed by vapor 
extraction. Vapor extraction involves pumping air into injection wells in soil and withdrawing it, 
along with the volatile components that it has picked up, through extraction wells. The substances 
vaporized from the soil are removed by activated carbon or by other means. In some cases, the air 
is pumped through an engine (which can be used to run the air pumps) and vapors are destroyed by 
conditions in the engine’s combustion chambers. Vapor extraction is most applicable to the removal 
of volatile organic compounds (VOCs) such as chloromethanes, chloroethanes, chloroethylenes 
(such as trichloroethylene), benzene, toluene, and xylene.

16.24.1 T reatment In Situ

Some groundwater plumes contaminated by dissolved wastes can be treated by a permeable bed of 
material placed in a trench through which the groundwater must flow. Limestone in a permeable 
bed neutralizes acid and precipitates some heavy metal hydroxides or carbonates. Synthetic ion 
exchange resins can be used in a permeable bed to retain heavy metals and even some anionic spe-
cies, although competition with ionic species present naturally in the groundwater can reduce the 
effectiveness of this treatment method.

Soil washing may be performed in situ to decontaminate soil that has absorbed hazardous waste 
materials. The washing medium may consist of pure water or it may contain acids (to leach out 
metals or neutralize alkaline soil contaminants), bases (to neutralize contaminant acids), chelating 
agents (to solubilize heavy metals), surfactants (to enhance the removal of organic contaminants 
from the soil and improve the ability of the water to emulsify insoluble organic species), or reduc-
ing agents (to reduce oxidized species). Soil contaminants may dissolve, form emulsions, or react 
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chemically. Heavy metal salts; lighter aromatic hydrocarbons, such as toluene and xylenes; lighter 
organohalides, such as trichloro- or tetrachloroethylene; and light- to medium-molar-mass alde-
hydes and ketones can be removed from soil by washing.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the chapter. So in 
some cases there may be several “right” answers. Therefore, if your answer reflects intellectual 
effort and a search for information from available sources, it may be considered to be right.

	 1.	What is a fundamental chemical difference between petroleum and biological feedstocks?
	 2.	Potassium permanganate, sodium dichromate, and hydrogen peroxide may all three 

be used as reagents to react with organic molecules. What kind of reaction do they 
cause to occur? Which of these would be regarded as the greenest reagent, and why is 
that so?

	 3.	Name three kinds of reactions used in processing feedstocks. Which is best from the view-
point of green chemistry?

	 4.	Name several fractions of biomass that can be used for feedstocks. Which of these is the 
least useful?

	 5.	How are oils extracted from plant sources?
	 6.	Use chemical formulas to show that carbohydrates are a more oxidized chemical feedstock 

than hydrocarbons.
	 7.	Before the petrochemicals industry developed, the use of coal in making steel gave rise to 

a major organic chemicals industry. Explain why this was so, and list some of the products 
that were made.

	 8.	With respect to Problem 7, see if you can find a toxicological concern that developed out of 
the organic chemicals industry based on coal coking by-products.

	 9.	Name some categories of chemicals routinely produced by fermentation.
	 10.	Which pharmaceutical material has been produced by fermentation for many years?
	 11.	What is the first, most important, consideration in developing a fermentation process for 

the production of a chemical?
	 12.	What is the significance of temperature in fermentation processes? What happens if the 

temperature is too high?
	 13.	Of all the commodity chemicals made by fermentation, which is made in largest quantities? 

Explain.
	 14.	 In which fundamental respect are plants more efficient producers of material than 

fermentation?
	 15.	Which relatively recent advance in biotechnology has greatly increased the scope of mate-

rials potentially produced by plants?
	 16.	Why are hybrid poplar trees particularly important in the production of raw materials? Are 

there other more productive alternatives?
	 17.	Describe the structural characteristics of glucose and other carbohydrates that make them 

good platforms for chemical synthesis.
	 18.	Give a disadvantage and an advantage of the use of cellulose as a source of glucose.
	 19.	Using Internet resources, try to find an example of an operational biorefinery that is either 

in commercial operation or at a pilot plant level. What materials does it process, and how 
does it process them? What are its main products?
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	 20.	Give a major concern with the use of benzene as a feedstock.
	 21.	Although the chemical formula of glucose is C6H12O6, the formula of the cellulose polymer 

made from glucose is (C6H10O5)n, where n is a large number. Since cellulose is made from 
glucose, why is the cellulose formula not (C6H12O6)n?

	 22.	Give some examples of useful chemically modified cellulose. Which of these has proved to 
be rather dangerous?

	 23.	Why is it difficult to deal with lignin as a source of chemical feedstocks? What is the cur-
rent main use of waste lignin?

	 24.	Give the main advantage of biopolymers from an environmental viewpoint.
	 25.	Which structural feature of hydroxyalkanoates enables them to make polymeric 

molecules?
	 26.	What was the original source of poly(hydroxyalkanoate) polymers? How is it now pro-

posed to produce them?
	 27.	Although enzymes have not developed specifically to act upon synthetic compounds, they 

have some specific advantages that make them attractive for carrying out chemical pro-
cesses on synthetic compounds. What are some of these advantages?

	 28.	Name two chemicals for which it has been shown that enzymatic processes can actu-
ally convert synthetic raw materials to chemical products normally made by nonbiological 
chemical reactions.

	 29.	Look up the chemical synthesis of ammonia, NH3. Is the final reaction an addition, an 
elimination, or a substitution reaction? Are there other kinds of reactions that may be 
involved in the overall process of ammonia synthesis? What are the environmental and 
resource implications of these kinds of reactions?

	 30.	A hazardous waste incinerator monitored over a 24-hour period took in a total of 1 kg 
of hexachlorobenzene. Analysis of the exhaust gas from the facility showed levels of 
0.25 μg m3 of hexachlorobenzene at an exhaust gas flow rate of 0.200 m3/s. What is the 
DRE of the process?

	 31.	Pozzolanic substances were mentioned in this chapter as materials used to solidify and 
immobilize wastes. What is the origin of the term pozzolanic? How were pozzolanic sub-
stances used in ancient Rome?

	 32.	Look up deep-well disposal of gases. Which gases have been disposed of in deep 
wells? What are the criteria for the rock formations into which waste gases may be 
pumped?

	 33.	Place the following in descending order of desirability for dealing with wastes and discuss 
your rationale for doing so (explain): (A) reducing the volume of remaining wastes by mea-
sures such as incineration; (B) placing the residual material in landfills, properly protected 
from leaching or release by other pathways; (C) treating residual material as much as pos-
sible to render it nonleachable and innocuous; (D) reduction of wastes at the source; and 
(E) recycling as much waste as is practical.

	 34.	Match the waste recycling process or industry from the column on the left with the kind of 
material that can be recycled from the list on the right in the following table:

A. Recycle as raw material to the generator 1. Waste alkali

B. Utilization for pollution control or waste treatment 2. Hydraulic and lubricating oils

C. Energy production 3. Incinerable materials

D. Materials with agricultural uses 4. Incompletely consumed feedstock material

E. Organic substances 5. Waste lime or phosphate-containing sludge
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	 35.	What is the most important operation in solvent purification and recycle that is used to 
separate solvents from impurities, water, and other solvents?

	 36.	The DAF is used in the secondary treatment of wastes. What is the principle of this tech-
nique? For what kinds of hazardous waste substances is it most applicable?

	 37.	Match the process or industry from the column on the left with its phase of waste treatment 
from the list on the right in the following table:

	 38.	Distillation is used in treating and recycling a variety of wastes, including solvents, 
waste oil, aqueous phenolic wastes, and mixtures of ethylbenzene and styrene. What 
is the major hazardous waste problem that arises from the use of distillation for waste 
treatment?

	 39.	Supercritical fluid technology has a great deal of potential for the treatment of hazardous 
wastes. What are the principles involved in the use of supercritical fluids for waste treat-
ment? Why is this technique especially advantageous? Which substance is most likely to 
be used as a supercritical fluid in this application? For which kinds of wastes are supercriti-
cal fluids most useful?

	 40.	What are some advantages of using acetic acid, compared, for example, to sulfuric acid, as 
a neutralizing agent for treating waste alkaline materials?

	 41.	Designate which of the following would be least likely to be produced by, or used as, a 
reagent for the removal of heavy metals by their precipitation from solution (explain): (A) 
Na2CO3, (B) CdS, (C) Cr(OH)3, (D) KNO3, and (E) Ca(OH)2.

	 42.	Both NaBH4 and Zn are used to remove metals from solution. How do these substances 
remove metals? What are the forms of the metal products?

	 43.	Of the following, thermal treatment of wastes is not useful for (explain) (A) volume reduc-
tion; (B) destruction of heavy metals; (C) removal of volatile, combustible, mobile organic 
matter; (D) destruction of pathogenic materials; and (E) destruction of toxic substances.

	 44.	From the following, choose the waste liquid that is the least amenable to incineration 
and explain why it is not readily incinerated: (A) methanol, (B) tetrachloroethylene, 
(C) acetonitrile, (D) toluene, (E) ethanol, and (F) acetone.

	 45.	Name and give the advantages of the process that is used to destroy more hazardous wastes 
by thermal means than are burned solely for the purpose of waste destruction.

	 46.	What is the major advantage of fluidized-bed incinerators from the standpoint of control-
ling pollutant by-products?

	 47.	Explain the best way to obtain microorganisms to be used in the treatment of hazardous 
wastes by biodegradation.

	 48.	What are the principles of composting? How is it used to treat hazardous wastes?
	 49.	How is portland cement used in the treatment of hazardous wastes for disposal? What 

might be some disadvantages of such a use?
	 50.	What are the advantages of aboveground disposal of hazardous wastes as opposed to bury-

ing wastes in landfills?
	 51.	Describe and explain the best approach to managing leachate from hazardous waste dis-

posal sites.

A. Activated carbon sorption 1. Primary treatment

B. Precipitation 2. Secondary treatment

C. Reverse osmosis 3. Polishing

D. Emulsion breaking

E. Slurrying
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	 52.	An incinerator is primarily operated to destroy chlorophenols as the POHCs fed along with 
other less hazardous constituents at an average rate of 10 kg/h. The exhaust gas coming 
from the incinerator stack at a rate of 10 m3/min contains 1 μg/m3 of chlorophenols. What 
is the DRE of the incinerator for the POHC?

	 53.	Can phytoremediation be described as a bioremediation process? Is it a biodegradation 
process? If not, how can it be used to treat hazardous wastes?
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17 Sustainable Energy
The Key to Everything

17.1  ENERGY PROBLEM

It is a rather bold claim that sustainable energy is “the key to everything.” But a convincing argu-
ment can be made that most problems in the physical environment can be solved to at least a large 
degree if enough energy is available, if it is inexpensive enough, and if it can be used without doing 
irreparable environmental harm. Consider the following environmental and sustainability problems 
that can be solved at least in part with sufficient sustainable energy:

•	 Water: With enough energy, wastewater can be reclaimed to drinking water standards by 
distillation, reverse osmosis, and other energy-consuming technologies, and seawater can 
be desalinated.

•	 Food: With enough energy, marginal land can be reclaimed by measures such as leveling, 
terracing, and rock removal and irrigation water can be pumped from long distances or 
desalinated to grow food. Greenhouses can be heated even during winter months to grow 
high-value specialty foods.

•	 Wastes: The disposal of hazardous organic wastes in landfills, though widely practiced, is 
not a good idea. With sufficient energy, such wastes can be converted to forms that cannot 
do harm.

•	 Transportation: With sufficient sustainable energy, transportation problems can be solved 
by technologies such as electrified railways.

•	 Fuels: Biomass sources of fixed carbon can be converted to hydrocarbon fuels for applica-
tions for which there are no viable alternatives (such as aircraft) without adding any net 
amounts of greenhouse gas carbon dioxide to the atmosphere.

The preceding list can be extended to many other areas and to a large number of sustainability 
and environmental problems. The great challenge is, of course, that systems of energy utilization 
have developed that are unsustainable. One of the most obvious sustainability challenges is that 
humankind will run out of the energy sources on which its economic systems are based. High 
petroleum prices and price fluctuations show the economic uncertainties of reliance on petroleum as 
an energy source, especially by nations that do not have domestic sources. There are still abundant 
resources of coal, but their utilization to provide for energy with current technology will certainly 
cause unacceptable global warming. Therefore, the great challenge facing humankind during the 
next several decades is to develop sources of energy that will meet energy needs and that will not 
ruin Earth and its climate.

There are energy alternatives to fossil fuels that can be developed, that are environmentally 
safe (or can be made so), and that, taken in total, can be adequate to supply energy needs.1 These 
include wind, solar, biomass, geothermal, and nuclear energy sources. Some other miscellaneous 
sources, such as tidal energy, may contribute as well. Fossil fuels will continue to be used and may 
contribute sustainably for decades with sequestration of greenhouse gas carbon dioxide to reduce 
global warming. And, of course, energy conservation and greatly enhanced efficiency of energy use 
will make substantial contributions. This chapter discusses the energy alternatives listed above with 
emphasis on energy sustainability.
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17.2  NATURE OF ENERGY

Energy is the capacity to do work (basically, to move matter around) or heat in the form of the 
movement of atoms and molecules. Kinetic energy is contained in moving objects. One such 
is the energy contained in a rapidly spinning flywheel, a device with significant potential for 
energy storage to even out the energy flow from intermittent solar and wind sources. Potential 
energy is stored energy, such as in an elevated reservoir of water used as a means of storing 
hydroelectric energy for later use that can be run through a hydroelectric turbine to generate 
electricity as needed.

A very important form of potential energy is chemical energy stored in the bonds of molecules 
and released, usually as heat, when chemical reactions occur. For example, in the case of methane, 
CH4, in natural gas, when the methane burns

	 CH 2O CO 2H O4 2 2 2+ → + 	  (17.1)

the difference between the bond energies in the CO2 and H2O products and the CH4 and O2 reactants 
is released, primarily in the form of heat. If the heat is released by combustion of methane in a gas 
turbine, part of the heat energy can be converted to mechanical energy in the form of the rapidly 
spinning turbine and an electrical generator to which it is attached. The generator, in turn, converts 
the mechanical energy to electrical energy.

The standard unit of energy is the joule, abbreviated as J. A total of 4.184 J of heat energy 
will raise the temperature of 1 g of liquid water by 1°C. This amount of heat is equal to 1 calorie 
of energy (1 cal = 4.184 J), the unit of energy formerly used in scientific work. [The “calorie” 
commonly used to express the energy value of food (and its potential to produce fat) is actually a 
kilocalorie, kcal, equal to 1000 cal.] A joule is a small unit, and the kilojoule, kJ, equal to 1000 J, 
is widely used in describing chemical processes. The exajoule (EJ), equal to 1 × 1018 J, is used to 
express large quantities of energy; Earth’s total primary energy consumption is about 450 EJ/year.

Power refers to energy generated, transmitted, or used per unit time. The unit of power is the 
watt, equal to an energy flux of 1 J/s. A compact fluorescent light bulb adequate to illuminate a desk 
area might have a rating of 21 watts. A large power plant may put out electricity at a power level 
of 1000 megawatts (MW, where 1 MW is equal to 1 million watts). Power on a national or global 
scale is often expressed in gigawatts (GW), each one of which is equal to a billion watts or even 
terawatts (TW), where a TW is equal to a trillion watts.

The science that deals with energy in its various forms and with work is thermodynamics. 
There are some important laws of thermodynamics. The first law of thermodynamics states that 
energy is neither created nor destroyed. This law is also known as the law of conservation of 
energy. The first law of thermodynamics must always be kept in mind in the practice of green 
technology, the best practice of which requires the most efficient use of energy. Thermodynamics 
enables calculation of the amount of usable energy. As described by the laws of thermodynamics, 
only a relatively small amount of the potential energy in fuel can be converted to mechanical energy 
or electrical energy with the remaining energy from the combustion of the fuel dissipated as heat. 
With the application of green technology, much of this heat is salvaged for applications such as 
district heating of homes.

Although energy is neither created nor destroyed, the amount of useful energy that can be 
obtained from a system tends to become dissipated. Useful mechanical energy can be produced, for 
example, in a heat engine by harnessing part of the energy flow from a hot part to a cooler part of 
the system (see Section 17.5 and Equation 17.2). The amount of this useful energy is called exergy 
and it can go to zero in a system that has reached equilibrium.
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17.3  SUSTAINABLE ENERGY: AWAY FROM THE SUN AND BACK AGAIN

The key to sustainability is abundant, environmentally safe energy. The evolution of humankind’s 
utilization of energy is illustrated in Figure 17.1. Until very recently in the history of humankind, 
we have depended on the sun to meet our energy needs. The sun has kept most of the landmass of 
Earth at a temperature that enables human life to exist. Solar radiation has provided the energy 
for photosynthesis that converts atmospheric carbon dioxide to plant biomass providing humans 
with food, fiber, and wood employed for dwelling construction and fuel. Animals feeding on this 
biomass provided meat for food and hides and wool that humans used for clothing. Eventually, 
humans developed means of indirectly using solar energy. This was especially true of wind driven 
by solar heating of air masses and used to propel sailing vessels and eventually to power windmills 
employed for power. The solar-powered hydrologic cycle provided flowing water, the energy of 
which was harnessed by water wheels. Virtually all the necessities of life came from utilization of 
solar energy.

17.3.1 T he Brief Era of Fossil Fuels

Dating from around 1800, humans began to exploit fossil fuels for their energy needs. Initially, 
coal was burned for heating and to power newly developed steam engines for mechanical energy 
used in manufacturing, steamships, and steam locomotives. After about 1900, petroleum developed 
rapidly as a source of fuel and, with the development of the internal combustion engine, became 
the energy source of choice for transportation needs. Somewhat later, natural gas developed as an 
energy source. The result was a massive shift from solar and biomass energy sources to fossil fuels.

Utilization of fossil carbon-based materials resulted in a revolution that went far beyond just 
energy utilization. One important example was the invention by Carl Bosch and Fritz Haber in 
Germany in the early 1900s of a process for converting atmospheric elemental nitrogen from air 
to ammonia, NH3, by the reaction of N2 with H2. This high-pressure, high-temperature process 
required large amounts of fossil fuel to provide energy and to react with steam to produce elemental 

Dependence on
biomass

Biomass from millions
of years ago

Fossil fuel
era

Future: Solar energy as photo-
voltaics, windpower, biomass

Fossil fuels

Fossil fuel formation
before humans

FIGURE 17.1  Evolution of the use of energy from solar and biomass sources through the brief, but spectacu-
lar, era of fossil fuels and on to renewable, largely solar-based sources.
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hydrogen. The discovery of synthetic nitrogen fixation enabled the production of huge quantities of 
relatively inexpensive nitrogen fertilizer, and the resulting increase in agricultural production may 
well have saved Europe, with a rapidly developing population at the time, from widespread starva-
tion. (It also enabled the facile synthesis of great quantities of nitrogen-based explosives that killed 
millions of people in World War I and subsequent conflicts.) Fossil fuel, in a sense “fossilized sun-
shine,” resulted in an era of unprecedented material prosperity and an increase in human population 
from around 1 billion to over 6 billion.

By the year 2000, it had become obvious that the era of fossil fuels was not sustainable. One 
reason is that fossil fuel is a depleting resource that cannot last indefinitely as the major source of 
energy for the industrial society to which it has led. Although new discoveries of petroleum and 
new techniques for utilizing previously inaccessible petroleum sources in recent years have some-
what eased shortages of oil, a large fraction of the world’s total petroleum resource has already 
been consumed so that petroleum will continue to become more scarce and expensive and can last 
for only a limited time as the dominant fuel and organic chemicals’ raw material. Coal is much 
more abundant, but its utilization leads to the second reason that the era of fossil fuels must end 
because it is the major source of anthropogenic atmospheric carbon dioxide, greatly increased 
levels of which will almost certainly lead to global warming and massive climate change. Natural 
gas (methane, CH4) is an ideal, clean-burning fossil fuel that produces the least amount of carbon 
dioxide per unit energy generated. Rapidly expanding new discoveries of natural gas largely from 
previously inaccessible tight shale formations means that it can serve as a “bridging fuel” for sev-
eral decades until other sources can be developed. Nuclear energy, properly used with nuclear fuel 
reprocessing, can take on a greater share of energy production, especially for base load electricity 
generation. But it is clear that drastic shifts must occur in the ways in which energy is obtained and 
used.

17.3.2 B ack to the Sun

With the closing of the brief but spectacular era of fossil hydrocarbons, the story of humankind 
and its relationship to Planet Earth is becoming one of “from the sun to fossil fuels and back 
again” as humankind returns to the sun as the dominant source of energy and photosynthetic 
energy to convert atmospheric carbon dioxide to biomass raw materials. In addition to direct uses 
for solar heating and for photovoltaic power generation, there is enormous potential to use the 
sun for the production of energy and material. Arguably, the fastest growing energy source in the 
world is wind-generated electricity. The wind is produced when the sun heats masses of air caus-
ing the air to expand. Once the dominant source of energy and materials, biomass produced by 
solar-powered photosynthesis is beginning to live up to its potential as a source of feedstocks to 
replace petroleum in petrochemicals manufacture and of energy in synthetic fuels. Biomass is still 
evolving as a practical source of liquid fuels. The main two of these are fermentation to produce 
ethanol and synthesis of biodiesel fuel made from plant lipid oils. Unfortunately, although ethanol 
made from sugar derived from sugarcane that grows prolifically in some areas such as Brazil is an 
economical gasoline substitute, the net energy gain from ethanol derived from cornstarch relies 
on the grain, the most valuable part of the plant that is otherwise used for food and animal feed, 
and the net energy gain from corn-based ethanol is marginal at best. The economics of producing 
synthetic biodiesel fuel from sources such as soybeans may be somewhat better. However, produc-
tion of this fuel from oil palm trees in countries such as Malaysia is resulting in destruction of rain 
forests and diversion of palm oil from the food supply. However, as discussed in Section 17.16, 
practical means do exist to utilize biomass for energy and materials without seriously disrupting 
the food supply

Future scientific discoveries and technological advances will play key roles in the achievement 
of energy sustainability. Three areas in which Nobel-level breakthroughs are needed in the achieve-
ment of energy sustainability were expressed in a February 2009 interview by Dr. Steven Chu, a 
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Nobel Prize-winning physicist who had just been appointed Secretary of Energy in U.S. President 
Barack Obama’s new administration. The first of these is in solar power in which the efficiency of 
solar energy capture and conversion to electricity needed to improve several-fold. A second area 
of need is for improved electric batteries to store electrical energy generated by renewable means 
and to enable practical driving ranges in electric vehicles. A third area in need of a quantum leap is 
for improved crops capable of converting solar energy to chemical energy in biomass by photosyn-
thesis at much higher efficiencies. In this case, the potential for improvement is enormous because 
most plants convert less than 1% of the solar energy falling on them to chemical energy through 
photosynthesis. Through genetic engineering, it is likely that this efficiency could be improved 
several-fold leading to vastly increased generation of biomass. Clearly, the achievement of sustain-
ability employing high-level scientific developments will be an exciting development in decades to 
come.

17.4 � SOURCES OF ENERGY USED IN THE ANTHROSPHERE: 
PRESENT AND FUTURE

As of 2011, world power consumption stood at 17.8 trillion watts or 17.8 TW. Figure 17.2 shows 
U.S. and world energy sources used annually as of the year 2000. The predominance of fossil fuel 
petroleum, natural gas, and coal is obvious. The potential of various energy alternatives is presented 
here. An outstanding and comprehensive survey of world energy resources is given in a detailed 
publication on that topic.2

World energy resources may be divided between finite resources, of which only a limited 
amount will ever be available, and perpetual resources, which are continuously being renewed 
(Table 17.1).  Finite resources are predominantly fossil fuels including coal and petroleum as well 
as uranium and thorium, which can be used as nuclear reactor fuel. Perpetual resources are mostly 
based on solar energy, which provides energy directly for solar heating or solar voltaic cells or 
indirectly such as from wind or ocean waves. Other perpetual sources include geothermal or tidal 
energy. Intermediate sources include peat, which can be harvested from deposits that are thousands 
of years old, but is also being renewed by fresh plant material. If it could ever be developed as a 
practical energy source, nuclear fusion power from the hydrogen isotope deuterium would be finite 
in that a fixed quantity of deuterium is present in the Earth System, but in a sense is a perpetual 
resource in that the amount is so vast that there would never be a chance of running out of it.

Since about 2000, two sources of energy have emerged as growth areas in the energy area, 
good news with respect to sustainability. The first of these is natural gas, new discoveries of 
which from formerly inaccessible sources have led to spectacular increases in supply. The second 
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is wind power, which has developed very rapidly and has become economically competitive with 
other sources of energy. Fortunately, both of these energy sources are favorable from the sustain-
ability viewpoint. Natural gas is the best fossil fuel from the standpoint of emissions including 
those of greenhouse warming carbon dioxide. Wind energy is completely renewable and arguably 
has the least environmental impact of all the perpetual resources. The footprint of wind turbines 
is quite small and they can be installed on agricultural land with virtually no impact on its food-
producing capacity. Unlike water power, which is the most commonly used perpetual resource, 
wind power does not involve putting dams on waterways and the damage to aquatic ecosystems 
that may cause.

17.5  ENERGY DEVICES AND CONVERSIONS

Energy occurs in many forms and its utilization requires conversion to other forms. Many 
devices exist for the utilization of energy and its conversion to other forms. The most com-
mon of these are shown in Figure 17.3. The types of energy available, the forms in which it is 

TABLE 17.1
Earth’s Major Energy Resourcesa

Resource Availability and Potential

Finite resources
Coal World reserves of about 860 billion metric tons, about half bituminous coal, 

remainder subbituminous, lignite brown coal

Crude oil and natural gas 
hydrocarbon liquids

Proven world reserves of about 1.2 billion barrels, about a 40-year supply at 
current production rate of 85 million barrels per day

Shale oil From heating oil shale containing organic kerogen, world resources around 
5 trillion barrels, but not now produced on a large scale

Extra-heavy oil and bitumen Viscous hydrocarbon containing heavy metals and chemically bound nitrogen, 
oxygen, and sulfur, as much as 5.5 trillion barrels may be available globally

Peat Plant remains accumulated under cold, wet conditions or in some tropical 
conditions, a global peat resource of around 500 billion tons (of carbon), 
somewhat renewable

Uranium Identified world resources of around 5.4 million metric tons

Perpetual resources
Hydropower 875 gigawatts (875,000 megawatts) world capacity in 2008

Bioenergy About 50 exajoules (EJ, 1 EJ = 1018 joules) worldwide annually, or about 10% 
world’s total primary energy consumption of about 450 EJ

Solar energy Potentially vast energy resource, total solar energy falling on Earth’s surface 
about 7500 times primary energy consumption

Geothermal energy Realistic estimate of up to 210 gigawatts of electricity

Wind energy A total of 239 gigawatts capacity in 2011

Tidal energy A 240-MW tidal power plant at La Rance in Brittany, France has operated since 
1968 and a 254-MW tidal plant began operation in Sihwa, South Korea, in 
2010; potential for many more

Wave power Potential for power equal to total world electricity production

Ocean thermal power Generate mechanical energy based on temperature differences of at least 20°C 
between warm surface water and deep ocean water, no operational units but 
immense potential

a	 Joule (J) is the basic unit of energy; an exajoule (EJ) is 1 × 1018 joules; watt (W) is the basic unit of power (energy per unit 
time); a megawatt (MW) is 1000 W and a gigawatt is 1000 MW; 1 gigawatt year is equivalent to 0.03156 EJ.
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utilized, and the processes by which it is converted to other forms have a number of implica-
tions for green technology and sustainability. For example, the wind turbine shown in Figure 
17.3a, once in place, continues to pump electricity into the power grid with virtually no harm 
to the environment (though some people regard them as unsightly while others think they are 
picturesque), whereas the steam power plant shown in Figure 17.3b requires mining depletable 
coal, combustion of the fossil fuel with its potential for air pollution, control of air pollutants, 
and means for cooling the steam exiting the turbine, with its potential for thermal pollution of 
waterways.

H+ + OH+ → H2O
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Turbine Generator
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FIGURE 17.3  Examples of many devices for the collection of energy and its conversion to other forms.
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An important aspect of energy utilization is its conversion to usable forms. For example, 
gasoline burned in automobile engines comes originally from petroleum pumped from under-
ground, the petroleum constituents are separated, molecules with properties suitable for engine 
fuel are produced chemically, the gasoline product is burned in an internal combustion engine 
converting chemical energy to mechanical energy, and the mechanical energy is transmitted 
to the wheels of the automobile in the form of kinetic energy that moves the automobile. 
Significantly less than half of the energy in the gasoline is actually converted to mechanical 
energy of the automobile’s motion; the rest is dissipated as waste heat through the engine’s 
cooling system.

Figure 17.4 illustrates major forms of energy and conversions between them. A significant point 
of this illustration is the very large ranges of energy conversion efficiencies from just a few percent 
or less to almost 100%. These differences suggest areas in which improvements may be sought. 
One of the most striking inefficiencies is the less than 0.5% conversion of light energy to chemical 
energy by photosynthesis. Despite such a low conversion efficiency, photosynthesis has generated 
the fossil fuels from which industrialized societies now get their energy and provides a significant 
fraction of energy in areas where wood and agricultural wastes are used. Doubling photosynthesis 
efficiency with genetically engineered plants could be a major factor in making biomass a more 
desirable energy source. Replacement of woefully inefficient incandescent light bulbs with fluores-
cent bulbs that are five to six times more efficient in converting electrical energy to light can save 
large amounts of energy.

A particularly important energy conversion carried out in the anthrosphere is that of heat, such 
as from chemical combustion of fuel, to mechanical energy that is used to propel a vehicle or 
run an electrical generator. This occurs, for example, when gasoline in a gasoline engine burns, 
generating hot gases that move pistons in the engine connected to a crankshaft, converting the up-
and-down movement of the piston to rotary motion that drives a vehicle’s wheels. It also occurs 
when hot steam generated at high pressure in a boiler flows through a turbine connected directly 
to an electrical generator. A device, such as a steam turbine, in which heat energy is converted 
to mechanical energy is called a heat engine. Unfortunately, the laws of thermodynamics dictate 
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that the conversion of heat to mechanical energy is always much less than 100% efficient. The 
efficiency of this conversion is given by the Carnot equation

	 Percent efficiency = 1 2T T

T

−
×

1

100	  (17.2)

in which T1 is the inlet temperature (e.g., of steam into a steam turbine) and T2 is the outlet tem-
perature, both expressed in Kelvin (°C + 273). Consider a steam turbine as shown in Figure 17.5. 
Substitution into the Carnot equation of 875 K for T1 and 335 K for T2 gives a maximum theoretical 
efficiency of 62%. However, it is not possible to introduce all the steam at the highest temperature 
and friction losses occur so that the energy conversion efficiency of most modern steam turbines is 
just below 50%. About 80% of the chemical energy released by combustion of fossil fuel in a boiler 
is actually transferred to water to produce steam so that the net efficiency for conversion of chemical 
energy in fossil fuels to mechanical energy to produce electricity is about 40%. The overall conver-
sion of chemical energy to electricity is essentially the same because an electrical generator converts 
virtually all of the energy of a rotating turbine to electricity. Because nuclear reactor peak tempera-
tures are limited for safety reasons, their conversion of nuclear energy to electricity is only about 30%.

A particularly important machine for converting chemical energy to mechanical energy is the 
internal combustion piston engine shown in Figure 17.6. Most internal combustion engines operate 

Superheated
steam in, T1

Cooler steam
out, T2

Rotating shaft connected
to electrical generator

Turbine vanes

FIGURE 17.5  In a steam turbine, superheated steam impinges on vanes attached to a shaft to produce 
mechanical energy. For generation of electricity, the shaft is coupled to an electrical generator.
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FIGURE 17.6  An internal combustion piston engine in which a very rapidly burning mixture of air and fuel 
drives a piston downward during the power stroke and this motion is converted to rotary mechanical motion 
by the crankshaft.
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on a cycle of four strokes. In the first of these, the piston moves downward drawing air or an air–fuel 
mixture into the cylinder. Next, with both valves closed, the air or air–fuel mixture is compressed 
as the piston moves upward. With the piston near the top of the cylinder (a point at which fuel may 
be injected if only air is compressed), ignition occurs and the burning fuel creates a mass of highly 
pressurized combustion gas in the cylinder, which drives the piston down in the third stroke. The 
exhaust valve then opens and the exhaust gas is expelled as the piston moves upward during the 
exhaust stroke.

The efficiency of the internal combustion engine increases with the peak temperature reached by 
the burning fuel, which increases with the degree of compression during the compression stroke. 
This temperature is highest for the diesel engine in which the compression is so high (around 
20:1) that fuel injected into the combustion chamber ignites without a spark plug ignition source. 
Whereas a standard gasoline engine is typically about 25% efficient in converting chemical energy 
in fuel to mechanical energy, a diesel engine is typically 37% efficient, with some reaching higher 
values.

Although highly superior from the standpoint of efficiency, diesel engines do have some disad-
vantages with respect to emissions. The first of these is that the combustion zone is not homoge-
neous because the fuel is injected into the highly compressed air at the top of the compression stroke 
resulting in incomplete combustion and production of carbon particles; improperly adjusted diesel 
engines are a major source of particle air pollution in urban areas. In addition, because of their very 
high combustion temperatures and high ignition pressures, diesel engines tend to produce elevated 
levels of air pollutant nitrogen oxides. However, recent advances in diesel engine design, computer-
ized control, and exhaust pollutant control devices have greatly reduced diesel engine emissions.

17.5.1 F uel Cells

Fuel cells are devices that convert the energy released by electrochemical reactions directly to 
electricity without going through a combustion process and electricity generator. Fuel cells are the 
primary means for utilizing hydrogen fuel (see Section 17.18) and are becoming more common as 
electrical generators. A fuel cell has an anode at which elemental hydrogen is oxidized, releasing 
electrons to an external circuit, and a cathode at which elemental oxygen is reduced by electrons 
introduced from the external circuit, as shown by the half-reactions in Figure 17.7. The H+ ions 
generated at the anode migrate to the cathode through a solid membrane permeable to protons. The 
net reaction is

	 2H O 2H O electrical energy2 2 2+ → + 	 (17.3)

and the only product of the fuel cell reactions is water.
Although elemental hydrogen is the ultimate fuel for fuel cells, it may be produced by the chemi-

cal breakdown of hydrogen-rich fuels, such as methane, methanol, or even gasoline, a process that 
also generates carbon dioxide. Tubular-style solid-oxide fuel cells, such as those manufactured by 
Siemens Westinghouse, operate at an elevated temperature of about 1000°C and produce an exhaust 
that is hot enough to drive a turbine or even to cogenerate steam. Such systems may be able to 
develop overall efficiencies of up to 80%.

17.6  GREEN TECHNOLOGY AND ENERGY CONVERSION EFFICIENCY

One of the best ways to conserve fuel resources is through increasing the efficiency of energy 
conversion including that of chemical energy to mechanical energy with the intermediate step 
of production of heat energy. Many advances have been made in this area since the late 1800s. 
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Part of the increase in conversion of fuel energy to electricity going from around 4% con-
version in 1900 to more than 40% in the most modern engines resulted from increasing the 
input temperature (T1 in the Carnot equation) in the heat engines driving electrical generators. 
Energy use efficiency increased by more than fourfold when picturesque steam engines were 
replaced by diesel/electric locomotives during the 1940s and 1950s. Substitution of diesel 
engines for gasoline engines in trucks and farm and construction equipment has resulted in 
gains in energy efficiency.

Much of the increased efficiency in fuel utilization has come from improved materials that 
allow higher operating temperatures. In addition to high-temperature-tolerant metals in engines, 
a contribution has been made by lubricating oils that do not break down at high temperatures. 
Much of the progress has been achieved with better engineering, now greatly aided by comput-
erized design, evaluation, and manufacturing of engines. Engineers of a century ago had never 
heard of green technology and probably would not have cared had they known about it. But they 
did understand costs of fuel (which on the basis of constant value currency were often higher 
then than they are now) and they welcomed the greater efficiencies they achieved on the basis 
of costs.

A key aspect of the most efficient conversion of chemical energy to mechanical energy in engines 
is the precise control of operational aspects such as ignition timing, valve timing, and fuel injec-
tion. In modern engines, key operating parameters are controlled by computer leading to optimum 
efficiency in engine operation.

As an inevitable consequence of the thermodynamics described by the Carnot equation, engines 
that convert heat to mechanical energy cannot utilize much of the heat, and the waste heat is carried 
away by an engine cooling system. Typically, a small portion of this heat is used in automotive heat-
ers on cold days. On a broader scale, such as municipal electrical systems, this heat can be used for 
heating buildings. Such efficiencies are discussed in Section 17.19.

Electrical current that
can be used for motors,
lighting, other purposes

e− e−

H2 O2

Anode, reaction
2H2 → 4H+ + 4e−

Cathode, reaction
O2 + 4H+ + 4e− → 2H2O

Movement of H+ from anode to cathode
through cation-permeable membrane

Net reaction 2H2 + O2 → 2H2O

FIGURE 17.7  Cross-sectional diagram of a fuel cell in which elemental hydrogen can be reacted with ele-
mental oxygen to produce electricity directly with water as the only chemical product.
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17.7  ENERGY CONSERVATION AND RENEWABLE ENERGY SOURCES

Any consideration of energy needs and production must take energy conservation into consider-
ation. This does not have to mean cold classrooms with thermostats set at 60°F in mid-winter, nor 
swelteringly hot homes with no air-conditioning, nor total reliance on the bicycle for transportation, 
although these and even more severe conditions are routine in many countries. The fact remains that 
the United States and several other industrialized nations have wasted energy at a deplorable rate. 
For example, U.S. energy consumption is higher per capita than that of some other countries that 
have equal, or significantly better, living standards. Obviously, a great deal of potential exists for 
energy conservation that will ease the energy problem.

Efficient use of energy can in fact correlate positively with higher economic standards. Figure 17.8 
shows a plot of the ratio of energy use per unit of gross domestic product (GDP) in developed 
industrialized nations and illustrates a steady and favorable decrease of energy required relative 
to economic output. Whereas in 2000, 1.7 barrels of oil equivalents were required per $1000 GDP 
in developed nations, the corresponding figure for developing nations lacking advanced means of 
using energy efficiently was 5.2 barrels or three times as much. These figures indicate the sub-
stantial potential for decreased energy consumption by energy-conscious development of the less 
industrially advanced nations as well as the additional conservation that can be achieved if citizens 
of industrialized nations can be persuaded to forego wasteful energy practices such as excessively 
large and inefficient vehicles and overly large dwellings.

Transportation is the economic sector with the greatest potential for increased efficiencies. The 
private auto and airplane are only about one-third as efficient as buses or trains for transporta-
tion. Transportation of freight by truck requires about 3800 Btu/ton-mile compared to only 670 
Btu/ton-mile for a train. Truck transport is terribly inefficient compared to rail transport (as well 
as dangerous, labor-intensive, and environmentally disruptive). Major shifts in current modes of 
transportation in the United States will not come without anguish, but energy conservation dictates 
that they be made.

Figure 17.9 shows the trend in U.S. automobile fuel economy during recent decades. The gains 
through about 1990 were very impressive, but then dropped off as less fuel-efficient vehicles became 
more popular. If the same trends from this period would have been maintained, the U.S. automobile 
fleet would by 2012 would have been close to 40 miles per gallon (MPG). Such a figure is readily 
achievable without seriously compromising safety or comfort and, as is obvious from Figure 17.9, 
with much lower emissions from pollutants compared to 1970. In 2007, the U.S. Congress passed 
legislation mandating higher fuel economy standards for vehicles sold in the United States.

Household and commercial uses of energy are relatively efficient. Here again, appreciable sav-
ings can be made. The all-electric home requires much more energy (considering the percentage 
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wasted in generating electricity) than a home heated with fossil fuels. The sprawling ranch house–
style home uses much more energy per person than does an apartment unit, row house, or even a 
home of comparable floor area built in a compact format (more like a square box). Improved insula-
tion, sealing around the windows, and other measures can conserve a great deal of energy. Electric-
generating plants centrally located in cities can provide waste heat for commercial and residential 
heating and cooling and, with proper pollution control, can use municipal refuse for part of their 
fuel, thus reducing quantities of solid wastes requiring disposal.

One of the greatest contributions to energy conservation and energy use efficiency in very recent 
years has been the hybrid vehicle that uses an internal combustion engine to produce electricity 
that is stored for propulsion of the vehicle in a nickel-metal-hydride battery and, in latest models, 
lithium-ion batteries (Figure 17.10). Although not greatly more efficient for prolonged driving at 
highway speeds, these vehicles have achieved improvements up to 50% in stop-and-go driving in 
traffic. For routine operation, the internal combustion engine supplies all the power needed plus 
additional power, if required, to run the generator to recharge a battery (larger than the battery in a 
conventional automobile but significantly smaller than the battery in an all-electric vehicle). When 
a surge of power is required, electricity from the storage battery drives the electric motor to produce 
the additional power. The braking system also generates electricity that is stored in the battery. 
When the vehicle is stopped, the internal combustion engine does not run, which also saves fuel.

Vastly reduced fuel consumption can be achieved by hybrid vehicles now becoming more popu-
lar that have batteries that can be charged by an external electrical source as well as the onboard 
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FIGURE 17.10  Major components of a hybrid automobile in which an internal combustion engine drives a 
generator to produce electricity to propel a vehicle. Electrical energy is stored in a battery. Electrical energy 
is also salvaged for storage from braking the vehicle.
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engine. Such vehicles give around 40–50 km driving range from an overnight charge, alone, suf-
ficient for the majority of routine driving. As the battery runs down, the internal combustion engine 
recharges it.

Although gasoline engines are now employed in hybrid vehicles, even greater fuel economy 
could be achieved with an inherently more efficient diesel engine as the internal combustion engine 
component. By allowing the diesel engine to run at a generally steady rate, the output of exhaust 
pollutants, which are produced at higher levels by diesel engines as the engine speed is changed, 
could be greatly reduced. Furthermore, diesel engines idle with remarkably little fuel consumption, 
so that the diesel engine would not need to be turned off when the vehicle is stopped, thus staying 
hot and further reducing emissions when it is brought up to speed.

Still greater fuel economy could be achieved employing a stratified charge engine.3 It might be 
feasible to design a “three-way hybrid” vehicle with a battery and a dual-fuel system of methane and 
diesel fuel. With the proposed engine system, a methane–air mixture, too lean in methane to allow 
for spark ignition, is taken into the engine cylinder and highly compressed as in a conventional die-
sel engine. At the top of the compression stroke, a minimum amount of diesel fuel is injected that 
causes ignition of the mixture for the power stroke. Although having two fuel sources would be a 
complication, such an engine could be designed to run temporarily on a relatively richer spark-fired 
mixture of air and methane if it ran out of diesel fuel or in the conventional diesel mode if it were 
out of methane. The engine could be a three-cylinder air-cooled unit, which would run hotter and 
thus more efficiently than a fluid-cooled unit, and three cylinders would be adequate, but relatively 
less costly and complicated than a larger engine.

As scientists and engineers undertake the crucial task of developing alternative energy sources 
to replace dwindling petroleum and natural gas supplies, energy conservation must receive proper 
emphasis. In fact, zero energy-use growth, at least on a per capita basis, is a worthwhile and achiev-
able goal. Such a policy would go a long way toward solving many environmental problems. With 
ingenuity, planning, and proper management, it could be achieved while increasing the standard of 
living and quality of life.

Closely related to energy conservation is the concept of renewable energy from sources that do 
not run out. Essentially, all of these depend on energy from the sun including direct solar energy, 
wind driven by the solar heating of air masses, falling water from the solar-powered hydrologic cycle, 
and biomass formed from photosynthesis. For most of its lifetime on Earth, humankind has depended 
entirely on renewable sources of energy, and most countries are again emphasizing these sources.

Enlightened sustainable energy policies are being implemented in many developing countries. 
China implemented a new law on renewable energy at the beginning of 2006 and updated in 2009. 
This policy encourages renewable energy alternatives including wind power, biomass energy, and 
biomethane generation.4 Long known for its utilization of wastes (including even use of human 
wastes as fertilizer for growing vegetables), China has constructed many waste-to-methane genera-
tors in rural areas with 40 million rural households served by such facilities by 2011. Experimental 
biopower projects burning crop biomass by-products have been undertaken and China’s biomass 
power capacity reached 3.2 GW in 2009. As of 2006, China had 80 million square meters of solar 
collectors to heat water, equivalent to the energy from 10 million tons per year of coal. China’s total 
wind power capacity reached 45 GW in 2011, about 5% of its total electricity-generating capacity. 
Combined with at least 200 GW of hydropower and much smaller amounts of biomass and grid-
connected photovoltaic systems, China now gets about one-fourth of its electrical power from other 
than fossil fuel sources (including nuclear power).

17.8  PETROLEUM HYDROCARBONS AND NATURAL GAS LIQUIDS

Currently, the largest source of energy that is used in the anthrosphere consists of hydrocarbon 
liquids, the majority of which are composed of hydrocarbons pumped from the ground as liquid 
petroleum. An increasing share of these liquids now comes from heavy oil and bitumen, which, in 
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the case of tar sand oil from Canada, have to be mined and processed above ground. The various 
sources of hydrocarbon liquids are discussed in this section.

Liquid petroleum occurs in rock formations ranging in porosity from 10% to 30%. Up to half 
of the pore space is occupied by water. The oil in these formations must flow over long distances to 
an approximately 15-cm-diameter well from which it is pumped. The rate of flow depends on the 
permeability of the rock formation, the viscosity of the oil, the driving pressure behind the oil, and 
other factors. Because of limitations in these factors, primary recovery of oil yields an average of 
about 30% of the oil in the formation, although it is sometimes as little as 15%. More oil can be 
obtained using secondary recovery techniques, which involve forcing water under pressure into 
the oil-bearing formation to drive the oil out. Primary and secondary recovery together typically 
extract somewhat less than 50% of the oil from a formation. Finally, tertiary recovery can be used 
to extract even more oil, normally through the injection of pressurized carbon dioxide, which forms 
a mobile solution with the oil and allows it to flow more easily to the well. Other chemicals, such as 
detergents, may be used to aid in tertiary recovery. Currently, about 300 billion barrels of U.S. oil are 
not available through primary recovery alone. A recovery efficiency of 60% through secondary or 
tertiary techniques could double the amount of available petroleum. Much of this would come from 
fields that have already been abandoned or essentially exhausted using primary recovery techniques.

Proven world reserves of crude oil and natural gas liquids are about 1.2 trillion barrels. An 
annual production rate of 85 million barrels per day provides an estimated 40-year supply of these 
hydrocarbons. However, these hydrocarbons will be used much longer than that because more will 
be found, substitutes will be developed, and use will decrease as supply limits are approached.

Estimates of crude oil resources around the world are in a state of flux and have generally increased 
since 2000 with substantial new discoveries. The high Arctic regions across the northern parts of 
Alaska, Canada, Norway, and Russia are believed to contain very large petroleum resources. The larg-
est oil find in 2011 was that of an estimated 250 million barrels of premium sweet crude oil beneath 
the Barents Sea located north of Norway and Russia. The major challenge to petroleum development 
in the Arctic is to produce petroleum in the challenging, often brutally cold, surroundings and to do so 
without harming the fragile Arctic environment. With horizontal drilling and hydraulic fracturing of 
oil-bearing formations, the large tight shale Bakken formation in North Dakota was undergoing explo-
sive growth in crude oil production by 2011 reaching levels of 400,000 barrels per day at the beginning 
of 2012, the third ranking state. (The top-ranking state for oil production in the United States is Texas at 
around 1.1 million barrels per day and California is third at around 567,000 barrels per day. Somewhat 
surprisingly, the United States is third in the world for petroleum production at 9.1 million barrels per 
day, just behind Russia at 9.9 million barrels per day and Saudi Arabia at 9.7 million barrels per day.)

17.8.1 H eavy Oil

Natural bitumen is a tarry material that has been mined for centuries and used as a sealant and 
road paving material. Natural bitumen and extra-heavy oil are the remains of biodegradation of the 
lighter fractions of crude oil and are relatively dense and viscous hydrocarbon materials containing 
heavy metals and chemically bound nitrogen, oxygen, and sulfur. Extra-heavy oil presents challenges 
to petroleum refiners largely because it requires coking (pyrolysis that leaves a carbon solid residue) 
to obtain hydrocarbon liquids, but is being used increasingly because of its availability and competi-
tive price. A total of about 5.5 trillion barrels of bitumen and heavy oil may be available worldwide.

As of 2012, the largest single source of oil available to the United States was heavy oil from tar 
sands mined and processed in Alberta, Canada. This hydrocarbon source is environmentally troubling 
because of the large amount of solid material that is dug up and moved for processing to remove the 
hydrocarbons and the huge residues of sand left from the hot water extraction of the heavy oil. A more 
environmentally acceptable alternative that is being developed is steam-assisted gravity drainage as 
illustrated in Figure 17.11 for extraction of heated bitumen from a sandstone formation. This process 
takes advantage of developments in the area of horizontal drilling that have been refined in recent 
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years. For extraction of heavy oil, two horizontal wellbores are drilled with the upper one approxi-
mately 5 m directly above the lower in the bitumen-bearing formation. Steam injected into the upper 
borehole heats the bitumen, which liquefies it and enables it to flow by gravity into the lower bore hole. 
The flow may be assisted by additives that have a detergent and mobilizing effect on the bitumen.

17.8.2 S hale Oil

Shale oil is a mixture consisting primarily of hydrocarbons, but containing hetero elements including 
nitrogen compounds as well, that is produced by heating fine-grained sedimentary oil shales to about 
500°C. The carbonaceous material in oil shale is a substance called kerogen. Shale oil is more costly 
and environmentally damaging than liquid petroleum because the rock is mined and processed in retorts 
releasing enormous quantities of greenhouse gas carbon dioxide and leaving a residue with a tendency to 
leach salts into water. Optimistic predictions of large-scale shale oil production in the United States from 
around the early 1970s have fallen flat because of unfavorable economics and environmental impact. 
There has been some limited production in Brazil, China, Estonia, Germany, and Israel. Nevertheless, 
estimates of shale oil potentially available in the world are enormous, around 5 trillion barrels.

17.8.3 N atural Gas Liquids

The natural gas liquids that can be condensed from natural gas (methane) include ethane, propane, 
butanes, pentanes, and natural gasoline. All of these hydrocarbons are clean-burning fuels. Ethane can 
be converted to ethylene, C2H4, an alkene with a double bond that is a valuable raw material for the 
production of polyethylene plastic and several other important petrochemicals. With the rapid develop-
ment of natural gas resources since about 2000, increased production of natural gas liquids will occur.
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FIGURE 17.11  Steam-assisted gravity drainage for in situ extraction of steam-heated bitumen from a sand-
stone formation.
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17.9  NATURAL GAS

Natural gas, consisting largely of methane, CH4, is a very attractive fuel that produces few pollut-
ants and less carbon dioxide per unit energy than any other fossil fuel. In addition to its use as a fuel, 
natural gas can be converted to many other hydrocarbon materials. It can be used as a raw material 
for the Fischer–Tropsch synthesis of gasoline. As of the early 2000s, increased demand for natural 
gas had led to tight supplies in the United States. However, by 2012, exploitation of natural gas in 
“tight” shale formations opened by horizontal drilling into the formations and hydraulic fracturing 
with highly pressurized water, sand, and additives had resulted in increased supply of natural gas in 
the United States and some other countries. This has led to a dramatic increase in natural gas pro-
duction in the United States including parts of Arkansas, Louisiana, Pennsylvania, and Texas with 
the result that from 2000 to 2011 the United States surpassed Russia as the world’s largest producer 
of natural gas, leading to a glut of gas in U.S. markets and falling prices for that commodity. Many 
other areas of the world have a large potential for production of shale gas. Proposals have been made 
to repurpose harbor terminals designed for importing natural gas into the United States to facilities 
for natural gas export.

Estimates of world reserves of natural gas are in a constant state of flux, largely because of rapid 
exploitation of new natural gas sources, especially tight shale deposits. A reasonable estimate of 
world resources as of 2012 was around 200 trillion standard cubic meters (tcm) with annual world 
consumption of about 3.1 tcm as of 2012. In the 3-year period of 2005–2008, almost 70% more 
natural gas was added to reserves in the United States than were consumed. In 2008, the United 
States proven reserves of shale gas increased by more than 50%, reaching a total of 13.4% of proved 
U.S. reserves by the year’s end.

Environmental considerations are important in exploiting natural gas resources. Some of the 
most abundant new sources are in fragile or challenging environments. For example, Statoil of 
Norway operates a gas field called Snow White in the Barents Sea 340 miles north of the Arctic 
Circle. The melting of Arctic ice due to global warming is leading to increased possibilities for the 
discovery and development of natural gas deposits in far northern regions. Production of natural gas 
from coal seams in Wyoming has required pumping saline, alkaline water from the seams, which 
has caused water pollution problems. Hydraulic fracturing of tight shale formations to extract their 
natural gas content has led to accusations of water pollution and even a few spectacular demonstra-
tions of flames issuing from ignited methane gas from running-water faucets. Some of the recently 
developing tight shale formations from which natural gas is being extracted or proposed for devel-
opment in the United States are in relatively highly populated regions of Arkansas, Louisiana, 
Pennsylvania, Texas (including substantial sources beneath the Fort Worth metropolitan area), and 
upper New York State.

As efforts are under way to reduce greenhouse gas emissions of carbon dioxide and to develop 
energy sources that do not release carbon dioxide, natural gas can serve as a “bridging fuel” that 
emits less carbon dioxide than petroleum and much less than coal per unit of heat energy generated. 
Methane can be used as a fuel in existing electrical power–generating facilities that are now fueled 
by petroleum or coal. Very high efficiency in methane utilization can be achieved by combined 
power cycles in which methane is used as a fuel in gas turbines coupled to generators and the hot 
exhaust gas used to raise steam for steam turbines. As discussed in Section 17.6, methane can be 
used as automotive fuel with especially high efficiencies achievable in hybrid vehicles. Natural gas 
will be a very significant factor in world energy for many decades to come.

17.10 COAL

The general term coal describes a large range of solid fossil fuels derived from partial degradation 
of plants. Coal is differentiated largely by coal rank based on percentage of fixed carbon, percent-
age of volatile matter, and heating value, dividing coal into several categories including bituminous 
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coal, anthracite, subbituminous coal, lignite, and brown coal. The approximate average empirical 
formula of coal is CH0.8 and coal typically contains from 1% to several percent sulfur, nitrogen, 
and oxygen. Of these elements, sulfur bound to the organic coal molecule and mixed with coal as 
mineral pyrite, FeS2, presents major environmental problems because of production of air pollutant 
sulfur dioxide during combustion. Much of the FeS2 can be removed physically from coal before 
combustion and sulfur dioxide can be removed from stack gas by various scrubbing processes (see 
Chapter 8, Section 8.7).

From Civil War times until World War II, coal was the dominant energy source behind indus-
trial expansion in the United States and most developed nations. However, after World War II, the 
greater convenience of lower-cost petroleum resulted in a decrease in the use of coal for energy in 
the United States and in a number of other countries. Annual coal production in the United States 
fell by about one-third, reaching a low of approximately 400 million tons in 1958, but since then, 
domestic U.S. coal production for electricity generation has reached about 1 billion tons per year. 
(As concerns over the global warming potential from coal use grow and alternate energy sources, 
especially natural gas, grow in importance, coal use in the United States may have peaked in 2011.) 
About one-third of the world’s energy and around 50% of electrical energy is provided by coal. 
Coal makes up from one-fourth to one-third of world energy consumption. World coal reserves are 
about 860 billion metric tons of which about half is bituminous coal and anthracite with the remain-
der divided among subbituminous coal, lignite, and brown coal, adequate to meet world needs for 
many decades.

17.10.1 C oal Conversion

As shown in Figure 17.12, coal can be converted to gaseous, liquid, or low-sulfur, low-ash solid 
fuels such as coal char (coke) or solvent-refined coal (SRC). Coal conversion is an old idea; a house 
belonging to William Murdock at Redruth, Cornwall, England, was illuminated with coal gas in 
1792. The first municipal coal gas system was employed to light Pall Mall in London in 1807. The 
coal gas industry began in the United States in 1816. The early coal gas plants used coal pyrolysis 
(heating in the absence of air) to produce a hydrocarbon-rich product particularly useful for illu-
mination. Later in the 1800s, the water gas process was developed, in which steam was impinged 
upon hot coal coke to produce a mixture consisting primarily of a (deadly) mixture of H2 and CO. 
It was necessary to add volatile hydrocarbons to this “carbureted” water gas to bring its illuminat-
ing power up to that of gas prepared by coal pyrolysis. The United States had 11,000 coal gasifiers 
operating in the 1920s. At the peak of its use in 1947, the water gas method accounted for 57% of 
U.S. manufactured gas. The gas was made in low-pressure, low-capacity gasifiers that by today’s 
standards would be inefficient and environmentally unacceptable (many sites of these old plants 
have been designated as hazardous waste sites because of residues of coal tar and other wastes). 
This was definitely not a green technology because of the high toxicity of carbon monoxide in the 
gas product, and many people were killed by release of CO in their houses. During World War II, 
Germany developed a major synthetic petroleum industry based on coal, which reached a peak 
capacity of 100,000 barrels per day in 1944. A synthetic petroleum plant operating in Sasol, South 
Africa, reached a capacity of several tens of thousands of tons of coal per day in the 1970s and 
currently produces hydrocarbons and feedstocks equivalent to about 150,000 barrels of petroleum 
per day.

A number of environmental implications are involved in the widespread use of coal conversion. 
These include strip mining, water consumption in arid regions, lower overall energy conversion 
compared to direct coal combustion, and increased output of atmospheric carbon dioxide. These 
plus economic factors have prevented coal conversion from being practiced on a very large scale. 
However, coal conversion does enable relatively facile carbon sequestration (see Section 17.11), 
which could enable much more sustainable coal utilization.
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17.11  CARBON SEQUESTRATION FOR FOSSIL FUEL UTILIZATION

Carbon sequestration, which prevents carbon dioxide generated by fossil fuels from entering the 
atmosphere, holds the promise of enabling utilization of fossil fuels, especially coal, without con-
tributing to greenhouse warming. Basically, the various schemes that have been proposed entail 
capturing carbon dioxide from a product or waste stream and sequestering it in a place where it 
cannot enter the atmosphere. Several approaches have been suggested or tried for capturing carbon 
dioxide and there are several possibilities for sequestration. The term “carbon sequestration” is also 
used in a more general sense to apply to removal of carbon dioxide from the atmosphere, especially 
by photosynthesis.

There are several possible sinks in which carbon dioxide can be sequestered. The largest of these, 
a natural sink for the gas, is the ocean. Earth’s oceans have an almost inexhaustible capacity for 
carbon dioxide. However, lowering the average pH of the oceans by as little as 0.1 pH unit by add-
ing acidic carbon dioxide could have a serious adverse effect on ocean life and productivity; there 
is some evidence to suggest that shells of some small sea creatures have become thinner because of 
higher levels of dissolved carbon dioxide in ocean water. Deep saline formations also have a very 
high capacity for carbon dioxide sequestration. Depleted oil and gas reservoirs and unmineable coal 
seams have much lower, but still significant, carbon dioxide capacities.

Geological carbon dioxide sequestration can be accomplished by injecting the gas into porous 
sedimentary formations at depths exceeding approximately 1000 m. Experience in the petroleum 
industry with underground disposal of carbon dioxide and injection of the gas into oil-bearing for-
mations for petroleum recovery has provided the technology required for geological carbon dioxide 
sequestration. The carbon dioxide injected into sedimentary formations rises and is confined by 
poorly permeable caprock. Breaches in caprock, such as those from abandoned oil wells, can result 
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in carbon dioxide release. Eventually, the carbon dioxide dissolves and is stabilized in the generally 
saline pore waters in the sedimentary formation into which it is injected. Chemical reactions in 
the water and with the surrounding geological strata can result in long-term stability of the carbon 
dioxide. It is much more effective and less expensive to force carbon dioxide into unsaturated saline 
groundwater where it is dissolved than to compress the gas and store it underground as a highly 
pressurized gas.

The first commercial application of carbon dioxide sequestration has operated since 1996 
in the North Sea about 240 km from the Norwegian coast in a region known as the Sleipner 
oil and gas field. The natural gas product from this field is about 9% carbon dioxide, a value 
that must be reduced to 2.5% for commercial distribution of the gas. Whereas all other gas-
producing operations simply discharge the carbon dioxide removed into the atmosphere, at 
Sleipner, it is pumped under pressure into a 200-m-thick layer of sandstone, the Utsira forma-
tion, that is about 1000 m below the seabed. A mixture of carbon dioxide and hydrogen sulfide 
removed from sour natural gas that is abundant in Alberta, Canada, is now being sequestered 
underground.

The easiest sources of carbon dioxide to capture are those from industrial processes that generate 
the gas in high concentrations. An example of such a process is the fermentation of carbohydrates 
to produce ethanol for fuel or other uses. This source provides much of the carbon dioxide that is 
used commercially at present. The largest anthropogenic source of carbon dioxide discharged into 
the atmosphere is generated in power plants fueled with fossil fuels. These sources present a sub-
stantial challenge for carbon dioxide removal because they are so dilute. A power plant fueled with 
carbon-rich coal produces an exhaust stream that is 13–15% carbon dioxide, whereas a boiler  burn-
ing hydrogen-rich methane produces only 3–5% carbon dioxide. A third possibility is to capture 
carbon dioxide released from the gasification of fossil fuels, particularly coal (see Section 17.10.1). 
Normally, gasification is performed using oxygen as an oxidant, and the initial product consists of 
carbon dioxide and combustible H2 and CO gases. Carbon monoxide in the synthesis gas product 
can be reacted with steam

	 CO H O H CO2 2 2+ → + 	 (17.4)

to produce nonpolluting elemental hydrogen fuel and carbon dioxide.
In late 2007, the U.S. Department of Energy announced funding for the construction of the first 

U.S. power plant with carbon dioxide sequestration, the FutureGen coal-powered power plant to 
be located at a site in Mattoon, Illinois. The project was abruptly cancelled in early 2008 alleg-
edly because of greatly increased costs, but a Government Accountability Office report released in 
March 2009 showed that the costs had been overestimated by $500 million because of an account-
ing cost mathematics error! The 275-MW power plant was to be large enough to supply electricity 
to 275,000 households and to sequester 1–2 million tons of carbon dioxide per year. As with all 
carbon sequestration projects, spreading and leakage of the disposed carbon dioxide is of some 
concern.5

Figure 17.13 is a schematic of a coal-fired power plant with carbon sequestration such as the 
FutureGen power plant. A gas turbine powered by hydrogen fuel produced by coal gasification 
generates electricity. Hot exhaust gas from the gas turbine is used to raise steam in a boiler and 
this steam powers a steam turbine that is also coupled to a generator. This combination results in 
very efficient electrical power generation. The production of intermediate hydrogen adds options 
for powering fuel cells or for using hydrogen in chemical synthesis or manufacture of synthetic 
hydrocarbon fuels.

By-product hydrogen sulfide must be removed from the hydrogen product and can be used for 
making sulfuric acid, an important industrial chemical, or can be sequestered with the carbon dioxide. 
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The carbon dioxide by-product is sequestered in mineral formations at depths up to around 2000 m. 
For power plants located near petroleum-bearing formations, carbon dioxide can be pumped into 
oil-bearing mineral formations for tertiary petroleum recovery.

17.12 � GREAT PLAINS SYNFUELS PLANT: INDUSTRIAL ECOLOGY IN 
PRACTICE TO PRODUCE ENERGY AND CHEMICALS

An excellent example of a system of industrial ecology for sustainable utilization of fossil fuels 
is provided by the Great Plains Synfuel Plant operated by Dakota Gasification Company near 
Beulah, North Dakota, the only U.S. commercial plant making methane synthetically.6 This com-
plex is designed to take advantage of abundant deposits of lignite, a relatively low-heating-value, 
high-water-content form of coal that occurs in abundance in North Dakota. This plant was con-
structed in the early 1980s for an investment of $2.1 billion and has been in operation since 1984. 
Since 1988, $477 million has been invested in the plant to improve efficiency, for new product 
development, and to ensure environmental compliance. A schematic diagram of the system is 
shown in Figure 17.14. The heart of the plant consists of 14 Lurgi-type gasifiers that are 13 m high 
and 4 m in diameter processing 16,000 metric tons of lignite per day at temperatures up to 1200°C 
to produce a synthesis gas mixture of combustible H2 and CO along with by-product CO2, water, 
and smaller quantities of tars, oils, phenolic compounds, ammonia, and H2S. Useful fuel hydrocar-
bons, phenol, cresols, ammonia, and sulfur compounds are extracted from the water, which is used 
for cooling water. The gas mixture is subjected to a shift reaction that increases the ratio of H2 to 
CO, and this mixture is reacted to produce methane (CH4) that is fed into a natural gas pipeline. 
Part of the synthesis gas stream is diverted to an ammonia synthesis plant to make this valuable 
fertilizer product.

A key feature of the Great Plains Synfuel Plant is the extraction of CO2 from the synthesis gas. 
Since 2000, the Great Plains plant has been sending about half of the carbon dioxide that it gener-
ates by pipeline to oil fields in Saskatchewan, Canada, for enhanced oil production (see Section 
17.8) at a current rate of 4.3 million cubic meters per day (2.5–3 million metric tons per year) and by 
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2011 had captured more than 20 million metric tons of CO2. Unlike carbon dioxide from combus-
tion sources, the CO2 from the Great Plains plant is not diluted with nitrogen and does not contain 
a significant amount of water vapor, which makes it very usable and economical to transport by 
pipeline.

The Great Plains Synfuels Plant provides an excellent example of a diversified industrial ecol-
ogy complex. It utilizes an abundant resource (lignite coal) in a way that significantly reduces the 
greenhouse gas emissions and other potential environmental impacts from this resource. Rather 
than having to transport large quantities of lignite by rail to distant power plants, the energy content 
of the lignite is converted to methane, the most environmentally friendly fossil fuel, which is moved 
with minimum environmental disruption through pipelines. An even higher value product, fertilizer 
ammonia, is synthesized at the site using elemental hydrogen made from gasifying the lignite and 
elemental nitrogen isolated from air in the air liquefaction operation required to prepare elemental 
oxygen used for gasification. The carbon dioxide by-product is not released into the atmosphere 
where it could aggravate the global warming problem but is transported by pipeline to oil fields 
where it is pumped underground to increase crude oil recovery. Commercially valuable ammonium 
sulfate by-product, a useful source of nitrogen and sulfur soil nutrients, is recovered from the water 
released during lignite gasification. In an area where water shortages can occur, the relatively large 
amount of water released by gasification of lignite (which typically contains 35% water) is used for 
cooling and as boiler feedwater.

17.13  NUCLEAR ENERGY

The awesome power of the atom nucleus revealed at the end of World War II held out enormous 
promise for the production of abundant, cheap energy. This promise has never really come to full 
fruition, although nuclear energy currently provides a significant percentage of electric energy in 
many countries, and it may be the only source of electrical power that can meet world demand 
without unacceptable environmental degradation, particularly through the generation of green-
house gases.
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Nuclear fission for power production is carried out in nuclear power reactors in which the 
fission (splitting) of uranium-235 or plutonium nuclei occurs. Each such event generates two 
radioactive fission product atoms of roughly half the mass of the nucleus fissioned, an average 
of 2.5 neutrons, plus an enormous amount of energy compared to normal chemical reactions. 
The neutrons, initially released as fast-moving, highly energetic particles, are slowed to thermal 
energies in a moderator medium. For a reactor operating at a steady state, exactly one of the 
neutron products from each fission is used to induce another fission reaction in a chain reaction 
(Figure 17.15).

The energy from these nuclear reactions is used to heat water in the reactor core and produce 
steam to drive a steam turbine, as shown in Figure 17.16. As noted in Section 17.5, temperature 
limitations make nuclear power less efficient in converting heat to mechanical energy and, therefore, 
to electricity, than fossil energy conversion processes.

A limitation of fission reactors is the fact that only 0.71% of natural uranium is fissionable 
uranium-235. This situation could be improved by the development of breeder reactors, which 
convert uranium-238 (natural abundance 99.28%) to fissionable plutonium-239.

A major consideration in the widespread use of nuclear fission power is the production of 
large quantities of highly radioactive waste products. These remain lethal for thousands of 
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years. They must either be stored in a safe place or disposed of permanently in a safe manner. 
At the present time, spent fuel elements are being stored under water at the reactor sites. Under 
current regulations in most countries, the wastes from this fuel will eventually have to be bur-
ied. An alternative favored by many investigators is to process the material in the spent fuel ele-
ments to remove radioactive products from uranium fuel, isolate the relatively short-lived fission 
products that decay spontaneously within several hundred years, and bombard the longer-lived 
nuclear wastes with neutrons in nuclear reactors. The absorption of neutrons by the nuclei of 
the nuclear waste elements causes transmutation in which the elements are converted to other 
elements or fission products with shorter half-lives resulting in relatively rapid production of 
stable isotopes. Radioactive waste elements for which transmutation is feasible include pluto-
nium, americium, neptunium, curium, technetium-99, and iodine-129. Plutonium, americium, 
neptunium, and curium are heavy actinide elements that are fissionable and add fuel value in a 
nuclear reactor.

Another problem to be faced with nuclear fission reactors is their eventual decommissioning. 
There are three possible solutions. One is dismantling soon after shutdown, in which the fuel ele-
ments are removed, various components are flushed with cleaning fluids, and the reactor is cut up 
by remote control and buried. “Safe storage” involves letting the reactor stand 30–100 years to allow 
for radioactive decay, followed by dismantling. The third alternative is entombment, encasing the 
reactor in a concrete structure, which is essentially what has been done with the remains of the reac-
tor destroyed in the 1986 Chernobyl catastrophe (discussed in the following paragraph).

The course of nuclear power development was altered significantly by three accidents. The first 
of these occurred on March 28, 1979, with a partial loss of coolant water from the Metropolitan 
Edison Company’s nuclear reactor located on Three Mile Island (TMI) in the Susquehanna 
River, 28 miles outside of Harrisburg, Pennsylvania. The result was a loss of control, overheat-
ing, and partial disintegration of the reactor core. Some radioactive xenon and krypton gases 
were released and some radioactive water was dumped into the Susquehanna River. Eventually, 
the reactor building was sealed. A much worse accident occurred at Chernobyl in the Soviet 
Union in April of 1986 when a reactor blew up and burned, spreading radioactive debris over a 
wide area and killing a number of people from acute radiation poisoning (officially 30, but pos-
sibly significantly more). Thousands of people were evacuated and the entire reactor structure 
had to be entombed in concrete and steel plate. Food was seriously contaminated as far away as 
northern Scandinavia. More recently, the disastrous magnitude 9.0 earthquake that occurred on 
March 11, 2011, off the coast of Honshu, Japan, about 373 km (231 miles) northeast of Tokyo and 
the devastating tsunami that followed destroyed the Fukushima Daiichi Nuclear Power Station in 
Japan. The three reactors that were running at the plant shut down automatically when the quake 
hit, as they were designed to do. However, the quake destroyed the electrical power infrastructure 
leading to the plant so that water could not be pumped to cool the reactor core and the spent fuel 
rods normally stored under water close to the core. Zirconium metal alloy cladding the hot fuel 
rods reacted with water to generate hydrogen gas, which exploded, destroying structures that 
sheltered the reactors. Significant amounts of radioactivity were released leading to the manda-
tory evacuation of land in a 20 km radius around the power plant and a ban on sale of food crops 
raised in the area.

As of 2006, 33 years had passed since a new nuclear electric power plant had been ordered in 
the United States, in large part because of the projected high costs of new nuclear plants. Although 
this tends to indicate hard times for the nuclear industry, pronouncements of its demise may be 
premature and by 2008 several U.S. utilities had begun the process of ordering new nuclear power 
plants and a significant number of such plants were under construction around the world. Properly 
designed nuclear fission reactors can generate large quantities of electricity reliably and safely and 
have done so for decades in U.S. naval submarines and carrier ships and in France, which gets 
about 80% of its electricity from nuclear sources. The single most important factor that may lead 
to renaissance of nuclear energy is the threat to the atmosphere from greenhouse gases produced in 
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large quantities by fossil fuels. It can be argued that nuclear energy is the only proven alternative 
that can provide the amounts of energy required within acceptable limits of cost, reliability, and 
environmental effects.

New designs for nuclear power plants can enable power reactors that are much safer and envi-
ronmentally acceptable than those built with older technologies. The latest designs incorporate 
built-in passive safety features that work automatically in the event of problems that could lead to 
incidents such as TMI or Chernobyl with older reactors. These devices—which depend on passive 
phenomena such as gravity feeding of coolant, evaporation of water, or convection flow of fluids—
give the reactor the desirable characteristics of passive stability. They have also enabled significant 
simplification of hardware, with only about half as many pumps, pipes, and heat exchangers as are 
contained in older power reactors.

According to the European Nuclear Society, as of the year 2012, there were 435 nuclear power 
plants operating around the world.7 With an installed electric net capacity of about 368 GW, 
these reactors were running in 31 countries. The country with the largest nuclear capacity is 
the United States with 104 power reactors followed by France (58), Japan (50, though by May 
2012, all of these had been temporarily taken out of commission because of concern over the 
Fukushima Daiichi nuclear plant accident), and the Russian Federation (33). As of 2012, there 
were 63 nuclear power plants with a total installed capacity of 61 GW under construction in 15 
countries.

After a generation had passed during which no new nuclear power plants had been approved 
in the United States, in February 2012, the U.S. Nuclear Regulatory Commission approved 
licensing of two new 1100-MW nuclear reactors to be constructed by the Southern Company 
at its existing Alvin W. Vogtle Nuclear Power Plant near Augusta, Georgia.8 These are to be 
new state-of-the-art Westinghouse AP1000 reactors designed to withstand plane crashes and 
earthquakes. They will have passive safety features that can function even in the event of the 
kind of power failure that doomed the Fukushima Daiichi reactors. A major safety feature with 
the AP1000 reactor is a 3.2-million-liter water tank above the reactor, the drain valves of which 
are held shut electrically. When electrical power fails, the valves open spontaneously cooling 
the reactor core with water. This passive cooling system can operate for up to 3 days before 
power is required to pump additional cooling water. The reactor system also has an air space 
between the heavy concrete shield and the steel liner to allow cooling by passive convection 
circulation of air.

17.13.1 T horium-Fueled Reactors

Thorium, Th, atomic number 90, exists primarily as the 232Th isotope, which is slightly radioactive 
and undergoes alpha decay with a half-life of 14 billion years. This form of thorium is not itself 
fissionable, but a 232Th nucleus can absorb a neutron and the product undergoes two successive 
beta decays to produce fissionable 233U, which can serve as a fissionable fuel in nuclear power 
reactors. Proponents of thorium-fueled reactors, who contend that thorium is “the nuclear fuel 
of the future,” point out that, compared to uranium, thorium is safer and more abundant (about 
three times the abundance in Earth’s crust than uranium).9 Also, there is a much lower potential to 
produce dangerous plutonium and actinides in a thorium fuel cycle than in a uranium fuel cycle, 
and hence a lower potential to produce fissionable material for weapons. (The fact that thorium 
cannot be used readily to produce nuclear weapons was a major factor in the thorium cycle not 
being chosen for nuclear fuel in the early days of atomic energy development following 1945 in 
which the ability to make weapons-grade fissionable material was a very important goal.) Also, the 
fission products that result from a thorium fuel cycle are much less long-lived than those based on 
235U or 239Pu and would decay to safe levels after only a few hundred years. A potentially highly 
sustainable application of thorium to fuel power reactors uses circulating hot liquid thorium fluo-
ride salts as fuel.
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17.13.2 N uclear Fusion

The fusion of a deuterium nucleus and a tritium nucleus releases a lot of energy as shown in 
Equation 17.5, where Mev stands for million electron volts, a unit of energy:
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This reaction is responsible for the enormous explosive power of the “hydrogen bomb.” So far, it 
has eluded efforts at containment for a practical continuous source of energy. And since physicists 
have been trying to make it work on a practical basis for the past approximately 50 years, it will 
probably never be done. (Within about 15 years after the discovery of the phenomenon of nuclear 
fission, it was being used in a power reactor to power a nuclear submarine.) However, the tantaliz-
ing possibility of using the essentially limitless supply of deuterium, an isotope of hydrogen, from 
Earth’s oceans for nuclear fusion still give some investigators hope of a practical nuclear fusion 
reactor and some research continues toward that end.

Nuclear fusion was the subject of one of the greatest scientific embarrassments of modern 
times that occurred in 1989. This incident came about when investigators at the University of Utah 
announced that they had accomplished so-called cold fusion of deuterium during the electrolysis 
of deuterium oxide (heavy water). This resulted in an astonishing flurry of activity as scientists 
throughout the world sought to repeat the results, whereas others ridiculed the idea. Unfortunately, 
for the dream of a cheap and abundant source of energy, the skeptics were right, and the whole story 
of cold fusion stands as a lesson in the (temporary) triumph of wishful technological thinking over 
scientific good sense (although there are still scientists with reputable educations who contend that 
cold fusion is real).

17.14  GEOTHERMAL ENERGY

Underground heat in the form of steam, hot water, or hot rock used to produce steam has been 
employed as an energy resource for about a century and can be regarded as largely renewable. This 
energy was first harnessed for the generation of electricity at Larderello, Italy, in 1904, and has 
since been developed in Japan, Russia, New Zealand, the Philippines, and at the Geysers in northern 
California.

Underground dry steam is relatively rare, but it is the most desirable from the standpoint of 
power generation. More commonly, energy reaches the surface as superheated water and steam. In 
some cases, the water is so pure that it can be used for irrigation and livestock; in others, it is loaded 
with corrosive, scale-forming salts. Utilization of the heat from contaminated geothermal water 
generally requires that the water be reinjected into the hot formation after heat removal to prevent 
contamination of surface water.

The utilization of hot dry rocks for energy requires fracturing of the hot formation, followed 
by injection of water and withdrawal of steam. This technology is still in the experimental 
state but promises approximately 10 times as much energy production as steam and hot water 
sources.

Land subsidence and seismic effects, such as the mini-earthquakes that occur when water is 
pumped under extreme pressure into hot rock formations that fracture as a consequence, are envi-
ronmental factors that may hinder the development of geothermal power. However, this energy 
source holds considerable promise, and its development continues.

An interesting possibility that has yet to be demonstrated is the use of supercritical carbon diox-
ide as a working fluid for the extraction of energy from hot rocks (Figure 17.17).



479Sustainable Energy

17.15  SUN: AN IDEAL, RENEWABLE ENERGY SOURCE

Solar power is an ideal source of energy that is unlimited in supply, widely available, and inexpen-
sive. It does not add to the Earth’s total heat burden or produce chemical air and water pollutants. On 
a global basis, utilization of only a small fraction of solar energy reaching the Earth could provide 
for all energy needs. In the United States, for example, with conversion efficiencies ranging from 
10% to 30%, it would only require collectors ranging in area from one-tenth down to one-thirtieth 
that of the state of Arizona to satisfy present U.S. energy needs. (This is still an enormous amount 
of land, and there are economic and environmental problems related to the use of even a fraction of 
this amount of land for solar energy collection. Certainly, many residents of Arizona would not be 
pleased at having so much of the state covered by solar collectors, and some environmental groups 
would protest the resultant shading of rattlesnake habitat.)

There are vast land areas available in the United States and throughout the world that receive 
exceptional levels of solar energy suitable for power generation. Factors involved in evaluating areas 
for solar energy generation include proximity to the Equator, relatively high altitude, and consistent 
absence of cloud cover. The terrestrial area that has optimum conditions is in the Sahara desert of 
southeast Niger in Africa, which receives an average of 6.78 kWh/m2 of solar energy input each day, 
which is close to the amount of energy required to heat water for a typical U.S. household.

A common means of generating electricity from solar energy depends on the collection of solar 
thermal energy followed by conversion to electrical energy. The simplest such approach involves 
focusing sunlight on a steam-generating boiler (see Illustration 6 in Figure 17.3). One of the world’s 
largest solar power stations is the 150-MW Andasol complex in Granada, southern Spain. It collects 
and concentrates solar heat with rows of parabolic mirrors covering several square kilometers of 
area focused on pipes through which a heat-stable synthetic oil flows to collect solar heat energy. 
Part of the hot oil goes through a heat exchanger where it heats water to produce steam to generate 
electrical power. Another fraction of the hot oil flows through another heat exchanger where it heats 
a molten mixture of 60% sodium nitrate and 40% potassium nitrate from 290°C to 390°C for storage 
in insulated tanks to provide heat energy for generating electricity when the sun is not shining. The 
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relatively inexpensive liquid salt mixture used for heat storage is stable up to 600°C, has a high den-
sity and high heat capacity, and is readily pumped through pipes, making it an excellent medium for 
collecting and storing heat energy in a relatively small volume. The system generates electricity at a 
cost of about $0.17/kWh, which is about the same cost as photovoltaic systems (see Section 17.15.1) 
and about three times the cost of systems powered by natural gas (around $0.06/kWh in 2012).

Another solar-powered heat engine used to generate electricity is the Stirling engine, which has 
achieved close to 30% overall efficiency in the conversion of solar energy to electricity. The Stirling 
engine uses hydrogen gas as a working fluid in a sealed system in which pistons connected by rods 
in cylinders pump the gas back and forth in the system. The gas is heated at a heater head kept at a 
relatively high temperature by sunlight focused from an array of reflective mirrors that concentrate 
sunlight on the heater head. The resultant pressure forces one of the pistons down in a power stroke. 
The gas is then transferred to a piston on the cooled side of the engine through a regenerator con-
sisting of a material that captures some of the heat to be used in the next cycle, thereby significantly 
increasing efficiency. As of 2012, plans to install a commercial-scale solar-driven energy system 
in the United States had been put on hold, in large part because of competition from photovoltaic 
systems that had continued to decrease in cost.

17.15.1 S olar Photovoltaic Energy Systems

Solar power cells (photovoltaic cells) for the direct conversion of sunlight to electricity have been 
developed and are widely used for energy in space vehicles. With present technology, however, they 
are relatively expensive in most places for large-scale generation of electricity, although the eco-
nomic gap is narrowing. The direct conversion of energy in sunlight to electricity is accomplished 
by special solar voltaic cells. Most types of photovoltaic cells depend on the electronic properties of 
silicon atoms containing low levels of other elements. In a typical photovoltaic cell, the cell consists 
of two layers of silicon, a donor layer that is doped with about 1 part per million of arsenic atoms 
and an acceptor layer doped with about 1 part per million of boron. Lewis symbols use dots to rep-
resent the outermost valence electrons of atoms, those that can be lost, gained, or shared in chemical 
bonds (see the discussion of atomic structure in Chapter 19, Section 19.2). Examination of the Lewis 
symbols of silicon, arsenic, and boron

shows that substitution of an arsenic atom with its five valence electrons for a silicon atom with its 
four valence electrons in the donor layer gives a site with an excess of 1 electron, whereas substitu-
tion of a boron atom with only three electrons for a silicon atom in the acceptor layer gives a site 
“hole” that is deficient in one electron. The surface of a donor layer in contact with an acceptor 
layer contains electrons that are attracted to the acceptor layer. When light shines on this area, the 
energy of the photons of light can push these electrons back onto the donor layer, from which they 
can go through an external circuit back to the acceptor layer as shown in Figure 17.18. This flow of 
electrons constitutes an electrical current that can be used for energy.

Solar voltaic cells based on crystalline silicon have operated with a 30% efficiency for experi-
mental cells and 15–20% for commercial units available in 2008, at a cost of around 15 cents/kWh, 
compared to 4–7 cents/kWh for fossil fuel–fired power plants and 6–9 cents for those fired by bio-
mass. Costs of photovoltaic electricity have shown a continuous downward trend.10 Part of the high 
cost in the past has resulted from the fact that the silicon used in the cells must be cut as small wafers 
from silicon crystals for mounting on the cell surfaces. Significant advances in costs and technology 
are being made with thin-film photovoltaics, which use an amorphous silicon alloy. These cells are 
only about half as efficient as those made with crystalline silicon, but cost only about 25% as much. 
A newer approach to the design and construction of amorphous silicon film photovoltaic devices 
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uses three layers of amorphous silicon to absorb, successively, short wavelength (“blue”), interme-
diate wavelength (“green”), and long wavelength (“red”) light, as shown in Figure 17.19. Thin-film 
solar panels constructed with this approach have achieved solar-to-electricity energy conversion 
efficiencies just over 10%, lower than those using crystalline silicon, but higher than other amor-
phous film devices. The low cost and relatively high conversion efficiencies of these solar panels 
should enable production of electricity at only about twice the cost of conventional electrical power, 
which would be competitive in some situations.

Systems have been developed in which solar cells lining glass tubes are used to generate elec-
tricity. Such a configuration is well adapted to rooftops because it captures light from all angles 
including even light from below reflected from a white roof. It has been estimated that covering all 
flat rooftops in the United States with such collectors could provide about 150 GW of electricity, 
15% of U.S. consumption.

 Sun
Positive hole from
boron atom

Extra electron
from arsenic

Si Si
Si

Si
Si

SiSi

Si
Si

Si
Si

Si
Si

Si

Si
SiSi

Si

As

B

Acceptor layer

Donor layere–

e–

FIGURE 17.18  The operation of a photovoltaic cell.

Antireflective coating,
indium-tin oxide

Reflective coating,
zinc oxide-silver

Stainless steel support

Red light capture

Green light capture

Blue light capture

Sunlight

FIGURE 17.19  High-efficiency thin-film solar photovoltaic cell using amorphous silicon.



482 Fundamentals of Environmental and Toxicological Chemistry

A major disadvantage of solar energy is its intermittent nature. However, flexibility inher-
ent in an electric power grid would enable it to accept up to 15% of its total power input from 
solar energy units without special provision for energy storage. Existing hydroelectric facilities 
may be used for pumped-water energy storage in conjunction with solar electricity generation. 
Heat or cold can be stored in water, in a latent form in water (ice) or eutectic salts, or in beds 
of rock. Enormous amounts of heat can be stored in water as a supercritical fluid contained at 
high temperatures and very high pressures deep underground. Mechanical energy can be stored 
with compressed air or flywheels. Utilization of solar energy to produce elemental hydrogen as a 
means to store, transfer, and utilize energy as discussed in Section 17.18 will probably come into 
widespread use.

No real insurmountable barriers exist to block the development of solar energy, such as 
might be the case with fusion power. In fact, the installation of solar space and water heaters 
became widespread in the late 1970s, and research on solar energy was well supported in the 
United States until after 1980, when it became fashionable to believe that free-market forces 
had solved the “energy crisis.” At present, shortages of energy and concern over the effects 
of global warming due to the use of fossil fuels is leading to much increased interest in solar 
energy. With the installation of more heating devices and the probable development of some 
cheap, direct solar electrical generating capacity, it is likely that during the coming century, 
solar energy will be providing an appreciable percentage of energy needs in areas receiving 
abundant sunlight.

17.15.2 A rtificial Photosynthesis for Capturing Solar Energy

The production of biomass fuel is one of the main ways that solar energy is utilized indirectly. As 
discussed in Chapter 12, Section 12.3, virtually all the biomass produced by organisms is generated 
by photosynthesis using solar light energy (hν) by the fixation of carbon from carbon dioxide. The 
initial product of most photosynthesis reactions is energy-rich, carbon-rich glucose sugar, C6H12O6, 
from which starch, cellulose, proteins, and other biomolecules are biosynthesized. The overall 
chemical reaction for photosynthesis is the following:

	 6CO 6H O C H O 6O2 2 6 12 6 2+ + → +hν 	 (17.6)

Described by a simple chemical equation, photosynthesis is in reality an extremely complicated 
biochemical process carried out under ambient conditions without expensive precious metal cata-
lysts. It has been a “holy grail” of energy research to perform photosynthesis artificially, that is, 
artificial photosynthesis, a feat that so far has defied the efforts of large numbers of scientists 
throughout the world.11

There is not much point in performing artificial photosynthesis to make glucose and other bio-
chemicals; plants do that very well. However, it would be very useful to artificially photosynthesize 
elemental hydrogen, H2, and perhaps even carbon monoxide, CO, along with elemental O2, from 
H2O and CO2. Elemental hydrogen can be used as a nonpolluting fuel to generate electricity in fuel 
cells, and CO and H2 can be used as feedstocks in methanation and Fischer–Tropsch syntheses to 
synthetically produce methane, methyl and ethyl alcohols, and higher hydrocarbons that can be 
employed as fuels. Indeed, under some specific conditions, some cyanobacteria do in fact generate 
H2 photosynthetically.

The initial step in biological photosynthesis is harvesting of visible light energy by an array of 
pigments (the antenna system) to break up water molecules and produce O2, H

+, and electrons. The 
electrons produced by this process can act as chemical-reducing agents and are transferred by an 
electron transport chain to a second light-harvesting process where they are further energized to 
provide energy for CO2 fixation, H2 generation, or, potentially in an artificial photosynthetic system, 
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for reduction of CO2 to CO. Ideally, for synthetic fuels production, artificial photosynthetic systems 
could be made to work efficiently for generation of elemental H2 from water, for which the overall 
reaction would be the following:

	 2H O 2H O2 2 2+ → +hν 	 (17.7)

A much less likely possibility, but potentially very useful to provide feedstock for synthetic fuels 
manufacture if it could be accomplished, is production of CO from CO2 and H2O:

	 2CO 2CO O2 2+ → +hν 	 (17.8)

17.16  ENERGY FROM EARTH’S TWO GREAT FLUIDS IN MOTION

In Chapter 1, Section 1.6, it was mentioned that the Earth System has two “great fluids” that are 
in constant motion, atmospheric air and surface water. The movement of wind in the atmosphere, 
seawater in waves and tides, and flowing surface water involves huge amounts of potentially cap-
turable energy. The harvesting of these renewable energy sources for use in the anthrosphere is 
discussed here.

17.16.1 S urprising Success of Wind Power

Wind power using huge turbines mounted on high towers and coupled to electrical generators is 
emerging at a somewhat surprising rate as a source of renewable energy (Figure 17.20). Although 
used for centuries with windmills that drove grain grinding and water-pumping operations and 
during the early 1900s for small-scale electricity generation, especially in remote locations, 
modern large-scale wind-powered electrical generators emerged during the 1990s as economical 
means of generating electrical power. Wind power is completely renewable and nonpolluting. It 
is an indirect means of utilizing solar energy because winds are caused by the movement of air 
masses heated by the sun.

FIGURE 17.20  Wind-powered electrical generators mounted on towers are becoming increasingly com-
mon sights in the world in areas where consistent wind makes this nonpolluting source of renewable energy 
practical.
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The potential of wind power to provide energy is enormous. A conservative estimate of the wind 
resource is that wind power generators installed on just 1% of Earth’s land would provide all of the 
anthrosphere’s electrical energy. (The footprint of wind generators is small and essentially all the 
land upon which they are placed can still be used for agriculture and other purposes.) At the begin-
ning of 2012, total installed world wind energy capacity was 239 GW, sufficient to supply energy to 
11 million average U.S. homes. China ranked as the world leader in installed wind capacity at 62 GW 
with the United States second at 44-GW capacity.

Wind power is especially attractive for some agricultural regions. One reason is that such regions 
often have low population densities so that there are fewer objections to wind power installations. 
A commercial wind turbine generating 3 MW is a formidable machine, typically mounted on tow-
ers around 100 m high to take advantage of higher, more consistent wind speeds at such heights, 
and may have blades 50 m long. However, the footprints of these structures are relatively small and 
do not occupy much farmland. The electricity is conveyed from the turbines in underground lines 
eliminating surface power lines. Adding to the potential attractiveness of wind power in agricul-
tural regions is the fact that electricity generated by wind energy can be used to electrolyze water 
to produce elemental H2 and O2, an application not handicapped by wind’s intermittent nature. 
The H2 currently required to make NH3 fertilizer is usually produced from steam reacting with 
methane (natural gas), a relatively expensive process, and its production from water by inexpensive 
wind energy could help keep the price of ammonia fertilizer at reasonable levels. Furthermore, 
both elemental H2 and O2 can be used to convert crop by-product biomass to hydrocarbon fuels as 
discussed in Section 17.16.

Northern regions, including parts of Alaska, Canada, the Scandinavian countries, and Russia, 
often have consistently strong wind conditions conducive to the generation of wind power. Isolation 
from other sources of energy makes wind power attractive for many of these regions. Severe climate 
conditions in these regions pose special challenges for wind generators. One problem can be the 
buildup of rime consisting of ice condensed directly on structures from supercooled fog in air. (In 
warmer regions, the remains of insects zapped by the rotating turbine blades have built up to the 
point of reducing the aerodynamic efficiency of the blades.)

Although wind turbines have been growing in size leading to much greater economy in power 
production, there is also a market for small wind turbines that can be used for an individual home 
or commercial building. Small wind turbines have been installed in a number of locations including 
Logan International Airport in Boston and the Brooklyn Naval Yard. Although the cost of these 
turbines is much less than that of large commercial turbines, the cost of electricity produced by the 
small turbines is much higher.

17.16.2  Energy from Moving Water

Water flowing in contact with a device called a waterwheel is one of the oldest sources of power 
other than humans or animals. Grain mills driven by waterpower existed in ancient Greece and 
Rome, and large water wheels developing up to 50 horsepower were constructed in the Middle Ages. 
In colonial North America, water wheels drove gristmills and sawmills and were further applied to 
leather, textile, and machine shop operations. Because of problems with low water flow in the sum-
mer and ice formation in the winter, these operations were rapidly displaced when steam engines 
became available in the early 1800s.

With the development of electric power in the late 1800s, waterpower underwent a spectacular 
renaissance to drive electrical generators. The first practical hydroelectric plant went into operation 
on the Fox River near Appleton, Wisconsin, in 1882. Hydroelectric power grew rapidly as an energy 
source from that time and by 1980 accounted for about 25% of world electrical production and 5% 
of total world energy use. The potential to construct hydroelectric plants is favored by mountainous 
terrain with large river valleys and is distributed relatively evenly around the world. China has about 
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one-tenth of the world’s potential for hydroelectric power. About 99% of Norway’s electric power is 
hydroelectric accounting for about 50% of that country’s total energy use.

The largest hydroelectric project in the world is the Three Gorges installation on the huge 
Yangtze River in China. Located at the end of a number of steep canyons, the dam spans 2.3 km 
across the river valley and reaches a height of 185 m. At full capacity, the reservoir formed by the 
dam extends for 630 km with an average width of 1.3 km. When the dam was finished in 2009, it 
had 26 generating units each capable of generating 700 MW of hydroelectric power, a total capacity 
of 18.2 GW. After 2009, 6 more units were constructed in a subterranean powerhouse bringing the 
total generating capacity to 22.4 GW in 2012.

The sustainability and environmental acceptability of hydroelectric power present a mixed pic-
ture. In the modern age, construction of water impoundments tends to displace significant numbers 
of people, more than 1 million for the Chinese Three Gorges project. Altering the flow of rivers can 
change their aquatic ecology. Esthetics can be harmed by filling scenic river valleys with impounded 
water. In some cases in the United States, dams are being dismantled to restore river valleys to their 
former state. However, hydroelectric power prevents release of greenhouse gases from equivalent 
fossil energy–powered plants. Reservoirs can provide recreational facilities and serve as sources of 
fish protein and water used by municipalities, industries, and agriculture.

17.16.3  Energy from Moving Water without Dams

A promising approach to the utilization of energy from moving water without building dams is pro-
vided by hydrokinetic and wave energy conversion devices that tap the kinetic energy of moving 
water in river flows, tides, or ocean waves. These devices can be put in natural streams, tidal estu-
aries, ocean currents, and constructed waterways. One promising device consists of a turbine with 
large blades spaced relatively far apart and connected directly to a generator that can be placed in a 
water current, such as in a river. Such turbines can be attached directly to structures constructed on 
waterway beds or can be attached to bridge supports. Bidirectional turbines have been designed for 
use in tidal currents that flow back and forth.

An interesting way of harnessing water energy is pressure-retarded osmosis in which saline 
ocean water and freshwater are separated by a water-permeable membrane, and the flow of 
water through the membrane from the freshwater to the saline water side builds pressure in the 
latter that can be harnessed to produce electricity. Pressure-retarded osmosis is illustrated in 
Figure 17.21. Although the process operates on a continuous basis, it is shown as a stepwise pro-
cess in Figure 17.21 to more clearly illustrate the operating principle. The world’s first osmotic 
plant, a demonstration unit with a minuscule capacity, went into operation in Tofte, Norway, 
in November 2009. Pressure-retarded osmosis plants can be located in almost any of the huge 
number of locations worldwide where freshwater flows into the sea.

17.17 � BIOMASS ENERGY: AN OVERVIEW OF 
BIOFUELS AND THEIR RESOURCES

Until about 1800, humans existed in what may be termed a premodern biomass economy in which 
most energy came from burning wood and from the muscle power of humans and animals, to a 
degree augmented by wind and water power. Considering all of its uses, including as a primary 
source of cooking fuel in many societies, biomass is the leading renewable energy source and has 
the potential to supply much more energy.12 The largest single use of biofuel has been primarily 
that of wood burned in relatively inefficient cooking and heating stoves in developing countries, 
where biofuel can make up as much as 20% of primary energy production, compared to only 3% in 
industrialized nations. This application of wood fuel is not an entirely “green” technology because 
large tracts of land have been stripped of trees and become eroded to provide fuel for cooking in 
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sub-Saharan Africa, Haiti, and other areas where wood is the predominant fuel used for cooking. 
Furthermore, the inhalation of smoke particles, carcinogenic polycyclic aromatic hydrocarbons, and 
carbon monoxide is suspected of causing lung maladies and other adverse health effects in people 
who use poorly vented wood-fueled cooking fires.

Starting with a mix of biomass raw materials, including abundant lignocellulose, and algae bio-
mass, integrated biorefineries can produce biofuels including liquid transport fuels, chemical feed-
stocks, electrical power, and heat. In countries with substantial agricultural and forestry potential, 
such as the United States, biomass fuel offers the following:

•	 Significantly increased energy supplies with improved energy security and balance of 
payments

•	 Increased diversity, versatility, and redundancy in energy sources
•	 Environmental benefits including significantly reduced greenhouse gas emissions
•	 Enhanced economic opportunities and improved social conditions in rural societies
•	 Reductions in wastes such as those from livestock feeding operations

Figure 17.22 shows the distribution of bioenergy sources worldwide. A vast variety of kinds of 
biomass can be used for fuel, including wood, straw, sawdust, peanut husks, bagasse (sugarcane 
stalk residue), and water hyacinth. Wood that is used primarily for heating and cooking in generally 
more rural and less industrialized societies has long been the predominant source of bioenergy. As 
dedicated energy crops and food crop by-products are used increasingly for bioenergy production, 
it is likely that the segment from agricultural crops and by-products will increase as a fraction of 
bioenergy supply.
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Fossil fuels originally came from photosynthetic processes. Photosynthesis is a promising source 
of combustible chemicals to be used for energy production, including transportation fuel, and could 
certainly produce all needed organic raw materials to substitute for petroleum in the current pet-
rochemicals industry. It suffers from the disadvantage of being a very inefficient means of solar 
energy collection (a collection efficiency of only a fraction of a percent by photosynthesis is typical 
of most common plants). However, the overall energy conversion efficiency of several plants, such 
as sugarcane, is around 0.6%. Furthermore, some plants, such as Euphorbia lathyris (gopher plant), 
a small bush growing wild in California, produce hydrocarbon emulsions directly. The fruit of the 
Philippine plant, Pittsosporum resiniferum, can be burned for illumination due to its high content 
of hydrocarbon terpenes primarily α-pinene and myrcene. Conversion of agricultural plant resi-
dues to energy could be employed to provide much of the energy required for agricultural produc-
tion. Indeed, until about 1900, virtually all of the energy required in agriculture—hay and oats for 
horses, home-grown food for laborers, and wood for home heating—originated from plant materi-
als produced on the land. (An interesting exercise is to calculate the number of horses required to 
provide the energy used for transportation at the present time in the Los Angeles basin. It can be 
shown that such a large number of horses would fill the entire basin with manure at a rate of several 
feet per day.)

Annual world production of biomass is estimated at 146 billion metric tons, mostly from uncon-
trolled plant growth. Many farm crops and trees can produce around 2 metric tons per acre per 
year of dry biomass, and some algae and grasses can produce significantly more. The heating value 
of this biomass is 5000–8000 Btu/lb (11,600–18,600 kJ/kg) about half of typical values for coal. 
However, most biomass contains virtually no ash or sulfur, both problems with coal. Another sus-
tainability advantage of biomass is that all of the carbon in it is taken from carbon dioxide in the 
atmosphere so that biomass combustion does not add any net quantities of carbon dioxide to the 
atmosphere. Indeed, use of biomass to produce hydrogen-rich methane or elemental hydrogen along 
with sequestration of by-product carbon dioxide would result in an overall loss of carbon dioxide 
from the atmosphere.

As it has been throughout history, biomass is significant as heating fuel, and in some parts of the 
world is the fuel most widely used for cooking. About 15% of Finland’s energy needs are provided 
by wood and wood products (including black liquor by-product from pulp and paper manufacture). 
Despite the charm of a wood fire and the somewhat pleasant odor of wood smoke, air pollution from 
wood-burning stoves and furnaces is a significant problem in some areas. Currently, wood provides 
about 8% of world energy needs. This percentage could increase through the development of energy 
plantations consisting of trees grown solely for their energy content.
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FIGURE 17.22  Distribution of bioenergy sources worldwide. The predominance of wood energy, primarily 
for cooking and heating in less developed countries, is obvious.
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The potential for biomass fuel is huge with credible estimates of as much as 1500 EJ/year. 
More  realistic estimates of terrestrial sources taking into account sustainability considerations 
are 200–500 EJ/year. Between 50 and 150 EJ/year would come from organic wastes including 
municipal solid waste, agricultural by-products (straw and cornstalks), and forestry residues with 
the remainder provided by surplus forest production and dedicated energy crops. These estimates do 
not account for the potentially very large production by algae. Among the sources of biomass that 
could be used for energy and chemical production are grains and sugar crops (for ethanol manu-
facture), oilseeds, animal by-products, manure, and sewage (the last two for methane generation by 
anoxic fermentation). The biggest potential source of chemicals is the lignocellulose making up the 
bulk of most plant material (see Section 17.17.7). Biomass could certainly be used to replace much 
of the petroleum and natural gas currently consumed in the manufacture of nonfuel primary chemi-
cals in the world each year, of which the largest volume feedstock is ethylene with annual world 
consumption of slightly more than 100 million metric tons per year.

Biomass such as wood offers several important advantages as a fuel and feedstock including rela-
tively high abundance, competitive cost, and carbon neutrality (no net production of atmospheric-
warming carbon dioxide). Disadvantages of biomass fuel include low heating value and energy 
density, high moisture content, and tendency to produce soot during combustion.

17.17.1  Processing of Biofuel to More Compact Forms

As it comes from the field, biomass is a bulky material with a relatively low energy content, 
high water content, and tendencies to undergo microbial decay and absorption of moisture. All 
of these factors lower the value of biomass as a fuel and for processing to gaseous and liquid 
fuels and feedstocks. Furthermore, bulky biomass with a high water content is relatively costly 
to transport. Therefore, it is desirable to dry and convert biomass to more compact forms before 
transporting it or using it as a fuel or feedstock. The volume of loose biomass, such as straw or 
cornstalks, can be reduced approximately twofold by baling it and another twofold reduction in 
bulk can be achieved by compressing the material into pellets. Both of these processes add cost 
to the material.

Traditionally, the problems with biomass fuel described in the preceding paragraph have been 
largely overcome by converting wood to charcoal consisting mostly of elemental carbon and ash. 
Charcoal has been the cooking fuel of choice in many societies for centuries. Although charcoal is 
prepared in a number of ways under a variety of conditions, it is typically made by heating biomass 
in the absence of air or in an oxygen-deficient atmosphere to about 500°C, which converts most of 
the cellulose, hemicellulose, and lignin in the wood to combustible gas (CO, H2, some CH4, and 
combustible tar constituents that are burned to pyrolyze the biomass) and leaves a solid consisting 
mostly of elemental carbon and mineral ash that makes a fuel that burns cleanly at high tempera-
tures. A disadvantage of charcoal is that at best, only slightly over 50% of the original heat content 
of the biomass is retained in the charcoal.

Some of the disadvantages of using biomass directly for fuel or conversion to charcoal can be 
overcome by torrefaction, a process in which biomass is heated in the absence of oxygen for 2–3 
hours in a temperature range of 250–300°C, generally lower than the temperatures used to make 
charcoal.13 Such treatment largely destroys the carbohydrate fraction of biomass and leaves much 
of the lignin, which serves as a binding agent for the solid product. Torrefaction tends to remove 
the biomass −OH groups, which are sites to which water binds in biomass, thus greatly reducing 
the tendency of biomass to absorb moisture. In addition to being a more dense, higher heat content 
material, torrefied biomass burns more readily and with less soot production than charcoal, thus 
offering the advantages of charcoal, but more chemically reactive than charcoal and thus more 
amenable to further processing, such as gasification and liquefaction by reaction with H2.

Figure 17.23 illustrates the conversion of solid biofuel to progressively more compact forms. 
Starting with loose biofuel such as wheat straw or cornstalks, the yield of energy per unit volume 
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and mass is increased progressively by (1) drying and compaction, which also decreases susceptibil-
ity to physical deterioration and decay; (2) grinding and compression into pellets, which produces 
a form readily injected into furnaces or co-fired with coal; and (3) torrefaction, partial pyrolysis to 
give a material with excellent qualities for combustion or gasification that burns cleanly with mini-
mal soot production.

17.17.2 D ecarbonization with Biomass Utilization

Decarbonization of the atmosphere is one of the primary objectives of the harvesting and utilization 
of biomass, such as in fuel production. For the most part, the utilization of biomass is carbon neutral 
in that the carbon dioxide released in burning biomass was originally taken from the atmosphere 
by photosynthesis. The utilization of biomass can result in a net removal of carbon from the atmo-
sphere in two ways. In the first such application, biomass is reacted with O2 and steam to produce 
H2 and the carbon dioxide by-product is sequestered by pumping underground. In the second such 
application, biomass is pyrolyzed yielding some combustible gaseous fuel and leaving a nondegrad-
able carbon residue commonly called biochar that can be added to soil to enhance soil quality and 
fertility.14 Biochar can be enriched with fertilizer to further add to its value for soil fertility enhance-
ment. Figure 17.24 shows a biochar-based system in which biochar is used to absorb nutrients from 
animal and human wastes and added to soil to increase fertility.

Proper management can significantly increase the ability of forests to remove atmospheric carbon 
dioxide and produce biofuel. Removal of forest residue with its collection for fuel can improve site 
conditions for planting additional trees. Thinning of trees from excessively dense stands improves 
the productivity of the remaining stands and reduces the risks of destructive wildfires. Old-growth 
trees are no longer very effective for removal of carbon dioxide from the atmosphere and production 
of additional biomass. Therefore, their removal enables planting new trees and vegetation that are 
much more photosynthetically active. However, the harvesting of old growth forests by clear-cutting 
can result in increased carbon dioxide release in the near term from decay of exposed biomass and 
uncontrolled burning of forest wastes.

17.17.3 C onversion of Biomass to Other Fuels

It has become standard practice to label as first-generation biofuels those that are made from the 
food fractions of biomass, especially ethanol produced by fermenting sugars and biodiesel fuel pre-
pared from chemical processing of plant oils and to call second-generation biofuels those that are 
made from lignocellulose, for example, ethanol made by fermenting sugars that come from enzy-
matic breakdown of lignocellulose that composes the structural materials in wood or straw. It is 
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FIGURE 17.23  Processing of biofuel to more compact forms with higher energy content per unit volume 
and mass.
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more accurate to call these two classes of biofuels second- and third-generation biofuels, respec-
tively, and to label as first generation those that consist of the biomass itself or solid biomass that 
has been dried or partially pyrolyzed. As noted above, these first-generation biofuels are largely 
consumed in simple cooking and heating facilities and in boilers to raise steam for electrical power 
generation.

17.17.4  Ethanol Fuel

A major option for converting photosynthetically produced biochemical energy to forms suitable 
for internal combustion engines is the production of ethanol, C2H6O, by fermentation of sugars 
from biomass. Using the terminology defined in Section 17.17.3, ethanol would be classified as a 
second-generation biofuel. Suitably designed internal combustion engines can burn pure ethanol 
or a mixture of 85% ethanol and 15% gasoline called E85. More commonly, ethanol is blended in 
proportions of around 10% with gasoline to give gasohol, a fuel that can be used in existing internal 
combustion engines with little or no adjustment.

Gasohol boosts octane rating and reduces emissions of carbon monoxide. From a resource view-
point, because of its photosynthetic origin, alcohol may be considered a renewable resource rather 
than a depletable fossil fuel. Ethanol is most commonly produced biochemically by fermentation of 
carbohydrates. Brazil, a country that produces copious amounts of fermentable sugar from sugar-
cane, has been a leader in the manufacture of ethanol for fuel uses, with an annual production rate of 
about 24 billion liters. However, due to sugarcane crop shortfalls in 2009–2010, Brazil actually had 
to import some ethanol from the United States in early 2011 to make up for a deficiency in this fuel.

All motor fuels in Brazil contain at least 24% ethanol and some fuel is essentially pure ethanol. 
Most of the gasoline consumed in the United States is supplemented with ethanol as mandated 
by law.

Although most of the ethanol that has been produced for fuel has been made from the fermenta-
tion of grain or sugar, there is legitimate concern that, considering the energy that goes into produc-
ing grain ethanol, there is no net energy gain. A potentially much more abundant and cheaper source 
of ethanol consists of biomass generated as a by-product of crop production including straw from 
wheat or rice production or cornstalks from growing corn, making it a third-generation biofuel. In 
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FIGURE 17.24  A system in which biochar is prepared from plant biomass, mixed with sewage sludge and 
animal manure, and then added to soil to increase fertility. Combustible gas and heat that can be used for 
district heating can be recovered as part of the charring process.
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the past, much rice straw from commercial production in the United States was simply burned to 
save the cost of cultivating it back into the soil. Straw cannot be fermented directly, but must be bro-
ken down to hexose and pentose sugars for fermentation. This has traditionally been done with acid 
treatment, which is expensive, although technologies exist for recycling the acid. The major alterna-
tive is enzymatic hydrolysis with cellulase enzyme to produce the required sugars. The Canadian 
Iogen Corporation has a means for obtaining fermentable sugars from wheat straw and other plant 
materials and has attempted to develop a cost-effective commercial process.

17.17.5 B iodiesel Fuel

Biodiesel fuel is a growing source of renewable liquid hydrocarbon fuels. Unlike fuel ethanol, 
which must be transported in corrosion-resistant truck tanker trailers or railroad tankers, biodiesel 
fuel is readily moved through existing pipelines. Rudolf Diesel developed the high-compression, 
compression-ignited diesel engine in the late 1800s and first operated the engine in Augsburg, 
Germany, in 1893. Demonstrated at the World Fair in Paris in 1900, the engine got the “Grand Prix” 
(highest prize) for the invention. Interestingly, peanut oil fuel was used in Diesel’s demonstrations, and 
vegetable oils were the main source of fuel for diesel engines during the first 2 decades of their use.

Vegetable oils were eventually replaced by petroleum-based hydrocarbons. More recently, diesel 
fuel has been developed from vegetable oil sources that are derivatives of the fatty acids in the oils. 
Vegetable oils from soybeans and other biological sources are used to make biodiesel fuel as dis-
cussed in the following paragraph.

Vegetable oils are fatty acid esters of glycerol, a 3-carbon alcohol with 3-OH groups attached. To 
produce biodiesel fuel, the glycerol esters are hydrolyzed by strong base (NaOH) in the presence of 
methanol alcohol (HOCH3) and the fatty acids are converted to their methyl esters, the molecules 
composing biodiesel fuel:
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In this reaction, R stands for a long hydrocarbon chain in one of a number of fatty acids including 
stearic acid, linoleic acid, oleic acid, lauric acid, and behenic acid. For example, in stearic acid, R is 
a straight chain with 17 carbon atoms, C17H35. Many useful lipid oils are extracted from a variety of 
plant seeds including rapeseed, soybeans, sunflowers, and corn. In addition to their food uses, these 
oils are used in a large variety of applications including raw materials for making other chemical 
products, lubricants, as well as for the synthesis of biodiesel fuels. The extraction from plants and 
the utilization of lipid oils are discussed in some detail in Chapter 13, Section 13.2.

17.17.6 F uel from Algae

An interesting possibility for biodiesel fuel production is algae, especially rapidly growing single-
cell microalgae (Figure 17.25) that may have an oil content exceeding 50%.15 Such algae can grow 
profusely in ponds fed with nutrient-rich effluent from wastewater treatment plants. Oil-producing 
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algae have also been grown in the carbon-dioxide-rich atmosphere provided by power plant stack 
gases. Unlike terrestrial plants that require freshwater for irrigation, algae can thrive in oceanic 
saltwater, brackish saline water, and wastewater. By growing algae in treated wastewater within a 
carbon-dioxide-rich atmosphere from power plants, nutrients can be removed from wastewater, thus 
reducing eutrophication in receiving waters, and some of the carbon dioxide can be removed from 
stack gas emissions.

The potential productivity of algae for biomass fuel production is spectacular. Whereas soybean 
and palm oil sources typically produce, respectively, up to 200 and 2500 L/acre annually of biodiesel 
fuel, algae have the potential to yield as much as 40,000 L/acre yearly of the fuel. Realistically, a 
reasonable goal for algae productivity is 50 metric tons of dry biomass per hectare per year with a 
25% triglyceride oil content, which translates to 14,000 L of oil per hectare annually.16 Furthermore, 
with adequate supplies of water, algae can be grown on desert lands that are unsuitable for growing 
soil-based crops. One experimental system grows algae in water that circulates through transparent 
plastic tubes. Some algae thrive in saltwater, which can come from the sea or underground forma-
tions bearing brackish water.

Currently, algae including species of Spirulina, Chlorella, Dunaliella, and Haematococcus are 
cultivated for nutritional products. World production is around 10,000 metric tons per year, around 
half of which is in China. This is a significant amount, though trivial compared to quantities required 
for meaningful energy production. Microalgae consisting of suspensions of single-cell algae grow 
profusely in many wastewater treatment ponds where they function to treat wastewater, especially 
in removing phosphate and fixed nitrogen that contribute to the eutrophication potential of wastewa-
ter effluent. Virtually all commercial algae production is done in open ponds, which are much less 
expensive and simpler than closed systems and offer maximum access to sunlight and atmospheric 
carbon dioxide. Open ponds suffer from the disadvantage of susceptibility to contamination by wild 
strains of algae that produce relatively little oil and are otherwise not suitable for energy production.

There are several pathways by which algae may potentially produce biofuels. The most direct 
way is through the production of biomass that potentially could be dried and used directly as a first-
generation biofuel. A second major pathway for making algal biofuels is through direct production 
of oils, especially lipid oils that are produced profusely by some algae and that can be converted 
to biodiesel fuel, the focus of most of the current research in algal biofuel production. Some inves-
tigations have examined the possibility of algae producing fermentable carbohydrate that could 
be excreted directly into growth media and fermented to produce the alcohol. Ideally, algae could 

Oil

Microalgae cell

Photosynthesis

CO2

2HCO3
– + hν  + CO3

2 –
HCO3

–

Nutrients
NO3

–

NH4
+

K+

O2

H2PO4
–/HPO4

2–

hν

Starch

{CH2O} →

FIGURE 17.25  Rapidly reproducing single-cell microalgae use solar energy and simple inorganic nutrients 
to generate large quantities of biomass, oils, and starch by photosynthesis.
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produce ethanol directly. A “far-out” possibility is to genetically engineer a symbiotic combination 
of photosynthetic algae and ethanol-producing fungal yeasts (lichens that act to weather rocks are 
a symbiotic combination of algae and fungi). An intriguing possibility is the direct production of 
hydrogen, H2, by algae, although so far it has eluded efforts of investigators in any practical sense.

The strains of algae used are crucial in the production of biofuels. Major criteria must include 
productivity of biomass, oil content, harvestability, robust character and resistance to contamina-
tion, and tolerance to high levels of oxygen produced in photosynthesis. To be utilized to produce 
fuels, microalgae must be flocculated and concentrated by at least 30-fold; therefore, harvestability 
is a daunting challenge.

A major advantage in the development of microalgae with respect to genetically engineering 
improved strains is their very short generation time measured in hours. This enables the growth 
of literally hundreds of generations of algae per year compared to, at most, three or four genera-
tions per year of terrestrial plants under even the most favorable greenhouse and artificial lighting 
conditions.

17.17.7 U nrealized Potential of Lignocellulose Fuels

Both grain- and sugar-based ethanol and vegetable oils used to make biodiesel fuel are not the 
best candidates for biomaterial fuels because they use only relatively small fractions of the plants 
consisting of the parts that have the most value for food, animal feed, and raw materials. A much 
more abundant source of fuel, a third-generation biofuel using the terminology employed in this 
chapter, consists of the lignocellulose parts of plants. Lignocellulose composed of large polymeric 
molecules with an approximate empirical formula of CH2O that makes up the structural members 
of plants including tree wood, stalks, straw, corncobs, and leaves. The three major components of 
lignocellulose and their approximate empirical formulas are cellulose/starch, [C6(H2O)5)]n; hemicel-
lulose, [C5(H2O)4)]n; and lignin, [C10(H12O)3)]n.

Large amounts of crop by-product biomass are generated annually. Assuming conservatively 
that the amount of this material available in the United States is equal to the mass of corn grain 
produced, about 230 million tons of crop by-product biomass could be made available for fuel each 
year, a figure that underestimates the amount of by-product potentially available from crops. An 
advantage of using crop biomass by-product lignocellulose for biofuel lies in its collection. The 
harvesting of any crop, such as grain from corn or wheat, requires processing the crop, usually by a 
combine harvesting machine that traverses the field and through which the crop is run and the grain 
separated out. Rather than returning all the crop biomass separated from the grain back to the land 
surface as is the current practice, the material can be collected as part of the harvesting operation 
and processed for biofuel generation.

The amount of biomass that could be generated from dedicated trees and grass is very high, an 
estimated 2240 million tons per year in the United States alone. A major advantage of this source 
is that it comes from perennial plants that can be grown on erodible land, much of which has been 
taken from agricultural production as the result of government programs. One of the plants that is 
remarkably productive of biomass consists of hybrid poplars, from the genus Populus that includes 
cottonwoods and aspens. These trees may grow more than 2 m/year and will establish new growth 
from the stumps of harvested trees, retaining their root systems that prevent soil erosion.

The grass most commonly considered for its biomass productivity is switchgrass. Native to North 
America, switchgrass is disease- and pest-resistant and requires little fertilizer. It tolerates both 
drought and flooding very well. Upland varieties of switchgrass grow up to 2 m tall in one growing 
season on well-drained soils. Lowland varieties can reach heights of 4 m and grow best on heavy 
soils in bottomlands. Improved varieties of switchgrass have been developed for animal forage and 
yield around 8 tons per acre of biomass each year, about twice the output of forest biomass.

Another high-yielding grass native to swampy regions, such as the Florida Everglades, is saw-
grass (Cladium jamaicense), which gets its name from the sawlike serrations on its leaves. It is 
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well adapted to cultivation in wet areas where other crops cannot be grown and has the additional 
advantage of providing good wildlife cover.

There are numerous pathways by which biomass and biowastes (including sewage and animal 
wastes) can be converted to energy, fuels, and feedstocks. These are the following as summarized 
in Figure 17.26:

•	 Direct combustion to produce heat and to raise steam to generate electricity
•	 Fermentation to produce ethanol (from sugar) or methane
•	 Pyrolysis to yield gaseous fuels (particularly methane), liquids (including hydrocarbons 

and oxygenated species), and solid carbon
•	 Thermochemical gasification to produce CO, H2, CH4, by-product liquids, and solid carbon
•	 Fischer–Tropsch synthesis of hydrocarbons from CO and H2 derived from biomass
•	 Hydrogenation of oxygenated liquids from biomass to produce hydrocarbons
•	 Methyl esterification of oils to produce methyl ester biodiesel fuels

Sustainable preparation of biofuels from biomass makes it desirable to recover nutrients such as 
phosphorus, potassium, and micronutrient elements from the biomass during processing and return 
these materials to soil. Chemically fixed nitrogen, predominantly in the form of proteins in the bio-
fuels, is lost during biofuel production, but nitrogen supply from the vast atmospheric reservoir of 
N2 makes nitrogen loss a nonproblem.

17.17.8 C hemical Conversion of Biomass to Synthetic Fuels

The most direct way to use biomass for fuel is direct combustion as a first-generation biofuel with a 
heating value on a dry mass basis about half that of coal. Compared to coal, biomass is low in sulfur 
and ash (although rice straw has a high ash content, primarily as silica) and the biomass ash does 
not contain toxic elements such as the arsenic that occur in some coals. Elemental carbon obtained 
by pyrolysis of biomass can serve as a concentrated form of fuel or as a raw material for gasifica-
tion. Biomass can be converted to other high-value fuels including hydrocarbons by gasification. 
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One approach to biomass gasification begins with combustion of part of the biomass (represented 
by the formula {CH2O}) with pure molecular oxygen oxidant (to avoid diluting the product gas with 
N2 from air)

	 CH O O CO H O heat2 2 2 2{ } + → + + 	 (17.10)

yielding heat required for the rest of the gasification process. Under the oxygen-deficient conditions 
through which gasification is carried out, part of the biomass is partially oxidized to combustible 
carbon monoxide, CO:

	 CH O 1 2O CO H O heat2 2 2{ } + → + +/ 	 (17.11)

Part of the biomass is pyrolyzed by the heat produced by Reaction 17.10

	 CH O heat C H O2 2{ } + → + 	 (17.12)

yielding hot carbon and combustible gaseous and liquid by-products. The hot carbon reacts with 
steam

	 C H O heat CO H2 2+ + → + 	 (17.13)

yielding a synthesis gas mixture of CO and H2. Biomass may also react as it is heated

	 CH O heat CO H2 2{ } + → + 	 (17.14)

yielding synthesis gas. The carbon monoxide in synthesis gas can be subjected to the water gas shift 
reaction

	 CO H O CO H2 2 2+ → + 	 (17.15)

giving elemental H2 as the only gaseous product. The CO2 generated in Reactions 17.10 and 17.15 
can be separated and sequestered, such as by pumping into underground petroleum formations to 
enable recovery of petroleum, thereby preventing the release of this greenhouse warming gas to the 
atmosphere.

Elemental hydrogen can be used as an end product of biomass gasification directly as a fuel in 
gas turbines and other heat engines or to generate electricity in fuel cells. And H2 can be used to 
synthesize ammonia, NH3, an important industrial chemical and fertilizer. A mixture of CO and H2 
can be reacted over a catalyst in a methanation reaction

	 CO 3H CH H O2 4 2+ → + 	 (17.16)

to produce methane, which, made by this method, is called synthetic natural gas (SNG). With 
different proportions of hydrogen and CO reactants and a different catalyst, a mixture of CO and 
H2 can react according to the Fischer–Tropsch reaction to yield a variety of hydrocarbons including 
gasoline, jet fuel, and diesel fuel as shown by Reaction 17.17 for the synthesis of octane, one of the 
hydrocarbons in gasoline:

	 8CO 17H C H 8H O2 8 18 2+ → + 	 (17.17)
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A similar reaction can also be used to make ethanol and methanol, CH3OH, which can be used 
as a fuel, gasoline additive, and to produce H2 for fuel cells in vehicles.

An interesting possibility for increasing the amount of hydrocarbon fuel that can be obtained 
from biomass is to use H2 and O2 produced by the electrolysis of water with electricity generated 
by wind power

	 2H O electrical energy 2H g O2 2 2+ → ( ) + ( )g 	 (17.18)

to react with biomass for gasification. The pure elemental oxygen can be used to produce energy 
from biomass as shown by Reaction 17.10 without diluting the gas product with elemental nitrogen, 
N2, as would be the case with air oxidant, thus enabling sequestration of the CO2 product. The 
elemental hydrogen generated by electrolysis of water can be reacted directly with biomass. Ideally, 
direct hydrogenation of biomass would produce predominantly hydrocarbons such as methane gen-
erated by the following reaction:

	 CH O 2H CH H O2 2 4 2{ } + → + 	 (17.19)

More commonly, hydrogenation produces a mixture of many liquids, most of which contain 
oxygen in compounds such as ethers, alcohols, and ketones. For fuel use, these compounds must 
be further treated with hydrogen to remove oxygen and leave hydrocarbon liquids. Such a process 
based upon elemental hydrogen from water (Reaction 17.18) provides a means for using the energy 
originally generated by wind power through the intermediate of elemental H2 to make a high-energy 
hydrocarbon fuel from biomass that can be used for transportation or other purposes.

17.17.9 B iogas

A significant source of clean-burning methane can be obtained from the anoxic (oxygen-free) bacte-
rial fermentation of biomass of a variety of kinds. Representing biomass as {CH2O}, the biochemi-
cal reaction is the following:

	 2 CH O CH CO2 4 2{ }→ + 	 (17.20)

This reaction has long been used in the anoxic digesters of sewage treatment plants to reduce the 
amount of degradable organic matter in excess sewage sludge. A well-balanced such plant makes 
enough methane to provide for all its energy needs. Large livestock feeding operations may have 
digesters to produce methane from livestock manure and other biological wastes associated with 
the feeding operation. Another source of methane generated by anoxic fermentation is obtained by 
burying collector pipes in mounds of municipal solid wastes and collecting the off-gas.

An outstanding example of “grassroots” energy sustainability is provided by the widespread use 
of biogas generators in rural China, an area chronically short of fuel. The Chinese have built millions 
of anoxic digesters located just below the ground surface in which all kinds of biomass including 
animal wastes, human excrement, and vegetable and crop wastes are degraded in the absence of air 
to produce combustible methane gas. The digesters are usually located in proximity to dwellings and 
to sources of waste, including latrines and pigstys. Covered by a thin layer of soil, these facilities take 
advantage of solar heating to accelerate fermentation. In addition to producing fuel, anoxic digestion 
alleviates waste disposal and health problems through the destruction of pathogens in the waste by 
the fermentation process, which often takes place at a somewhat elevated temperature that kills most 
pathogenic organisms. An additional advantage is that the fertilizer value of the wastes is conserved 
so that residues from the digesters can be placed on soil to serve as fertilizer for crops without much 
concern over spreading pathogens. The contents of both nitrogen and phosphorus in the digester 
residues are much higher than in biomass that has been treated by mulching in an air environment.
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The gas from the Chinese biogas facilities is used largely for cooking and lamps. In larger instal-
lations, internal combustion engines have been adapted to run in part on biogas. In the case of 
gasoline engines, biogas is fed into carburetors through an adjustable feed valve, and in the case of 
diesel engines, it is fed into the manifold to supplement the minimal amount of diesel fuel injected 
into the combustion chamber to initiate combustion during engine operation.

The world’s largest livestock-based biogas installation is located at the Huishan Dairy in Northeast 
China where part of the wastes from the dairy’s 250,000 cows is subjected to anoxic biodegrada-
tion to produce methane used to run large internal combustion engines connected to generators that 
produce 5.66 MW of power.17 Hydrogen sulfide is removed from the gas product over iron oxide. 
The system reportedly reduces carbon emissions to the atmosphere by about 180,000 metric tons 
per year and generates about 160,000 metric tons of fertilizer annually.

17.17.10 B iorefineries and Systems of Industrial Ecology for Utilizing Biomass

As discussed in Chapter 13, Section 13.2, biorefineries are facilities in which materials taken from 
the biosphere are extracted, isolated, refined, and processed to produce useful products.18 Figure 
13.4 is an outline of a biorefinery. It shows several pathways by which biomass can be utilized rang-
ing all the way from simply squeezing sugar-rich sap from sugarcane stalks or oils from oilseeds 
to sophisticated biochemical processes for processing biomass to products including alcohols and 
other synthetic fuels. In addition to producing biomaterials, biorefineries can be used to make a 
variety of fuels from biomass.

17.17.11 �S ystem of Industrial Ecology for Methane 
Production from Renewable Sources

Figure 17.27 illustrates an industrial ecosystem based on the production of methane fuel from 
renewable biomass and wind energy sources. Methane is the ideal clean-burning fuel for virtually all 
applications that currently use fossil fuels except for aircraft. With ultra-efficient hybrid automobile 
technology, methane can be used as motor fuel giving an acceptable range between refueling. With 
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previously untapped sources coming on line in the United States and a number of other countries, 
methane is relatively available and inexpensive. Pipeline systems used for natural gas are in place 
for its distribution. And, when methane sources are eventually exhausted, the gas can be synthesized 
from biomass and elemental hydrogen produced from the electrolysis of water.

As shown in Figure 17.27, biomass is used as a source of fixed carbon that is reacted with elemen-
tal hydrogen made by electrolyzing water using renewable wind energy. Another source of methane 
in the system is anoxic fermentation of wastes including sewage. Instead of municipal refuse in 
the community being disposed in landfill, it is first subjected to anoxic fermentation to generate 
methane after which the residues are thermochemically gasified to provide feedstock for chemical 
synthesis. Other aspects of the system are largely self-explanatory from the figure.

17.18  HYDROGEN AS A MEANS TO STORE AND UTILIZE ENERGY

Discussed as a key feedstock in Chapter 16, Section 16.3, hydrogen gas, H2, is an ideal chemical 
fuel in some respects that may serve as a storage medium for energy generated by intermittent 
sources including solar energy and wind energy. There are several ways to generate elemental 
hydrogen.19 As noted in the Section 17.17, solar- or wind-generated electricity can be used to elec-
trolyze water:

	 2H O electrical energy 2H g O g2 2 2+ → ( ) + ( ) 	 (17.21)

The hydrogen fuel product, and even elemental oxygen produced as an electrolysis by-product, 
can be piped some distance and the hydrogen burned without pollution, or it may be used in a fuel 
cell (Figure 17.7). This may, in fact, make possible a “hydrogen economy.” Disadvantages of using 
hydrogen as a fuel include its low heating value per unit volume and the wide range of explosive 
mixtures it forms with air. Although not yet economical, photochemical processes can be used to 
split water to H2 and O2 that can be used to power fuel cells.

Fuel cell–powered vehicles are now practical in some applications and Honda began production 
of the first commercial fuel cell automobile in 2008. One of the greatest barriers to their widespread 
adoption has been their inability to carry sufficient hydrogen for an acceptable range. Several solu-
tions to this problem are now being investigated. One is the potentially problematic use of very cold 
liquid hydrogen as a fuel source. Another is the use of very high pressure containers composed of 
multilayer cylinders wrapped with carbon composite and filled with hydrogen at pressures up to 
10,000 psi (about 670 × atmospheric pressure!) reputed to contain sufficient hydrogen to propel an 
automobile 300 miles. Other systems use catalysts to break down liquid fuels, such as methanol or 
gasoline, to generate hydrogen for fuel cells.

Although there has been much enthusiasm in some quarters for hydrogen fuel and predictions of 
a new hydrogen economy, some of the more enthusiastic arguments for hydrogen fuel may be too 
optimistic. The most important point is that, unlike fossil fuels, hydrogen is not a primary source of 
energy and has to be made by processes such as the electrolysis of water (Reaction 17.18) that use 
other sources of energy. Most of the 6 million metric tons of elemental hydrogen used in the United 
States each year is made from steam reforming of methane from natural gas:

	 CH H O 3H CO4 2 2+ → + 	 (17.22)

The carbon monoxide product can be reacted with steam as noted in Section 17.17.8, to produce 
additional H2, and the CO2 product of this reaction can be sequestered as discussed in Section 17.11:

	 CO H O CO H2 2 2+ → + 	 (17.23)
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In principle, the preceding described process and the utilization of elemental hydrogen in fuel 
cells can provide a transport fuel that is pollution-free. However, methane gas is easier to store 
than elemental hydrogen, and the modern internal combustion engine with associated emissions 
control equipment is virtually pollution-free. So the intermediate production of elemental hydrogen 
is unlikely to be the most practical approach. Production of elemental hydrogen by electrolysis of 
water using electricity from renewable sources, such as photovoltaics and wind power, is essentially 
nonpolluting, but it requires balancing the relatively inefficient electrolysis process against the value 
of the electricity that it consumes.

17.19  COMBINED POWER CYCLES

Combined power cycles enable much more efficient utilization of combustible fuels by first using 
the heat of combustion in a turbine coupled to an electrical generator, raising steam in a boiler 
with the hot exhaust gas from this turbine, using the steam to power a second turbine linked to 
a generator, and finally using the steam and hot water from the steam turbine for applications 
such as processing in the chemical industry, heating commercial buildings, or heating homes. 
A schematic diagram of a combined power cycle system is illustrated in Figure 17.28. The water 
condensed from the steam used for heating is pure and is recycled to the boiler, thus minimizing 
the amount of makeup boiler feedwater, which requires expensive treatment to make it suitable 
for use in boilers. The use of steam leaving a steam turbine for heating, a concept known as dis-
trict heating, is commonly practiced in Europe (and many university campuses in the United 
States) and can save large amounts of fuel otherwise required for heating. Such a system as the 
one described is in keeping with the best practice of industrial ecology and should be employed 
whenever it is practical to do so.
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17.20 � ENVIRONMENTAL HEALTH ASPECTS OF ENERGY 
PRODUCTION AND UTILIZATION

All means of energy production, whether from depleting or renewable sources, have important 
implications for the environmental health of workers and the public exposed to energy production 
and utilization activities. The energy enterprise is huge, involving millions of workers around the 
world. Their safety and well-being is an important part of the energy picture.

17.20.1 C oal

The greatest impact of all the energy production and utilization activities has to do with coal. All 
aspects of coal have important environmental health implications.

Subsurface coal mining is the most deadly energy industry worldwide with thousands of miners 
killed each year from blasts, rockfalls, floods, and other causes. Many coal seams release explosive 
levels of methane gas, explosions of which probably cause the majority of coal-mining deaths. Of all 
countries, China has the largest coal mining death toll accounting for 80% of the world’s total while 
only producing about 35% of the world’s total coal. According to the Chinese State Administration 
of Work Safety, 2433 coal miners were killed in China in 2010, a typical figure for the annual toll in 
that country. In 2006, an astounding number of 4749 coal miners were killed in China’s coal mines. 
In comparison, the lowest number of coal miners killed in one year in the United States during the 
past century was in 2009 with a total of 18 miners lost. The most deadly recent year in the United 
States was 2010 when 48 miners lost their lives, including 29 at Massey Energy’s Upper Big Branch 
Mine.

A significant toll of coal miners is caused by black lung disease, a potentially debilitating occu-
pational disease caused by prolonged breathing of coal dust. This malady is a form of pneumoconio-
sis, a type of interstitial lung disease caused by long-term inhalation of generally mineral irritants 
in which the lung air sacs become inflamed and scarring of the tissue between the sacs stiffens the 
lungs, severely reducing lung function and making the victim more susceptible to bacterial and 
viral lung disease. Two main stages of black lung disease are recognized: (1) simple coal miner’s 
pneumoconiosis, which produces few symptoms and (2) complicated coal miner’s pneumoconiosis, 
a debilitating massive pulmonary fibrosis. Fatalities resulting from black lung disease are uncertain. 
On a website, the United Mine Workers of America20 states that “Today it is estimated that 1500 
former coal miners each year die an agonizing death in often isolated rural communities, away from 
the spotlight of publicity.”

The utilization of coal has some important environmental health implications for the general 
public. Vast improvements have been made in controlling the emissions from coal-fired power plants 
during the past century. The most deadly example of the damage that coal combustion without proper 
pollution controls can cause is provided by the “killer smog” that afflicted London for several days 
beginning on December 5, 1952.21 Thousands of tons of black soot, tar particles, and sulfur dioxide 
raised the levels of PM10 (particulate matter less than 10 μm in size) in the London atmosphere up 
to 14,000 mg/m3, at least 50 times normal levels, and sulfur dioxide levels reached 700 parts per 
billion. Death rates from pneumonia, bronchitis, tuberculosis, and heart failure soared, reaching 
levels of 900 per day at their peak. A total of at least 4000 excess deaths occurred during the entire 
incident while thousands more probably died in the months following due to exposure to the deadly 
air. Those at most risk were people already afflicted with respiratory and cardiovascular conditions, 
suffering lung inflammation and damage, impaired breathing, increased numbers of asthma attacks, 
asphyxiation, and cardiac distress. The incident caused the British government to enact air pollution 
control legislation that largely eliminated air pollution problems from coal combustion.

Mercury, a potent neurotoxin, is released during the combustion of coal. This mercury poses 
some direct threat to human health. Various species of wildlife are subject to harm from this mer-
cury. Some long-lived fish species tend to accumulate levels of mercury that are potentially harmful 
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to humans who eat them in large quantities. Estimates of mercury emissions from coal-fired power 
plants vary. Releases in the United States from coal combustion have been estimated by the U.S. 
Department of Energy at around 50 tons per year as elemental mercury vapor and mercury com-
pounds. Wet scrubbers typically remove about half of the mercury from flue gas, and baghouse 
collection of particles can also remove significant amounts of mercury. One of the most effective 
technologies for mercury removal is injection of powdered activated carbon followed by collection 
in a baghouse.

17.20.2  Petroleum and Natural Gas

There are significant health and safety implications associated with the drilling, transport, and refin-
ing of petroleum. The 2010 blowout and fire of BP’s Deepwater Horizon well in the Gulf of Mexico 
killed 11 workers outright. Only 14 of 67 workers were rescued from the December 2011 sinking of 
a Russian deep sea oil rig when the rig sank in heavy seas near the island of Sakhalin off Russia’s 
east coast. It is possible that some refinery workers suffer adverse health effects from exposure to 
toxic organics from petroleum and its refined products. Of these, arguably one of the more hazard-
ous is benzene, prolonged exposure to which can cause blood abnormalities and possibly leukemia 
(it is now required that benzene be removed from the mix of hydrocarbons going into gasoline).

The greatest hazard to the biosphere from petroleum production and transport results from oil 
spills that kill wildlife. Most such incidents occur in coastal areas, affecting birds, fish, and shell-
fish. Two of the more notorious incidents of oil spills that caused harm to wildlife were the 1989 
Exxon Valdez tanker oil spill in Prince William Sound, Alaska, which may have spilled up to 
750,000 barrels of crude oil, and the 2010 blowout and fire of BP’s Deepwater Horizon well in the 
Gulf of Mexico, which some credible sources have estimated released as much as 5 million barrels 
of crude oil into the fragile Gulf waters.

A toxicity hazard associated with petroleum and natural gas production involves highly toxic 
hydrogen sulfide gas (H2S) associated with these fuels. Fatalities have occurred from releases of this 
gas from oil wells in which pressurized carbon dioxide was being used for petroleum recovery. As 
noted in Chapter 7, Section 7.3, more than 240 people died from hydrogen sulfide poisoning when 
H2S was released from a natural gas well in Gaoqiao, China, in 2003. About 9,000 people required 
hospital treatment and 64,000 people were evacuated from the area. The hydrogen sulfide problem 
was alleviated by igniting the gas, converting the hydrogen sulfide to sulfur dioxide, which, though 
an irritant to the respiratory system, did not cause fatalities.

Another toxic gas associated with the use of petroleum and natural gas as fuels is carbon mon-
oxide, CO. Poisoning by this colorless, odorless gas results in around 20,000 hospitalizations and 
about 450 deaths in the United States each year. As noted in the discussion of coal conversion in 
Section 17.10, inhalation of the mixture of CO and H2 produced by the manufacture of synthesis gas 
from coal and piped into homes in the 1800s and early 1900s was once a leading cause of accidental 
or intentional (suicide) deaths. Now most cases of carbon monoxide poisoning are due to improperly 
functioning stoves, furnaces, and hot water heaters and from automobile exhausts, the latter often 
the result of suicide. Cases of carbon monoxide poisoning have occurred from the use of portable 
electric generator powered by gasoline engines that are commonly used in the event of power fail-
ures. High-level exposure to CO has a number of effects including disorientation, collapse, cardiore-
spiratory failure, and death. A significant fraction of survivors of carbon monoxide poisoning later 
suffer neurocognitive disorders including memory loss.

17.20.3 N uclear Energy

Significant health hazards have resulted from exposure to radioisotopes in the mining of uranium 
used as nuclear reactor fuel. The main hazards are from inhalation of radioactive uranium decay 
products. The most significant of these are radium-226 and radon-226. The radium is carried by dust 
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particles and radon is a noble gas. Both of these radioisotopes are alpha particle emitters, the most 
dangerous form of radioactivity if it gets inside the human body. The main adverse health effects 
from exposure to these radioisotopes in mining and uranium mineral processing are lung cancer 
(strongly synergistic with smoking) and bone cancer.

Because of radiation hazards, accidents at nuclear power reactors have the potential to cause 
deaths and illness. The worst nuclear accident of all time, the 1986 explosion and fire of Power 
Reactor Number 4 at Chernobyl in the former Soviet Union (now part of Ukraine) caused 30 deaths 
outright in personnel exposed at the site, two from the force of the explosion and 28 from acute radi-
ation poisoning soon afterward. A total of 134 cases of acute radiation poisoning were diagnosed 
among workers at the site. About 265,000 people, including all the residents of the plant operators’ 
town of Pripyat 3 km from the reactor were evacuated in a sparsely populated 4300-km2 area around 
the power plant. The new town of Slavutich located 30 km from the reactor has been constructed to 
house workers at the power plant and those involved in cleanup.

The main contaminant radioisotopes of health concern in the areas that received fallout from the 
Chernobyl incident are cesium-137 with a half-life of 30 years and strontium-90 a biological “bone-
seeker” with a half-life of 29 years (the other fission product of most health concern, iodine-131, has 
a half-life of only 8 days and was essentially all gone from the affected area within a few weeks 
after the fire was extinguished). In 2010, the government of Belarus, a small country adjacent to 
Chernobyl that received much of the fallout from the reactor explosion and fire, announced a pro-
gram to resettle residents in the contaminated area. The plan calls for conversion of much of the 
affected area to forests, something that has taken place to a large extent spontaneously following 
abandonment of the area. After studies to establish areas where crops can be grown without contam-
ination by cesium-137 and strontium-90, agriculture is to be reestablished. Use of local firewood has 
been banned (officially) and natural gas lines are being installed to provide fuel for the new residents.

As discussed in Section 17.13, the explosion and meltdown of reactors at the Fukushima Daiichi 
Nuclear Power Station in Japan that resulted from the March 11, 2011, earthquake and tidal wave 
off the coast of Honshu, Japan, resulted in the release of large quantities of radioactive fission 
products. To protect human health, evacuation of land in a 20-km radius around the power plant 
was mandated and sale of food crops raised in the area was banned. For several days following the 
incident, levels of iodine-131 in some of Tokyo’s municipal water supplies were elevated leading to 
advisories against use of the water for infant formula. Unlike Chernobyl, nobody was killed by acute 
exposure to radiation at Fukushima. However, a number of workers were exposed to significant, but 
non-life-threatening, levels of radiation at the reactor site as they worked to bring the damaged 
reactors under control, and two workers were briefly hospitalized for radiation exposure to their feet 
and lower legs after they stepped into water contaminated by fission products. As many as 3000 
workers have subsequently been exposed to significant amounts of radiation during cleanup efforts 
at the site (Figure 17.29).

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems. These questions 
are designed to promote inquiry and thought rather than just finding material in the text. So in some 
cases, there may be several “right” answers. Therefore, if your answer reflects intellectual effort and 
a search for information from available sources, it may be considered to be “right.”

	 1.	The tail of a firefly glows, although it is not hot. Explain the kind of energy transformation 
that is most likely involved in the firefly’s producing light.

	 2.	What is the standard unit of energy? What unit did it replace? What is the relationship 
between these two units?

	 3.	Which law states that energy is neither created nor destroyed?
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	 4.	What is the special significance of 1340 watts with respect to potential energy sources?
	 5.	What is the reaction in nature by which solar energy is converted to chemical energy?
	 6.	 In what respects is wind both one of the oldest and one of the newest sources of energy?
	 7.	What are two major problems with reliance on coal and petroleum for energy?
	 8.	Why does natural gas contribute less to greenhouse warming than petroleum and much 

less than coal?
	 9.	How might coal be utilized for energy without producing greenhouse gas carbon?
	 10.	What is a large limiting factor in growing biomass for fuel, and in what respect does this 

limit hold hope for the eventual use of biomass fuel?
	 11.	What relationship describes the limit to which heat energy can be converted to mechanical 

energy?
	 12.	Why does a diesel-powered vehicle have significantly better fuel economy than a gasoline-

powered vehicle of similar size?
	 13.	Why is a nuclear power plant less efficient in converting heat energy to electricity than is a 

fossil-fueled power plant?
	 14.	 Instead of having a spark plug that ignites the fuel, a diesel engine has a glow plug that 

operates only during engine start-up. Explain the operation of the glow plug.
	 15.	Cite two examples of vastly increased efficiency of energy utilization that took place dur-

ing the 1900s.
	 16.	Describe a combined power cycle. How may it be tied with district heating?
	 17.	What are three reactions used in biomass gasification?

Surface deposits

Bodies of water

Sediments

Aquatic plants

Aquatic animals Human food
and drink

Soil

Grain, animal forage
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Cloud containing
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FIGURE 17.29  The main pathways by which humans may be exposed to radiation from a nuclear reactor 
incident. The wavy lines indicate direct exposure to radiation and the solid lines show transfer of radioactive 
matter. The two major ways in which humans are exposed are inhalation of radioactive particles from the 
cloud of radioactive materials or from windblown dust and from ingestion from food and drink.
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	 18.	What is a major proposed use of liquid methanol as a fuel for the future?
	 19.	Describe a direct and an indirect way to produce electricity from solar energy.
	 20.	What is the distinction between donor and acceptor layers in photovoltaic cells?
	 21.	Using Internet resources for information, list some possible means for storing energy gen-

erated from solar radiation?
	 22.	What are the advantages of P. resiniferum and E. lathyris for the production of biomass 

energy?
	 23.	Corn produces biomass in large quantities during its growing season. What are two poten-

tial sources of biomass fuel from corn, one that depends on the corn grain and the other 
that does not?

	 24.	Does the use of biomass for fuel contribute to greenhouse gas carbon dioxide? Explain.
	 25.	What fermentation process is used to generate a fuel from wastes such as animal wastes?
	 26.	What are two potential pollution problems that accompany the use of geothermal energy 

to generate electricity?
	 27.	What basic phenomenon is responsible for nuclear energy? What keeps the process going?
	 28.	What is the biggest problem with nuclear energy? Why is it not such a bad idea to store 

spent nuclear fuel at a reactor site for a number of years before moving it?
	 29.	What is meant by passive stability in nuclear reactor design?
	 30.	What is the status of thermonuclear fusion for power production?
	 31.	Arrange the following energy conversion processes in order from the least to the most effi-

cient: (a) electric hot water heater, (b) photosynthesis, (c) solar cell, (d) electric generator, 
(e) aircraft jet engine.

	 32.	Considering the Carnot equation and common means for energy conversion, what might be 
the role of improved materials (metal alloys and ceramics) in increasing energy conversion 
efficiency?

	 33.	As it is now used, what is the principle or basis for the production of energy from uranium 
by nuclear fission? Is this process actually used for energy production? What are some of 
its environmental disadvantages? What is one major advantage?

	 34.	What would be at least two highly desirable features of nuclear fusion power if it could ever 
be achieved in a controllable fashion on a large scale?

	 35.	Justify describing the sun as “an ideal energy source.” What are two big disadvantages of 
solar energy?

	 36.	What are some of the greater implications of the use of biomass for energy? How might 
such widespread use affect greenhouse warming? How might it affect agricultural produc-
tion of food?

	 37.	On the Internet look up the Bakken tight shale formation in North Dakota as an emerging 
source of petroleum. Was it producing any oil in 2000? What is its current rate of produc-
tion? Why was it not developed earlier, such as during the first “energy crisis” in the 1970s?

	 38.	From a search on the Internet, look up the largest coal-based synthetic fuels plant in the 
United States. Where is it located? What does it make? How long has it been operating? 
Get the same information for the largest coal-based synthetic fuel plant in the world. Is 
there at least one other synthetic fuels plant in the world that uses natural gas as a feed-
stock? What is the future of such plants given recent increased development of previously 
inaccessible natural gas resources?
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18 Analytical Chemistry and 
Industrial Hygiene

18.1  ANALYTICAL CHEMISTRY

Analytical chemistry is that branch of the chemical sciences employed to determine the composi-
tion of a sample of material. A qualitative analysis is performed to determine what is in a sample. 
The amount, concentration, composition, or percentage of a substance present in a sample is deter-
mined by quantitative analysis. Often, both qualitative and quantitative analyses are performed as 
part of the same process.

Analytical chemistry is important in practically all areas of human endeavor and in all spheres 
of the environment. Industrial raw materials and products processed in the anthrosphere are assayed 
by chemical analysis, and analytical monitoring is employed to monitor and control industrial 
processes. Hardness, alkalinity, and trace-level pollutants (see Chapters 3–5) are measured in 
water by chemical analysis. Nitrogen oxides, sulfur oxides, oxidants, and organic pollutants (see 
Chapters 6–8) are determined in air by chemical analysis. In the geosphere (see Chapters 9–11), 
fertilizer constituents in soil and commercially valuable minerals in ores are measured by chemical 
analysis. In the biosphere, xenobiotic materials and their metabolites (see Chapters 2 and 12) are 
monitored by chemical analysis. As discussed further in this chapter, analytical chemistry is very 
important in the area of occupational health and the practice of industrial hygiene.

Analytical chemistry is a dynamic discipline. New chemicals and increasingly sophisticated 
instruments and computational capabilities are constantly coming into use to improve the ways in 
which chemical analyses are done. Some of these improvements involve the determination of ever 
smaller quantities of substances, others simplify the procedures for analysis and greatly shorten the 
time required for analysis, and some enable analysts to tell with much greater specificity the identi-
ties of a large number of compounds in a complex sample.

This chapter is designed to provide an overview of analytical chemistry particularly as it applies 
to environmental/toxicological chemistry and to the practice of industrial hygiene. Whereas clas-
sical analytical chemistry involves measurements of masses (gravimetry) and volumes (volumetric 
analysis), the current practice of analytical chemistry is largely based on the use of instruments 
(instrumental analysis). Modern analytical instruments are computer controlled, and analytical data 
are processed by computers. Given the enormous number of pollutants and other substances that 
need to be determined in the hydrosphere, atmosphere, geosphere, biosphere, and anthrosphere, 
the literature of analytical chemistry fills many volumes. For readers who may become directly 
involved in doing chemical analyses, a more detailed coverage of the topic and specific analytical 
procedures are discussed in the reference works listed at the end of this chapter.

18.2  INDUSTRIAL HYGIENE AND ANALYTICAL CHEMISTRY

In Chapter 14, Section 14.15, industrial hygiene is defined as the discipline devoted to recogniz-
ing and preventing conditions in the anthrospheric workplace that may have detrimental effects 
on workers and on people in the immediate surroundings. A crucial aspect of industrial hygiene 
and occupational health is to recognize the hazards posed by anthrospheric activities. This often 
requires the application of analytical chemistry. Because of the strong role that analytical chemistry 
plays in the practice of industrial hygiene, the two areas are considered together in this chapter.
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18.2.1  What Is Industrial Hygiene?

The workplace is potentially a source of substances, conditions, and stresses that may adversely affect 
workers and the public through impaired health, a lowered quality of well-being, trauma, increased 
rate of aging, or discomfort.1 Industrial hygiene is devoted to anticipating, recognizing, evaluating, 
and controlling physical, chemical, biological, or ergonomic stressors from the anthrosphere that 
may adversely affect human well-being. Industrial hygiene employs corrective measures to reduce 
or eliminate exposure to hazards. This may be accomplished by the implementation of protective 
measures, of which wearing safety glasses; hard hats; ear protection; respirators; or, in extreme 
cases, fully protective “moon suits” are examples. Preferably, hazards are reduced by such measures 
as installation of ventilating equipment, substitution of safer processes for more hazardous ones, and 
using less hazardous materials. Often, hazards are reduced by good housekeeping measures and 
prompt, safe disposal of potentially hazardous wastes.

18.2.2 L aws and Regulations Pertaining to Occupational Safety and Health

Prior to 1970, regulation of workplace health and safety in the United States was primarily the 
responsibility of the states with the result that enforcement was often poor and not uniform. In 1970, 
the U.S. Congress enacted the Occupational Safety and Health Act (OSHA) with the stated goal to 
“assure so far as possible every working man and woman in the nation safe and healthful working 
conditions and to preserve our human resources.”2 The OSHA legislation obligated each employer 
to “furnish to each employee a place of employment, which is free from recognized hazards that 
are causing or are likely to cause death or serious harm to their employees,” and “comply with 
occupational safety and health standards under the Act.” For employees, it was stipulated, “Each 
employee shall comply with occupational and health standards and all rules, regulations, and orders 
issued pursuant to the Act which are applicable to his own actions and conduct.”2 Concurrent with 
the effective date of the Act on April 28, 1971, the Occupational Safety and Health Administration 
(OSHA) came into existence as an agency of the U.S. Department of Labor. As part of the OSHA, 
the National Institute for Occupational Safety and Health (NIOSH) was established within the 
Centers for Disease Control and Prevention (CDCs) of the U.S. Public Health Service.

18.3  CATEGORIES OF WORKPLACE HAZARDS

There are four broad categories of hazards that can pose risks to workers. These categories are listed 
as follows:

•	 Physical hazards, including nonionizing radiation (extremely low frequency radiation, 
such as the 60-Hz radiation from power lines, radio-frequency radiation, microwave radi-
ation, infrared radiation, visible light, ultraviolet radiation, and laser hazards), ionizing 
radiation (particulate radioactivity including α and β particles and electromagnetic radia-
tion including higher frequency ultraviolet rays, x-rays, γ-rays), noise, vibration, extreme 
temperatures, and excessively high or low pressures

•	 Ergonomic hazards, including procedures, work areas, and tools that may cause injury or 
fatigue in performing routine operations

•	 Biological hazards, consisting of living organisms, especially pathogenic microorgan-
isms, that may cause illness in exposed humans

•	 Chemical hazards, especially airborne gases, vapors, dusts, or fumes that pose inhalation 
hazards as well as skin irritants and toxicants that may be absorbed through the skin

Of the aforementioned hazards, the ones to which analytical chemistry is most pertinent are 
chemical hazards.
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18.4  CHEMICAL HAZARDS

The majority of occupational maladies come from inhaling toxic substances present in the microen-
vironment, and a significant fraction of maladies arise from skin contact that may damage the skin 
directly or that may serve as a pathway for the entry of systemic toxicants into the body system. 
Depending on qualities such as their solubility or particle size, inhalation of some substances may 
irritate the upper respiratory tract, damage the terminal passages or air sacs in the lungs, or act as 
systemic poisons after inhalation and absorption through the lungs.

Some substances pose a direct hazard in the workplace, an example of which is vinyl chloride, 
the inhalation of which may cause a characteristic form of liver cancer. Other substances are those 
liberated in the processing of otherwise benign materials, for example, toxic by-products liberated 
during the machining or heating of otherwise harmless polymers. An important tool to warn against 
the harmful effects of substances consists of the material safety data sheet (MSDS), which, under 
OSHA regulations, must be provided to vendors of materials.

A common class of workplace toxicants consists of asphyxiants that act to deprive the body 
and its tissues of oxygen. Simple asphyxiants act by simply diluting the oxygen in the air to 
the point that blood pumped from the lungs lacks enough oxygen to support normal respiratory 
processes. Chemical asphyxiants act by depriving blood of its normal ability to carry oxygen 
or interfere with the metabolism (respiration) of oxygen in tissues. An example of the former is 
carbon monoxide, which binds strongly to blood hemoglobin so that it no longer carries oxygen, 
and an example of the latter is hydrogen cyanide, which, after getting into the blood stream by 
inhalation, acts systemically by binding with an enzyme required for the utilization of oxygen in 
body tissues.

Solvents of various kinds pose particular hazards in the workplace. Solvents come from a variety 
of organic chemical families including hydrocarbons, chlorinated hydrocarbons, alcohols, alde-
hydes, and ketones as well as some inorganics including carbon disulfide, liquid carbon dioxide, 
and liquid ammonia. These solvents are used in a variety of applications including the polymers 
industry, extraction of fats and oils from biomaterials, dry cleaning, and painting. By their nature, 
solvents are volatile and pose a variety of health hazards when inhaled or when absorbed through 
the skin. Solvents are distributed systemically in the body and tend to accumulate in lipid-rich 
tissues including the central nervous system, liver, and bone marrow. In addition to toxicity, solvents 
may be highly flammable or form explosive mixtures with air.

Materials may be hazardous to personnel for a variety of reasons including reactivity, 
instability and spontaneous decomposition, flammability, or volatility, as discussed in Chapter 15, 
Sections 15.4–15.7. Flammable substances are generally liquids, such as gasoline, with a strong 
tendency to burn; many solvents are flammable liquids. Oxidizing substances tend to release oxy-
gen and can form hazardous mixtures with combustible organic matter. Explosives are substances 
that react on their own (generally containing both chemically reducing and oxidizing functional-
ity in the same compound or mixture) with a sudden release of energy, gases, and a shock wave 
characteristic of an explosion. Corrosives react destructively with materials or tissues.

18.4.1  Exposure Limits

An important aspect of hazardous materials, especially toxicants, in the workplace 
microatmosphere consists of threshold limit values® (TLVs), a term copyrighted by the 
American Conference of Governmental Industrial Hygienists (ACGIH) to express the limits to 
which workers may be (presumably) safely exposed without causing irritation, tissue damage, 
or significant narcosis (reduced level of consciousness). A short-term exposure limit (STEL) is 
generally regarded as a concentration limit to which workers may be exposed for a short period 
of time, generally 15 minutes (up to four times daily with 60-minute intervals in between), 
without adverse effects.
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For longer term exposures throughout the day and workweek, the time-weighted average 
(TWA) is used, which for a standard 8-hour day is calculated as

	 TWA a a b b= + + +C T C T C Tn n

8 	
(18.1)

in which Cx is the concentration of the contaminant in the atmosphere over a time interval Tx.

18.5  WORKPLACE SAMPLING AND PERSONAL MONITORING

An important interface between analytical chemistry and industrial hygiene is the monitoring of 
workplaces for toxic substances and hazards. This may be done with devices that are mounted in 
place and that warn directly of hazards. Perhaps the most common example is the carbon monoxide 
detector widely used in homes to warn of dangerous levels of CO. Such a device gives off a very 
loud alarm when dangerous levels of carbon monoxide are detected. A similar monitor is used to 
warn of potentially explosive levels of methane in coal mines. For less immediate detection of 
hazards, sampling devices that pump ambient air through tubes packed with adsorbent materi-
als may be used. Periodically, the tubes are removed and air contaminants collected in them are 
thermally desorbed into a gas chromatograph (Section 18.13) for analysis. Such devices give time-
weighted average concentrations but do not sound alarms of short-term hazardous high levels of 
contaminants.

A wide variety of monitors have been developed to measure radiation and radioactivity to 
which personnel may be exposed. Radiation dosimeters are typically carried in pockets by 
workers and measure cumulative exposure to β radiation, γ radiation, and x-rays. A similar 
device is used to measure exposure to radio-frequency (RF) radiation, especially among work-
ers exposed to communications equipment. A related device can be used to measure exposure to 
microwaves.

Figure 18.1 shows a battery-powered personal air sampling device that can be worn by a worker 
and that allows for the collection and concentration of substances from ambient air in a tube packed 
with adsorbent. Typically, the tube is removed and heated with a carrier gas flowing through it 
to carry the sample into a gas chromatograph or mass spectrometer to enable a qualitative and 
quantitative analysis of potentially hazardous substances in workplace air. By running the device 
at a steady flow for a long period of time, a time-weighted average value may be obtained for the 
contaminant.
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FIGURE 18.1  Battery-operated air sampler for collecting air samples in a tube packed with adsorbent from 
which analyte can be thermally desorbed into a gas chromatograph.
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18.6  CHEMICAL ANALYSIS PROCESS

It is important to regard chemical analysis within the framework of an overall chemical analysis 
process rather than an isolated “laboratory experiment.” Each step in the analysis process is crucial 
to getting accurate and meaningful results. Figure 18.2 outlines the process.

The first step in the analytical process is to obtain the right sample or samples, that is, the por-
tion of matter on which the analysis is performed. The sample should be a representative sample, 
the composition of which is as close as possible to the whole mass of whatever is being analyzed. 
Obtaining a good sample is a crucial step in the chemical analysis process. Failure to obtain and 
properly preserve a good sample means that the whole analysis may be incorrect, rendering all the 
other steps involved worthless.

Sample processing is performed to get the sample into a form that can be analyzed. For a 
few kinds of analysis, the sample is analyzed without further processing or after minimal steps, 
such as grinding and mixing. Often, sample processing requires putting the sample into solution. 
Sample dissolution can be as simple as stirring a soil sample with hydrochloric acid to dissolve 
potassium commonly added to soil as fertilizer. Or it can be complicated and severe, such as 
oxidizing and dissolving fish tissue for metals analysis with a hot concentrated mixture of HNO3 
and HClO4.

The preceding discussion on sample processing leads to the definition of two kinds of analyses, 
depending on what is done with the sample. When a sample is oxidized, dissolved in acid, or other-
wise greatly altered as part of the analytical process, the chemical analysis is termed destructive. 
In some cases, such as those where evidence of a crime is involved, it is important to preserve the 
sample in an unaltered form. This requires nondestructive methods of analysis, such as can be 
performed by making the sample radioactive by irradiation with neutrons in a nuclear reactor and 
measuring the energies and intensities of γ radiation given off by the activated elements (neutron 
activation analysis).

After sample processing, it is often necessary to eliminate interferences from substances 
in the sample that can cause erroneous results. This can be done by removing interfering sub-
stances or by treating the sample with substances that react with interferences to render them 
noninterfering.

After all the aforementioned steps have been performed, the actual measurement of whatever 
is being determined is performed. The substance that is measured, such as calcium in a water 
sample or trans,trans-muconic acid measured in blood as evidence of occupational exposure 
to toxic benzene, is called the analyte. The specific measurement of an analyte is referred to 
as a determination, whereas the total process to which the sample is subjected to is called an 
analysis.

The final step in a chemical analysis is calculation of results. This step may consist of a 
few simple calculations, or it may involve a complicated data processing operation that calcu-
lates analyte levels and compensates for interferences in the method. In addition to providing a 
number for the quantity or percentage of analyte in a sample, the calculation of results usually 
involves an evaluation of the reliability of the data (precision and accuracy) of the analyti-
cal values. In modern analytical laboratories, results are calculated and stored by computers, 
frequently as part of the process by which analyte levels are measured with an appropriate 
instrument.

Obtain and
preserve a
representative
sample

Process the
sample to an
analyzable
form

Determine the
quantities of
desired
constituents

Calculate the
results (process
analytical
data)

FIGURE 18.2  Schematic representation of the major steps involved in the chemical analysis process.
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18.7  MAJOR CATEGORIES OF CHEMICAL ANALYSIS

Both qualitative and quantitative analyses are divided between classical methods involving 
primarily chemical reactions and simple measurements of mass and volume and instrumental 
methods that use instruments of varying degrees of complexity and sophistication to measure quan-
tities of analytes. Classical methods are often wet chemical procedures using reagents in solution 
and reactions of dissolved analytes. Instrumental methods use various devices to measure physical 
manifestations of chemical species and chemical reactions, such as absorption of light, electrical 
potentials, or small changes in temperature.

Analytical chemistry can also be divided between chemical and physical methods of analysis. 
Chemical methods almost always involve the measurement of a mass of a chemical species or a vol-
ume of a reagent solution produced or consumed by a chemical reaction. For example, the acid in an 
acid mine water sample can be determined by adding exactly enough of a solution of base (NaOH) 
of accurately known concentration to exactly neutralize the strong acid in the sample

	 + + → ++ + − +H Na OH H O Na2 	 (18.1)

exactly measuring the amount of NaOH required, and calculating the quantity of acid neutralized; 
such a procedure is an acid-base titrimetric procedure.

Physical methods of analysis normally involve a measurement of a physical parameter other than 
mass or volume. For example, a water sample suspected of being polluted with hexavalent chromium 
can be injected into an inductively coupled plasma atomic emission spectrometer (ICP/AES) and 
the intensity of light given off by the very hot chromium atoms emitted by the sample measured to 
give the chromium concentration. Or fluoride in a water sample can be determined by measuring the 
potential versus a reference electrode of a fluoride ion–selective electrode immersed in the sample and 
comparing that value with the potential measured in a standard F− solution to give the value of [F−].

18.8  ERROR AND TREATMENT OF DATA

A chemical analysis is only as good as the numbers that go into calculating and expressing the 
result. Therefore, data analysis is a crucial aspect of chemical analysis. All analytical measure-
ments are subject to greater or lesser degrees of error. So every reasonable effort is made to reduce 
the amount of error in an analytical measurement. Since some error is inevitable, it is important to 
know the degree of error and express it correctly in the final result.

One of the major objectives of analytical measurements is to obtain reproducible results. For 
example, if three determinations of the percentage of iron in the same iron ore sample gave values 
of 18.76%, 18.71%, and 18.73%, the analyst would have a relatively high degree of confidence in the 
validity of the results because the three values are so close together. The degree to which numbers 
in a group of analytical results are in agreement with each other is the precision of the group of 
numbers. A lack of precision may indicate the presence of indeterminate, or random, errors. Such 
errors vary randomly in direction and magnitude and are from sources that cannot be determined.

However, just because the results of a set of analyses are in close agreement does not necessarily mean 
that the values are correct. This is because of the possibility of determinate errors. Such errors have a 
definite cause (although it may be unknown to the analyst), and each type of determinate error is always 
in the same direction. For example, if an analytical chemist is using a pipette rated to deliver 25.00 mL 
of solution that through a manufacturing mistake actually delivered 25.35 mL, a determinate error would 
be introduced into the analysis; in this case, it could readily be detected by calibrating the pipette.

The extent to which the data or the average value of a set of data agrees with the true value being 
determined is the accuracy of the data or the set of data. The relationship between accuracy and 
precision is shown graphically in Figure 18.3. Although the average of a set of randomly scattered, 
imprecise results may be close to the true value, normally the average of a set of imprecise results 
is inaccurate as well.
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In doing analytical calculations and expressing analytical results, it is important to know and 
correctly handle and express the uncertainties of the numbers used. For example, a skilled analyst 
can read the volume delivered by a laboratory burette to the nearest 0.01 mL. Therefore, a volume 
expressed as 36.27 mL implies that the volume is within ±0.01 mL of 36.27 mL and has an uncer-
tainty of 0.01 mL. It would be incorrect to express the volume as 36.270 mL because it is not known 
to the nearest 0.001 mL as that number would imply. It would also be incorrect to express the vol-
ume as 36.3 mL because the value is known more accurately than ±0.1 mL.

18.9  GRAVIMETRIC ANALYSIS

Conceptually, the most straightforward kind of quantitative analysis, gravimetric analysis, consists 
of isolating in a pure form a species produced stoichiometrically by an analyte, weighing it, and 
calculating the percentage of the analyte in the sample. Obtaining a pure, weighable product is often 
a complicated process. A number of ways of doing this have been developed. The most common of 
these is formation of a precipitate by a reaction of the analyte in solution. As an example, the chlo-
ride content of a weighed, water-soluble sample can be determined by precipitating the chloride in 
the dissolved sample with excess silver nitrate solution:

	

Ag aq NO aq+
3

Silver nitrate
reagent

( ) + ( )−

� ���� ����� + ( )
↑

→ ( )Cl aq AgCl s

Chloride
analyte
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−

↑
chloride

precipitate

3NO aq+ ( )−

	

(18.2)

The silver chloride precipitate, which can be produced in a very pure form, is collected on a 
weighed filter crucible (Figure 18.4) and washed to remove extraneous residual salts. After drying to 
remove excess water, the crucible and the precipitate are weighed to get the mass of the precipitate 
and the percentage of chloride is calculated by stoichiometric calculation. Where the atomic mass 
of chloride is 35.45 g/mol and the molar mass of AgCl is 143.32 g/mol, the calculation is

	 Mass chloride mass AgCl
mol Ag Cl
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= ×
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1
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.
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(18.4)

Over the decades before modern instrumental methods of analysis were developed, gravimetric 
techniques were developed for a wide range of analytes. Examples include sulfate determined by 
precipitating BaSO4 with BaCl2 reagent; calcium precipitated as the oxalate CaC2O4, which, in turn, 
could be heated to produce weighable CaCO3 or CaO; and magnesium precipitated as an ammo-
nium phosphate salt, which is then heated to produce Mg2P2O7.

True value

Results with high precision,
low accuracy
Results with high precision,
high accuracy
Results with low precision,
low accuracy

FIGURE 18.3  Illustration of precision and accuracy in chemical analysis.
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The versatile nature of organic chemistry led to a number of organic reagents used to form pre-
cipitates with analytes, especially metals. One widely used reagent was 8-hydroxyquinoline, which 
is shown forming a precipitate with zinc ion in the following reaction:

	

OH

N

2

O OZn

N

+ 2H++ Zn2+

Precipitate of the 8-hydroxyquinolate
chelate of zinc(II)

8-Hydroxyquinoline

	

(18.5)

Two 8-hydroxyquinoline anions (formed by the loss of H+) bind with Zn2+ ion as shown in the 
preceding reaction to produce a chelate species that can be weighed to calculate the amount of zinc 
in the sample. Organic precipitants with high molar masses, such as 8-hydroxyquinoline, offer an 
advantage for gravimetric analysis in that they produce a relatively high mass of precipitate from 
comparatively little analyte. Higher masses of precipitates translate to less relative error in weigh-
ing, thus increasing the accuracy of the determination.

18.10  VOLUMETRIC ANALYSIS: TITRATION

Other than gravimetric analysis, the other major type of classical wet chemical analysis techniques 
consists of measuring the volume of a reagent required to react with an analyte. Such a procedure is 
called titration, which involves the following steps:

•	 A measured quantity of sample that may consist of a weighed quantity of a solid, or a 
measured volume of a solution of the unknown, is placed in solution.

•	 A standard solution of known concentration of a reagent that reacts quantitatively with 
the analyte is added to the unknown with a burette so that the volume of the standard solu-
tion can be measured accurately.

•	 An indicator consisting of a dye that changes color, or some other means, is used to detect 
an end point, the experimental representation of the equivalence point at which exactly 
the stoichiometric amount of reagent required to react with the analyte occurs. The volume 
at which the end point occurs is recorded from the burette.

•	 The quantity or concentration of the analyte is calculated from the stoichiometry of the 
titration reaction.

Precipitate
retained by

glass frit

Fritted glass filter

To vacuum
for filtration

FIGURE 18.4  Filter crucible used to collect and weigh precipitates for gravimetric analysis.
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The most common type of titration reaction consists of acid-base titration in which an unknown 
quantity or concentration of acid is titrated with standard base or vice versa. For example, a solution 
of hydrochloric acid of unknown concentration can be titrated with a standard solution of sodium 
hydroxide base using phenolphthalein indicator, which changes from colorless to pink at the end 
point. The physical steps involved in the titration are shown in Figure 18.5. The reaction between 
HCl and NaOH is as follows:

	 H Cl Na OH H O Na Cl2
+ − + − + −+ + + → + + 	 (18.6)

Before the end point, there is excess H+, so the pH is less than 7. Beyond the end point, there is 
excess base and the pH is greater than 7. Since HCl is a strong (completely ionized) acid and NaOH 

A measured volume of
the HCl of unknown
concentration is added
to a flask with a pipette
along with some indicator.

With the initial volume
set at zero (volume
added read downward),
NaOH of known
concentration is added
with a burette.

When the indicator changes
color (colorless to pink
for phenolphthalein), the end
point volume on the burette
is recorded. 

End point volume

FIGURE 18.5  Steps in the titration of an unknown HCl solution with standard NaOH.
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is a strong (completely ionized) base, the pH at the end point is exactly 7. Furthermore, the pH 
changes very markedly by several pH units with the addition of just a few drops of sodium hydrox-
ide titrant at a volume that is in the immediate vicinity of the end point. This change is reflected 
by the abrupt change in color of phenolphthalein indicator from colorless to pink at the end point, 
where the addition of titrant is stopped and the end point volume recorded. From this volume, the 
concentration of the standard solution, and the amount of the unknown analyzed, the amount of 
analyte and the composition of the sample may be calculated.

As noted in the preceding discussion, the course of acid-base titrations is reflected by the pH of 
the solution in the reaction flask as titrant is added. By using a device called a pH meter, the pH can 
be recorded and plotted as a function of added titrant. The result is a titration curve (Figure 18.6).

Several different kinds of reactions other than acid-base reactions can be used for titrations. 
Oxidation reactions can be used, for example, in determining dissolved oxygen levels in water; the 
precipitation of Cl− ion with a standard solution of Ag+ is one of the oldest titration procedures, and 
chelation with the anion of the strong chelating agent ethylenediaminetetraacetic acid (EDTA) can 
be used for determining Ca2+ ion concentration in water (water hardness) (Chapter 3, Section 3.10).

18.11  SPECTROPHOTOMETRIC METHODS OF ANALYSIS

The remaining methods of analysis addressed in this chapter are instrumental methods of analysis. 
The first group of these to be addressed are spectrophotometric methods based on the absorption 
and emission of photons of electromagnetic radiation including visible light, ultraviolet radiation, 
and infrared radiation.

18.11.1 A bsorption Spectrophotometry

Absorption spectrophotometry of light-absorbing species in solution, historically called colorimetry 
when visible light is absorbed, is still used for the analysis of many water, and some air, pollutants. 
Basically, absorption spectrophotometry consists of measuring the percent transmittance (%T) of 
monochromatic light passing through a light-absorbing solution compared with the amount passing 
through a blank solution containing everything in the medium but the sought-for constituent (100%). 
The absorbance (A) is defined as follows:

	 A
T

= log
%

100
	 (18.7)
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End point volume
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FIGURE 18.6  Titration curve as a plot of pH versus volume of titrant for the titration of HCl with NaOH 
titrant: an indicator changes color over a pH range, which indicates the end point.
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The relationship between A and the concentration (C) of the absorbing substance is given by 
Beer’s law:

	 A abC= 	 (18.8)

where a is the absorptivity, a wavelength-dependent parameter characteristic of the absorbing sub-
stance; b is the path length of the light through the absorbing solution; and C is the concentration 
of the absorbing substance. A linear relationship between A and C at constant path length indicates 
adherence to Beer’s law. In many cases, analyses can be performed even when Beer’s law is not 
obeyed, if a suitable calibration curve is prepared. A color-developing step usually is required in 
which the sought-for substance reacts to form a colored species, and in some cases a colored spe-
cies is extracted into a nonaqueous solvent to provide a more intense color and a more concentrated 
solution.

Absorption spectrophotometric analysis procedures have been developed for a number of envi-
ronmental species. For water contaminants alone, these include procedures for the determination of 
arsenic, boron, bromide ion, cyanide, fluoride, nitrate, phenols, phosphate, selenium, silica, sulfide, 
surfactants, and tannin and lignin.3 A typical such procedure is the spectrophotometric determina-
tion of phenol in water by the reaction with 4-aminoantipyrene

	 4-AminoantipyrineCH3

N

N

O

H3C

H2N

at pH 10 in the presence of oxidant potassium ferricyanide, K3Fe(CN)6, to form an antipyrine dye 
that is extracted into pyridine and measured spectrophotometrically at 460 nm.

18.11.2 A tomic Absorption and Emission Analyses

Atomic absorption analysis is commonly used for the determination of metals in environmental 
samples. This technique is based on the absorption of monochromatic light by a cloud of atoms 
of the analyte metal. The monochromatic light can be produced by a source composed of the 
same atoms as those being analyzed. The source produces intense electromagnetic radiation with 
a wavelength that is exactly the same as that absorbed by the atoms, resulting in extremely high 
selectivity. The basic components of an atomic absorption instrument are shown in Figure 18.7. 
The key element is the hollow cathode lamp in which atoms of the analyte metal are energized 
such that they become electronically excited and emit radiation with a very narrow wavelength 
band characteristic of the metal. This radiation is guided by appropriate optics through a flame into 
which the sample is aspirated. In the flame, most metallic compounds are decomposed, and the 
metal is reduced to the elemental state, forming a cloud of atoms. These atoms absorb a fraction 
of radiation in the flame. The fraction of radiation absorbed increases with the concentration of 
the sought-for element in the sample according to the Beer’s law relationship (Equation 18.8). The 
attenuated light beam next goes to a monochromator to eliminate extraneous light resulting from 
the flame, and then to a detector.

Atomizers other than a flame can be used. The most common of these is the graphite furnace, an 
electrothermal atomization device that consists of a hollow graphite cylinder placed so that the light 



518 Fundamentals of Environmental and Toxicological Chemistry

beam passes through it. A small sample of up to 100 µL is inserted in the tube through a hole in the 
top. An electric current is passed through the tube to heat it—gently at first to dry the sample and 
then rapidly to vaporize and excite the metal analyte. The absorption of metal atoms in the hollow 
portion of the tube is measured and recorded as a spike-shaped signal. A diagram of a graphite 
furnace with a typical output signal is shown in Figure 18.8. The major advantage of the graphite 
furnace is that it gives detection limits up to 1000 times lower (better) than those of conventional 
flame devices.

A special technique for the flameless atomic absorption analysis of mercury involves 
room-temperature reduction of mercury to its elemental state by tin(II) chloride in solution, 
followed by sweeping the mercury with air into an absorption cell having end windows made of 
ultraviolet-transparent silica (SiO2). Nanogram (10−9 g) quantities of mercury can be determined by 
measuring mercury absorption at 253.7 nm.

18.11.3 A tomic Emission Techniques

Metals can be determined in water, atmospheric particulate matter, and biological samples very 
well by observing the spectral lines emitted when they are heated to a very high temperature. 
An especially useful atomic emission technique is ICP/AES. The “flame” in which analyte atoms 
are excited in plasma emission consists of an incandescent plasma (ionized gas) of argon heated 
inductively by RF energy at 4–50 MHz and 2–5 kW (Figure 18.9). A stream of ionized argon 
absorbs the energy from an induction coil, producing temperatures up to 10,000 K. The sample 
atoms are subjected to temperatures around 7000 K, twice those of the hottest conventional flames 
(e.g., nitrous oxide–acetylene operates at 3200 K). Since emission of light increases exponentially 
with temperature, lower detection limits are obtained. Furthermore, the technique enables emission 
analysis of some of the environmentally important metalloids such as arsenic, boron, and selenium. 
Interfering chemical reactions and interactions in the plasma are minimized compared with flames. 
Of greatest significance, however, is the capability of analyzing as many as 30 elements simultane-
ously, enabling a true multielement analysis technique. Plasma atomization combined with mass 
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FIGURE 18.7  The basic components of a flame atomic absorption spectrophotometer.



519Analytical Chemistry and Industrial Hygiene

spectrometric measurement of analyte elements (ICP/MS) is a relatively new technique that is an 
especially powerful means for multielement analysis.

18.12  ELECTROCHEMICAL METHODS OF ANALYSIS

Several useful techniques for water analysis utilize electrochemical sensors. These techniques can 
be potentiometric, voltammetric, or amperometric. Potentiometry is based on the general principle 
that the relationship between the electrical potential of a measuring electrode and that of a reference 
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FIGURE 18.8  Graphite furnace for atomic absorption analysis, and typical output signal.
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electrode is a function of the logarithm of the activity of an ion in solution. For a measuring elec-
trode responding selectively to a particular ion, this relationship is given by the Nernst equation

	
E E

RT

zF
az= +0 2 303.

log( )
	

(18.9)

where E is the measured potential, E 0 is the standard electrode potential, R is the gas constant, T is 
the absolute temperature, z is the signed charge (+ for cations, − for anions), F is the Faraday con-
stant, and a is the activity of the ion being measured. At a given temperature, the quantity 2.303RT/F 
has a constant value; at 25°C, it is 0.0592 V (59.2 mV). At constant ionic strength, the activity, a, is 
directly proportional to concentration, and the Nernst equation can be written as follows for elec-
trodes responding to Cd2+ and F–, respectively:

	 E E(in mV) Cd2+= +0 59 2

2

.
log[ ] 	 (18.10)

	 E E= −  
−0 59 2 log F. 	 (18.11)

Electrodes that respond more or less selectively to various ions are called ion-selective electrodes. 
Generally, the potential-developing component is a membrane of some kind that allows for selective 
exchange of the sought-for ion. The glass electrode used for the measurement of hydrogen-ion 
activity and pH is the oldest and most widely used ion-selective electrode. The potential is developed 
at a glass membrane that selectively exchanges hydrogen ion in preference to other cations, giving a 
Nernstian response to hydrogen ion activity, aH+:

	 E E a= + ( )+
0 59 2 log H. 	 (18.12)

Of the ion-selective electrodes other than glass electrodes, the fluoride electrode, in which the 
sensing membrane is a crystal of LaF3, is the most successful. It is well behaved, relatively free of 
interferences, and has an adequately low detection limit and a long range of linear response. Like all 
ion-selective electrodes, its electrical output is in the form of a potential signal that is proportional to 
the logarithm of concentration. A small error in E leads to a variation in the logarithm of concentra-
tion, which translates to relatively high concentration errors.

Voltammetric techniques, the measurement of current resulting from the potential applied to a 
microelectrode, have found some applications in water analysis. One such technique is differential 
pulse polarography, in which the potential is applied to the microelectrode in the form of small 
pulses superimposed on a linearly increasing potential. The current is read near the end of the 
voltage pulse and compared with the current just before the pulse was applied. It has the advantage 
of minimizing the capacitive current from charging the microelectrode surface, which sometimes 
obscures the current due to the reduction or oxidation of the species being analyzed. Anodic strip-
ping voltammetry involves deposition of metals on an electrode surface over a period of several 
minutes, followed by stripping them off very rapidly using a linear anodic sweep. The electro-
deposition concentrates the metals on the electrode surface, and increased sensitivity results. An 
even better technique is to strip the metals off using a differential pulse signal. A differential-pulse 
anodic-stripping voltammogram of copper, lead, cadmium, and zinc at subparts-per-billion levels 
in tap water is shown in Figure 18.10.
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18.13  CHROMATOGRAPHY

First described in the literature in the early 1950s, gas chromatography has played an essen-
tial role in the analysis of organic materials. Gas chromatography is both a qualitative and a 
quantitative technique; for some analytical applications of environmental importance, it is 
remarkably sensitive and selective. Gas chromatography is based on the principle that when a 
mixture of volatile materials transported by a carrier gas is passed through a column containing 
an adsorbent solid phase or, more commonly, an absorbing liquid phase coated on a solid mate-
rial, each volatile component will be partitioned between the carrier gas and the solid or liquid. 
The length of time required for the volatile component to traverse the column is proportional to 
the degree to which it is retained by the nongaseous phase. Since different components may be 
retained to different degrees, they will emerge from the end of the column at different times. 
If a suitable detector is available, the time at which the component emerges from the column 
and the quantity of the component are both measured. A recorder trace of the detector response 
appears as peaks of different sizes, depending on the quantity of material producing the detector 
response. Both quantitative and (within limits) qualitative analyses of the sought-for substances 
are obtained.

The essential features of a gas chromatograph are shown schematically in Figure 18.11. The 
carrier gas generally is argon, helium, hydrogen, or nitrogen. The sample is injected as a single 
compact plug into the carrier gas stream immediately ahead of the column entrance. If the sample 
is liquid, the injection chamber is heated to vaporize the liquid rapidly. The separation column may 
consist of a metal or glass tube packed with an inert solid of high surface area covered with a liquid 
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FIGURE 18.10  Differential-pulse anodic-stripping voltammogram of tap water at a mercury-plated, wax-
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phase, or it may consist of an active solid, which enables the separation to occur. More commonly, 
capillary columns are now employed that consist of very long coiled tubes of very small diameter 
in which the liquid phase is coated on the inside of the column.

The component that primarily determines the sensitivity of gas chromatographic analysis 
and, for some classes of compounds, the selectivity as well, is the detector. One such device 
is the thermal conductivity detector, which responds to changes in the thermal conductivity of 
gases passing over it. The electron-capture detector, which is especially useful for halogenated 
hydrocarbons and phosphorus compounds, operates through the capture of electrons emitted by 
a β-particle source. The flame-ionization gas chromatographic detector is very sensitive for the 
detection of organic compounds. It is based on the phenomenon by which organic compounds 
form highly conducting fragments, such as C+, in a flame. Application of a potential gradient 
across the flame results in a small current that can be readily measured. The mass spectrometer, 
described in Section 18.14, can be used as a detector for a gas chromatograph. A combined gas 
chromatograph/mass spectrometer (GC/MS) instrument is an especially powerful analytical tool 
for organic compounds.

Gas chromatographic analysis requires that a compound exhibit at least a slight vapor pressure 
at the highest temperature at which it is stable. In many cases, organic compounds that cannot be 
passed through a chromatographic column directly can be converted to derivatives that are amena-
ble to gas chromatographic analysis. It is seldom possible to analyze organic compounds in water by 
direct injection of the water into the gas chromatograph; a higher concentration of the compounds 
is usually required. Two techniques commonly employed to remove volatile compounds from water 
and concentrate them are (1) extraction with solvents and (2) purging volatile compounds with a gas, 
such as helium; concentrating the purged gases on a short column; and driving them off by heat into 
the chromatograph.

18.13.1 H igh-Performance Liquid Chromatography

A liquid mobile phase used with very small column-packing particles enables high-resolution 
chromatographic separation of materials in the liquid phase. Very high pressures up to several 
thousand pounds per square inch are required to get a reasonable flow rate in such systems. Analysis 
using such devices is called high-performance liquid chromatography (HPLC), and it offers an 
enormous advantage in that the materials analyzed need not be changed to the vapor phase, a step 
that often requires preparation of a volatile derivative or results in decomposition of the sample. 
The basic features of a high-performance liquid chromatograph are the same as those of a gas 
chromatograph, shown in Figure 18.11, except that a solvent reservoir and a high-pressure pump are 
substituted for the carrier gas source and regulator. A hypothetical HPLC chromatogram is shown 
in Figure 18.12. Refractive index and ultraviolet detectors are both used for the detection of peaks 
coming from the liquid chromatograph column. Fluorescence detection can be especially sensitive 
for some classes of compounds. Mass spectrometric detection of HPLC effluents has led to the 
development of LC/MS analysis. Somewhat difficult in practice, this technique can be a powerful 
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tool for the determination of analytes that cannot be subjected to gas chromatography. HPLC has 
emerged as a very useful technique for the analysis of a number of water pollutants.

18.13.2 I on Chromatography

The liquid chromatographic determination of ions, particularly anions, has enabled the measurement 
of species that, despite their widespread occurrence in water, used to pose special challenges for 
water chemists to determine. This technique is ion chromatography, and its development has 
been facilitated by special detection techniques using so-called suppressors to enable the detection 
of analyte ions in the chromatographic effluent. Ion chromatography has been developed for the 
determination of most of the common anions, including arsenate, arsenite, borate, carbonate, chlorate, 
chlorite, cyanide, the halides, hypochlorite, hypophosphite, nitrate, nitrite, phosphate, phosphite, 
pyrophosphate, selenate, selenite, sulfate, sulfite, sulfide, trimetaphosphate, and tripolyphosphate. 
Cations, including the common metal ions, can also be determined by ion chromatography, although 
they are relatively easy to determine by other means.

18.13.3 C hromatography-Based Methods of Analysis for Water Pollutants

The U.S. Environmental Protection Agency has developed and published a variety of largely 
chromatography-based methods for the analysis of water, commonly known as EPA Series 500, 
600, and 1600 Methods.4 As examples, these include EPA Method 601 for purgeable halocarbons 
by gas chromatography, EPA Method 625 for base/neutrals and acids (more than 70 organic com-
pounds) by gas chromatography with mass spectrometric detection, EPA Method 1624 for volatile 
organic compounds by gas chromatography with mass spectrometric detection, EPA Method 610 
for polycyclic aromatic hydrocarbons by HPLC, and EPA Method 501.1 for trihalomethanes in 
drinking water by a purge-and-trap procedure followed by gas chromatographic separation and 
halogen-specific detection.

18.14  MASS SPECTROMETRY

Mass spectrometry is particularly useful for the identification of specific organic pollutants. It 
depends on the production of ions by an electrical discharge or a chemical process, followed by 
separation based on the charge-to-mass ratio and measurement of the ions produced. The output of 
a mass spectrometer is a mass spectrum, such as the one shown in Figure 18.13. A mass spectrum 
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is characteristic of a compound and serves to identify it. Computerized data banks for mass spectra 
have been established and are stored in computers interfaced with mass spectrometers. Identification 
of a mass spectrum depends on the purity of the compound from which the spectrum is taken. 
Prior separation by gas chromatography with continual sampling of the column effluent by a mass 
spectrometer, commonly called GC/MS, is particularly effective in the analysis of organic pollutants.

18.15  AUTOMATED ANALYSES

Huge numbers of analyses must often be performed to get meaningful results and for reasons of 
economics. This has resulted in the development of a number of automated procedures in which 
traditional wet chemical methods of analysis have been adopted to automate procedures. With such 
procedures, the samples are introduced through a sampler and the analyses performed and results 
posted without manual manipulation of reagents and apparatus. Such procedures have been devel-
oped and instruments marketed for the determination of a number of analytes. In water, automated 
analyses have been developed from wet chemical procedures for alkalinity, sulfate, ammonia, 
nitrate/nitrite, and metals. The somewhat cumbersome West-Gaeke determination of sulfur dioxide 
in air has been adapted to automated analyzers. Colorimetric (absorption spectrophotometric) pro-
cedures are popular for such automated analytical instruments, using simple, rugged colorimeters 
for absorbance measurements.

Figure 18.14 shows an automated analytical system for the determination of water alkalinity 
(Chapter 3, Section 3.7). The reagents and sample liquids are transported through the analyzer by a 
peristaltic pump. This relatively simple device consists basically of rollers moving over flexible tub-
ing, which “squeezes” solutions through the tubing. By using different sizes of tubing and varying 
the speed of the rollers, the flow rates of the reagents are proportioned. Air bubbles are introduced 
into the liquid stream to aid mixing and to separate one sample from the other. Mixing of the sample 
and various reagents is accomplished in mixing coils. Since many color-developing reactions are 
not rapid, a delay coil is provided that allows the color to develop before reaching the colorimeter. 
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FIGURE 18.14  Automated analyzer system for the determination of total alkalinity in water: addition of a 
water sample to a methyl orange solution buffered to pH 3.1 causes a loss of color in proportion to the alkalinity 
in the sample.
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Bubbles are removed from the liquid stream by a debubbler prior to its introduction into the flow 
cell for colorimetric analysis.

18.16  IMMUNOASSAY SCREENING

Immunoassay has emerged as a useful technique for screening samples, such as hazardous waste 
residues, for specific kinds of pollutants. Commercial immunoassay techniques have been developed 
that permit very rapid analyses of large numbers of samples. A variety of immunoassay techniques 
have been developed. These techniques all use biologically produced antibodies that bind specifically 
to analytes or classes of analytes. This binding is combined with chemical processes that enable 
detection through a signal-producing species (reporter reagent) such as enzymes, chromophores, 
fluorophores, and luminescent compounds. The reporter reagent binds with the antibody. When an 
analyte is added to the antibody to displace the reagent, the concentration of displaced reagent is 
proportional to the level of the analyte displacing it from the antibody. Detection of the displaced 
reporter reagent enables quantification of the analyte.

Immunoassay techniques are divided into the two major categories of heterogeneous and homo-
geneous; the former requires a separation (washing) step, whereas the latter does not require such 
a step. Typically, when heterogeneous procedures are used, the antibody is immobilized on a solid 
support on the inner surface of a disposable test tube. The sample is contacted with the antibody 
displacing the reporter reagent, which is removed by washing. The amount of reagent displaced, 
commonly measured spectrophotometrically, is proportional to the amount of analyte added. Very 
widely used enzyme immunoassays make use of reporter reagent molecules bound with enzymes, 
and kits are available for enzyme-linked immunosorbent assays (ELISAs) of a number of organic 
species likely to be found in hazardous wastes.

Immunoassay techniques have been approved for the determination of numerous analytes com-
monly found in hazardous wastes. Where the EPA method numbers are given in parentheses in 
the following list, these include pentachlorophenol (4010); 2,4-dichlorophenoxyacetic acid (4015); 
polychlorinated biphenyls (4020); petroleum hydrocarbons (4030); polycyclic aromatic hydrocar-
bons (4035); toxaphene (4040); chlordane (4041); dichlorodiphenyltrichloroethane (DDT) (4042); 
trinitrotoluene (TNT) explosives in soil (4050); and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) 
in soil (4051). ELISAs have been reported for monitoring pentachlorophenol and BTEX (benzene; 
toluene; ethylbenzene; and o-, m-, and p-xylene) in industrial effluents.

18.17  TOTAL ORGANIC CARBON IN WATER

Dissolved organic carbon exerts an oxygen demand in water, often is in the form of toxic substances, 
and is a general indicator of water pollution. Therefore, its measurement is quite important, and 
the measurement of total organic carbon (TOC) is now recognized as the best means of assessing 
the organic content of a water sample. The measurement of TOC is accomplished by oxidizing the 
organic matter in water to CO2 and measuring the quantity of this gas produced from a measured 
volume of the water sample (Figure 18.15). The dissolved carbon is oxidized by potassium per-
oxydisulfate, K2S2O8, and energized by intense ultraviolet radiation impinging on the water. Before 
the organic matter is oxidized, phosphoric acid is added to the sample, which is sparged with air or 
nitrogen to drive off CO2 formed from HCO3

− and CO3
2− in solution. After sparging, the sample is 

pumped to a chamber containing a lamp emitting ultraviolet radiation of 184.9 nm. This radiation 
produces reactive free radical species such as hydroxyl radical, HO· (see Chapter 5, Section 5.8). 
These active species bring about the rapid oxidation of dissolved organic compounds as shown in 
the following general reaction:

	 Organics HO CO H O2 2+ ⋅→ + 	 (18.13)



526 Fundamentals of Environmental and Toxicological Chemistry

After oxidation is complete, the CO2 is sparged from the system and measured with a gas chro-
matographic detector or by absorption in ultrapure water followed by a conductivity measurement.

18.18  MEASUREMENT OF RADIOACTIVITY IN WATER

There are several potential sources of radioactive materials that can contaminate water (see Chapter 4, 
Section 4.14). Radioactive contamination of water is normally detected by measurements of gross 
β activity and gross α activity, a procedure that is simpler than detecting individual isotopes. The 
measurement is made from a sample formed by evaporating water to a very thin layer on a small 
pan, which is then inserted inside an internal proportional counter. This setup is necessary because 
β particles can penetrate only very thin detector windows, and α particles have essentially no pen-
etrating power. More detailed information can be obtained for radionuclides that emit γ-rays by 
the use of gamma spectrum analysis. This technique employs solid-state detectors to resolve rather 
closely spaced γ peaks characteristic of specific isotopes in the sample’s spectra. In conjunction 
with multichannel spectrometric data analysis, it is possible to determine a number of radionu-
clides in the same sample without chemical separation. This method requires minimal sample 
preparation.

18.19  ANALYSIS OF WASTES AND SOLIDS

The analysis of hazardous wastes of various kinds for a variety of potentially dangerous substances 
is one of the most important aspects of hazardous waste management. These analyses are per-
formed for a number of reasons including tracing the sources of wastes, assessing the hazards posed 
by the wastes to surroundings and to waste remediation personnel, and determining the best means 
of waste treatment. Here, wastes are broadly defined to include all kinds of solids, semisolids, 
sludges, liquids, contaminated soils, sediments, and other kinds of materials that are either wastes 
themselves or contaminated by wastes.

For the most part, the substances determined as part of waste analysis, the analytes, are mea-
sured by techniques that are used for the determination of the same analytes in water and, to a lesser 
extent, in air. However, the preparation techniques that must be employed for waste analysis are usu-
ally more complex than those used for the same analytes in water. This is because the matrices in 
which the waste analytes are contained are usually relatively complicated, which makes it difficult 
to recover all the analytes from the waste and which introduces interfering substances. As a result, 
the lower limits at which substances can be measured in wastes (a parameter known as the practical 
quantitation limit) are usually significantly higher than in water.
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FIGURE 18.15  Total organic carbon analyzer employing ultraviolet-promoted sample oxidation.
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There are several distinct steps in the analysis of a waste. Compared with water, wastes are often 
highly heterogeneous, making the collection of representative samples difficult. Whereas water sam-
ples can often be introduced into an analytical instrument with minimal preparation, the processing 
of hazardous wastes to get a sample that can be introduced into an instrument is often relatively com-
plicated. Such processing can consist of dilution of oily samples with an organic solvent, extraction of 
organic analytes into an organic solvent, evolution and collection of volatile organic carbon analytes, 
or digestion of solids with strong acids and oxidants to extract metals for analysis. The products 
of these processes must often be subjected to relatively complicated sample cleanup procedures to 
remove the contaminants that might interfere with the analysis or damage the analytical instrument.

Over a number of years, the U.S. Environmental Protection Agency has developed specialized 
methods for the characterization of wastes. These methods are given in the publication entitled Test 
Methods for Evaluating Solid Waste, Physical/Chemical Methods (SW-846), which is periodically 
updated.5,6 Because of the difficult and exacting nature of many of the procedures in this work 
and because of the hazards associated with the use of reagents such as strong acids and oxidants 
employed for sample digestion and solvents used to extract organic analytes, anyone attempting 
analyses of hazardous waste materials should use this resource and follow the procedures carefully 
with special attention to precautions.

18.19.1 T oxicity Characteristic Leaching Procedure

The toxicity characteristic leaching procedure (TCLP) is specified to determine the potential 
toxicity hazard of various kinds of wastes.5 It was designed to estimate the availability to organisms 
of both inorganic and organic species in hazardous materials present as liquids, solids, or multiple-
phase mixtures by producing a leachate, the TCLP extract, which is analyzed for a number of 
specified toxicants in the categories of heavy metals, such as lead; organics including benzene; and 
several specified pesticides, such as chlordane.

The procedure for conducting the TCLP test is rather involved. The procedure need not be run 
at all if a total analysis of the sample reveals that none of the pollutants specified in the procedure 
could exceed regulatory levels. At the opposite end of the scale, analysis of any of the liquid frac-
tions of the sample showing that any regulated species would exceed regulatory levels even after 
the dilutions involved in the TCLP measurement have been carried out designates the sample as 
hazardous, and the TCLP measurement is not required.

The procedures used in the TCLP test vary with the nature of the sample. If free liquids are present, 
they may be determined separately. An extract is prepared from solid or semisolid materials using an 
extractant consisting of dilute acetic acid or an acetic acid/sodium acetate mixture. The extraction pro-
cedure is designed to mimic conditions that may be obtained with respect to a “waste mismanagement 
scenario” in which hazardous wastes are codisposed with actively decomposing municipal refuse.

18.20  ATMOSPHERIC MONITORING

The maintenance of atmospheric quality requires monitoring air pollutants, especially the criteria 
air pollutants known to injure health, harm the environment, and cause property damage: carbon 
monoxide, lead, nitrogen dioxide, ozone, particulate matter, and sulfur dioxide. In addition, it is 
important to determine the approximately 60 hydrocarbons and aldehydes that are precursors to 
photochemical smog formation.

The atmosphere is a particularly difficult analytical system because of the very low levels 
of substances to be analyzed; sharp variations in pollutant levels with time and location 
(see Figure 18.16); differences in temperature and humidity; and difficulties encountered in reaching 
desired sampling points, particularly those substantially above ground level. These conditions 
make the acquisition of representative atmospheric samples particularly challenging. The ideal 
atmospheric analysis techniques are those that work successfully without sampling, such as some 
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kinds of direct spectrophotometric measurements. In some cases, air samples may be collected 
and analyzed automatically and the results transmitted electronically to a central receiving station. 
Often, however, a batch sample is collected for later chemical analysis.

18.20.1 M ethods for Sampling and Analyzing Atmospheric Pollutants

The U.S. Environmental Protection Agency specifies reference methods of analysis for selected air 
pollutants to determine compliance with the primary and secondary national ambient air quality 
standards for those pollutants. These methods are published annually in the Code of Federal 
Regulations.7 These methods are not necessarily state of the art and are, in some cases, outdated 
and cumbersome. However, they provide proven reliable measurements for regulatory and legal 
purposes.

18.20.2 D etermination of Atmospheric Sulfur Dioxide by the West–Gaeke Method

The reference method for the analysis of sulfur dioxide is the spectrophotometric West-Gaeke para-
rosaniline method. This somewhat involved method uses a collecting solution of 0.04-M potassium 
tetrachloromercurate to collect sulfur dioxide according to the following reaction:

	 HgCl SO H O HgCl SO 2H 2Cl4
2

2 2 2 3
2− − + −+ + → + + 	 (18.14)

The HgCl SO2 3
2− complex stabilizes the readily oxidized sulfur dioxide from the reaction with 

oxidants such as ozone and nitrogen oxides. For analysis, sulfur dioxide in the scrubbing medium 
is reacted with formaldehyde:

	 HCHO SO H O HOCH SO H2 2 2 3+ + → 	 (18.15)

The adduct formed is then reacted with uncolored organic pararosaniline hydrochloride to pro-
duce a red-violet dye that is measured spectrophotometrically.

When performed manually, the West-Gaeke method for sulfur dioxide analysis is cumbersome 
and complicated. However, the method has been refined to the point that it can be done automati-
cally with continuous-monitoring equipment. A block diagram of such an analyzer is shown in 
Figure 18.17.

18.20.3 A tmospheric Particulate Matter

The method commonly used for determining the quantity of total suspended particulate matter in 
the atmosphere draws air over filters that remove the particles. This device, called a Hi-Vol sampler 
(Figure 18.18), is essentially a glorified vacuum cleaner that draws air through a filter. The samplers 
are usually placed under a shelter that excludes precipitation and particles larger than about 0.1 mm 
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FIGURE 18.16  The effect of duration of sampling on observed values of air pollutant levels.
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in diameter, favoring the collection of particles up to 25–50 µm in diameter. These devices effi-
ciently collect particles from a large volume of air, typically 2000 m3 and typically over a 24-hour 
period. Particles collected by a Hi-Vol sampler or some other means of sample collection may be 
subjected to additional chemical analysis such as determination of heavy metals, such as lead, or 
organics, such as polycyclic aromatic compounds.

18.20.4 N itrogen Oxides in the Atmosphere

Gas-phase chemiluminescence is the favored method of NOx analysis. The general phenomenon 
of chemiluminescence is one in which two chemical species react to produce an energized excited 
species that loses energy by emitting electromagnetic radiation, such as visible light, the intensity of 
which may be measured as a means of quantitating the analyte causing the chemiluminescence. In 
the chemiluminescent measurement of atmospheric NO, ozone is used to bring about the reaction

	 NO O NO O3 2 2+ → +* 	 (18.16)

producing electronically excited nitrogen dioxide, which loses energy and returns to the ground 
state through the emission of light in the 600–3000-nm range. The emitted light is measured by a 
photomultiplier; its intensity is proportional to the concentration of NO. A schematic diagram of the 
device used is shown in Figure 18.19.

Since the chemiluminescence detector system depends on the reaction of O3 with NO, it is 
necessary to convert NO2 to NO in the sample prior to analysis. This is accomplished by passing 
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the air sample over a thermal converter, which brings about the desired conversion. Analysis of 
such a sample gives NOx, the sum of NO and NO2. Chemiluminescence analysis of a sample 
that has not been passed over the thermal converter gives NO. The difference between these two 
results is NO2.

This analysis technique is illustrative of chemiluminescence analysis in general. Chemilumi
nescence is an inherently desirable technique for the analysis of atmospheric pollutants because it 
avoids wet chemistry, is basically simple, and lends itself well to continuous monitoring and instru-
mental methods. Another chemiluminescence method, which is employed for the analysis of ozone, 
is described Section 18.20.5.

18.20.5 D etermination of Atmospheric Oxidants

The atmospheric oxidants that are commonly determined include ozone, hydrogen peroxide, 
organic peroxides, and chlorine. The classic manual method for the analysis of oxidants is based on 
their oxidation of I− ion followed by spectrophotometric measurement of the product. The sample is 
collected in 1% KI buffered at pH 6.8. Oxidants react with I− ion as shown by the following reaction 
of ozone:

	 O 2H 3I I O H O3 3 2 2+ + → + ++ − −
	 (18.17)

The absorbance of the colored I3
− product is measured spectrophotometrically at 352 nm. 

Generally, the level of oxidant is expressed in terms of ozone, although it should be noted that not 
all oxidants—peroxyacetyl nitrate (PAN), for example—react with the same efficiency as O3.

The currently favored method for oxidant analysis uses the chemiluminescent reaction between 
ozone and ethylene. This reaction emits light at a maximum intensity of 435 nm. The intensity of 
emitted light is directly proportional to the level of ozone.

18.20.6 A tmospheric Carbon Monoxide by Infrared Absorption

Carbon monoxide is analyzed in the atmosphere by nondispersive infrared spectrometry. This tech-
nique depends on the fact that carbon monoxide absorbs infrared radiation strongly at certain wave-
lengths. Therefore, when such radiation is passed through a long (typically 100 cm) cell containing 
trace levels of carbon monoxide, more of the infrared radiant energy is absorbed.
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FIGURE 18.19  Chemiluminescence detector for NOx.
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A nondispersive infrared spectrometer differs from standard infrared spectrometers in that 
the infrared radiation from the source is not dispersed according to wavelength by a prism or 
grating. The nondispersive infrared spectrometer is made very specific for a given compound, 
or type of compound, by using the sought-for material as part of the detector, or by placing it 
in a filter cell in the optical path. A diagram of a nondispersive infrared spectrometer selective 
for CO is shown in Figure 18.20. Radiation from an infrared source is “chopped” by a rotating 
device so that it alternately passes through a sample cell and a reference cell. In this particular 
instrument, both beams of light fall on a detector filled with CO gas and are separated into two 
compartments by a flexible diaphragm. The relative amounts of infrared radiation absorbed by 
the CO in the two sections of the detector depend on the level of CO in the sample. The dif-
ference in the amount of infrared radiation absorbed in the two compartments causes slight 
differences in heating so that the diaphragm bulges slightly toward one side. Even very slight 
movements of the diaphragm can be detected and recorded. By means of this device, carbon 
monoxide can be measured from 0 to 150 ppm, with a relative accuracy of ±5% in the optimum 
concentration range.

18.20.7 D etermination of Hydrocarbons and Organics in the Atmosphere

Monitoring of hydrocarbons in atmospheric samples takes advantage of the very high sensitivity of 
the hydrogen-flame-ionization detector to measure this class of compounds. Known quantities of 
air are run through the flame-ionization detector 4–12 times per hour to provide a measure of total 
hydrocarbon content.

In some cases, it is important to have a method to determine individual organics because of 
their toxicities and abilities to form photochemical smog, as indicators of photochemical smog, 
and as a means of tracing sources of pollution. Numerous techniques have been published for the 
determination of organic compounds in the atmosphere. For example, whole-air samples can be 
collected in Tedlar bags, the organic analytes can be concentrated cryogenically at −180°C, and 
then they can be thermally desorbed and measured with high-resolution capillary column gas 
chromatography.
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18.20.8 D irect Spectrophotometric Analysis of Gaseous Air Pollutants

Direct spectrophotometric techniques, such as nondispersive infrared spectroscopy, are highly 
desirable when they are available and when they are capable of accurate analysis at the low levels 
required.8 Three such spectrophotometric methods are Fourier transform infrared spectroscopy, 
tunable diode laser spectroscopy, and differential optical absorption spectroscopy. These techniques 
can be used for point air monitoring, in which a sample is monitored at a given point, generally by 
measurement in a long absorption cell. In-stack monitoring can be performed to measure efflu-
ents. A final possibility is the collection of long-line data (sometimes using sunlight as a radiation 
source), yielding concentrations in units of concentration-length (parts per million–meters). If the 
path length is known, the concentration can be calculated. This approach is particularly useful for 
measuring concentrations in stack plumes.

The low levels of typical air constituents require long path lengths, sometimes up to several 
kilometers, for spectroscopic measurements. These can be achieved by locating the radiation source 
some distance from the detector, by the use of a distant retroreflector to reflect the radiation back to 
the vicinity of the source or by the use of cells in which a beam is reflected multiple times to achieve 
a long path length.

A typical open-path Fourier transform infrared system for remote monitoring of air pollutants 
uses a single unit (telescope) that functions as both a transmitter and a receiver of infrared radiation 
(Figure 18.21). The radiation is generated by a silicon carbide glower; modulated by a Michelson 
interferometer; and transmitted to a retroreflector, which reflects it back to the telescope, where 
its intensity is measured. The modulated infrared signal, called an inteferogram, is processed 
by a mathematical algorithm, the Fourier transform, to give a spectrum of the absorbing sub-
stances. This spectrum is fitted mathematically to spectra of the absorbing species to give their 
concentrations.

18.21  ANALYSIS OF BIOLOGICAL MATERIALS AND XENOBIOTICS

As defined in Chapter 2, Section 2.9, a xenobiotic species is one that is foreign to living sys-
tems. The determination of xenobiotic substances in biological materials is very important in 
environmental/toxicological chemistry. The greatest concern with such substances is their pres-
ence in human tissues and other samples of human origin. They may also be determined in plant 
or microbiological samples. The measurement of xenobiotic substances and their metabolites 
in blood, urine, breath, and other samples of biological origin to determine exposure to toxic 
substances is called biological monitoring. For more detailed current information regarding 
this topic, the reader is referred to several reviews of the topic9,10 and several books on biologi-
cal monitoring such as those by Angerer, Baselt, Conti, Emanuel, Kneip, and Ott and coauthors, 
which are listed in the back of this chapter under “Supplementary References” and are available 
as well.
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FIGURE 18.21  Fourier transform infrared system for remote sensing of air pollutants.
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18.21.1 I ndicators of Exposure to Xenobiotics

Both the type of sample and the type of analyte are influenced by what happens to a xenobiotic 
material when it gets into the body. For some exposures, the entry site composes the sample. This 
is the case, for example, in exposure to asbestos fibers in the air, which is manifested by lesions to 
the lung. More commonly, the analyte may appear at some distance from the site of exposure, such 
as lead that was originally taken in by the respiratory route in bone. In other cases, the original 
xenobiotic is not even present in the analyte. An example of this is methemoglobin in blood, the 
result of exposure to aniline absorbed through the skin.

The two major kinds of samples analyzed for xenobiotics exposure are blood and urine. Both 
these kinds of samples are analyzed for systemic xenobiotics, which are those that are transported 
in the body and metabolized in various tissues. Blood is of unique importance as a sample for 
biological monitoring.

Phase I and Phase II reaction products of xenobiotics (Chapter 2, Section 2.10) tend to be 
converted to more polar and water-soluble metabolites. These are eliminated with urine, making it 
a good sample to analyze as evidence of exposure to xenobiotic substances. Urine has the advantage 
of being a simpler matrix than blood and one that subjects are usually more willing to give for 
analysis. Other kinds of samples that can be analyzed include breath (for volatile xenobiotics and 
volatile metabolites), air or nails (for trace elements, such as selenium), adipose tissue (fat), and milk 
(obviously limited to lactating females). Various kinds of organ tissue can be analyzed in cadavers 
to determine the toxic agent that has caused death by poisoning.

The choice of the analyte actually measured varies with the xenobiotic substance to which the 
subject has been exposed. Therefore, it is convenient to divide xenobiotic analysis on the basis 
of the type of chemical species determined. The most straightforward analyte is, of course, the 
xenobiotic itself. This applies to elemental xenobiotics, especially metals, which are almost always 
determined in the elemental form. In a few cases, organic xenobiotics can also be determined as the 
parent compound. However, organic xenobiotics are commonly determined as Phase I and Phase II 
reaction products. Often, the Phase I reaction product is measured, frequently after it is hydro-
lyzed from the Phase II conjugate, using enzymes or acid hydrolysis procedures. Thus, for example, 
trans,trans-muconic acid
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can be measured as evidence of exposure to the parent compound benzene. In other cases, a Phase II 
reaction product is measured, for example, hippuric acid,
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determined as evidence of exposure to toluene. Some xenobiotics or their metabolites form adducts 
with endogenous materials in the body, which are then measured as evidence of exposure. A simple 
example is the adduct formed between carbon monoxide and hemoglobin, that is, carboxyhemo-
globin. More complicated examples are the adducts formed by the carcinogenic Phase I reaction 
products of polycyclic aromatic hydrocarbons with deoxyribonucleic acid (DNA) or hemoglobin. 
Another class of analytes consists of endogenous substances that are produced on exposure to a 
xenobiotic material. Methemoglobin, a derivative of hemoglobin that is useless for transporting 
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oxygen in blood, which is formed as a result of exposure to nitrobenzene, aniline, and related com-
pounds, is an example of such a substance that does not contain any of the original xenobiotic 
material. Another class of substances causes measurable alterations in enzyme activity. The most 
common example of this is the inhibition of acetylcholinesterase enzyme by organophosphates or 
carbamate insecticides.

18.21.2 I mmunological Methods of Xenobiotics Analysis

As discussed in Section 18.16, immunoassay methods offer distinct advantages in specificity, selec-
tivity, simplicity, and costs. Although they are used in simple test kits for blood-glucose and preg-
nancy testing, immunoassay methods have been limited in biological monitoring of xenobiotics, in 
part because of interferences in complex biological systems. Because of their inherent advantages, 
however, it can be anticipated that immunoassays will grow in importance for biological monitoring 
of xenobiotics in the future.11

QUESTIONS AND PROBLEMS

	 1.	Doing some research on the Internet, determine the status of industrial hygiene and occu-
pational safety and health prior to about 1900. What were some of the earlier efforts to 
address these issues?

	 2.	What are two specific examples of cancer caused by workplace exposure to carcinogens by 
inhalation?

	 3.	Choose a specific material used industrially and look up the MSDS pertaining to it. What 
are some of the specific issues addressed by the MSDS?

	 4.	Both an atmosphere composed almost entirely of elemental nitrogen gas and one contain-
ing several parts per thousand of CO can be fatal to workers breathing it. In what ways are 
the mechanisms of toxicity similar? How do they differ?

	 5.	A common expression is “canary in a coal mine.” What does this expression mean? What 
is the history of the canary in the coal mine?

	 6.	Monitored hourly over an 8-hour day, the level of a solvent vapor in milligrams per liter 
showed values of 0.80, 1.22, 1.06, 0.75, 1.56, 1.88, 0.91, and 1.09 mg/L. What is the TWA 
concentration of the vapor?

	 7.	The sulfur content of a unit trainload of coal is to be determined to see if the fuel meets 
pollution standards. Suggest how a representative sample of the coal might be taken.

	 8.	What is the function of a hollow cathode in the atomic absorption determination of a 
metal? Of what kind of material is a hollow cathode composed?

	 9.	Lead may be determined in water by using atomic absorption with both a flame atomizer 
and a graphite tube atomizer. Suggest how the output signal, absorbance as a function of 
time, would appear differently in these two modes of analysis.

	 10.	What is a titrant? How are titrants used in chemical analysis?
	 11.	Describe the general characteristics of a titration curve for the titration of HCl with NaOH.
	 12.	How is the end point found in the titration of HCl with NaOH using either a titration curve 

or an indicator?
	 13.	A 3.471-g sample of a compound containing C, H, and O was ignited in a stream of O2 and 

CO2 and H2O were collected. Masses of 8.758 g of CO2 and 1.537 g of H2O were collected. 
Calculate the percentages of C and H in the compound.

	 14.	Based on material covered in Chapter 19 and on information from the Internet regard-
ing the nature of electrons in atoms, quantum chemistry, and photochemistry, attempt to 
explain the phenomena of atomic absorption and atomic emission discussed as analytical 
techniques in this chapter.



535Analytical Chemistry and Industrial Hygiene

	 15.	Considering the Nernst equation as it applies to the measurement of pH, calculate the volt-
age change at a glass electrode used to measure pH for each unit change in pH.

	 16.	Distinguish among electron-capture detector, flame-ionization detector, and mass spec-
trometer as detectors for gas chromatographic separations.

	 17.	What is required to get a reasonably fast flow rate in a high-performance liquid chromato-
graphic separation?

	 18.	What is the basis of separations made in mass spectrometry? Why is mass spectrometry 
one of the most specific means of detecting organic compounds?

	 19.	What are the main components of an automated analyzer system? What are the functions 
of each?

	 20.	What is the basis of immunoassay analysis? What is meant by it being classified as a good 
screening technique?

	 21.	A sample of a colored analyte at a concentration of 3.60 × 10−3 mol/L shows 34.2% 
transmittance in a 2.00-cm cell. What is the value of a in the Beer’s law equation for this 
substance at the wavelength measured? If a sample of the colored analyte of unknown con-
centration gives an absorbance, A, of 0.520 in the same cell at the same wavelength, what 
is the concentration of the analyte in this solution?

	 22.	What are the similarities between the measurement of TOC and that of biochemical oxy-
gen demand (BOD) in water? What are the differences between them? Which is likely to 
be indicative of livestock feedlot pollution, and which would suggest water pollution from 
industrial wastes?

	 23.	 In a sense, TCLP is a somewhat strange test based on a “mismanagement scenario.” What 
is the origin of the test, and what is the mismanagement scenario?

	 24.	Suggest how the standard method for the determination of atmospheric sulfur dioxide is 
not in keeping with the best practice of green chemistry.

	 25.	Suggest a conceptual similarity between the determination of lead by atomic absorption 
spectrophotometry and the determination of carbon dioxide in air by nondispersive 
infrared analysis.

	 26.	Match each kind of substance or phenomenon actually measured that is listed in the right 
column with the potentially toxic substance or pollutant responsible for it from the left 
column:
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19 Fundamentals of Chemistry

19.1  SCIENCE OF MATTER

This chapter is designed to give those readers who have had little exposure to chemistry the basic 
knowledge needed to understand the material in the rest of the book. For the reader who has had 
no exposure to chemistry, this chapter provides the basic concepts and terms in general chemis-
try. A larger category of readers consist of those who have had at least one chemistry course, but 
whose chemistry background, for various reasons, is inadequate. By learning the material in this 
chapter and that in Chapter 9, these readers can comprehend the chemistry in this book. For a more 
complete coverage of chemistry fundamentals, readers should consult one of a number of basic 
chemistry books such as Fundamentals of Sustainable Chemical Science1 and other supplementary 
references listed at the end of the chapter.

Chemistry is the science of matter. Therefore, it deals with all of the things that surround human-
kind and with all aspects of the environment. Chemical properties and processes are central to 
environmental science. A vast variety of chemical reactions occur in water, for example, including 
acid-base reactions, precipitation reactions, and oxidation–reduction reactions largely mediated by 
microorganisms. Atmospheric chemical phenomena are largely determined by photochemical pro-
cesses and chain reactions. A large number of organic chemical processes occur in the atmosphere. 
The geosphere, including soil, is the site of many chemical processes, particularly those that involve 
solids. The biosphere obviously is where the many biochemical processes crucial to the environ-
ment and to the toxic effects of chemicals occur. Much of the anthrosphere is based on things that 
are made chemically and chemical processes.

This chapter emphasizes several aspects of chemistry. It begins with a brief discussion of the 
nature of matter and the states of matter. Next follows a discussion of the fundamental subatomic 
particles that make up all matter and explains how these are assembled to produce atoms. In turn, 
atoms join together to make compounds. Chemical reactions and chemical equations that repre-
sent them are discussed. Solution chemistry is especially important to aquatic chemistry and is 
addressed in a separate section. The important, vast discipline of organic chemistry is crucial to all 
parts of the environment and is addressed in Chapter 20.

19.1.1 S tates of Matter

The forms of matter, whether solid, liquid, or gas, are called the states of matter. A solid has a 
definite shape and volume, a liquid has a definite volume (is essentially noncompressible), and a 
gas takes on the shape and volume of its container. These states of matter are very much related to 
the chapters in this book. The hydrosphere with its vast oceans (Chapter 4) is normally considered 
as liquid, although significant portions of it are in the solid state as ice in glaciers and polar ice 
caps and part of it is in the gas form as water vapor in the atmosphere. The atmosphere (Chapter 6) 
is composed of gas with a small fraction of liquid water droplets in clouds and some solids sus-
pended as particulate matter in it. The geosphere (Chapter 9) is regarded as solid rock and soil, 
although much of it at greater depths is liquid rock and it contains liquids as groundwater and liquid 
petroleum as well as gases in natural gas.

Liquids tend to dissolve solids, gases, and other liquids to produce solutions. Solutions, espe-
cially those in liquid water, are very important in environmental and toxicological chemistry and 
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are discussed in more detail in Section 19.5. The molecules and ions dissolved in solutions are 
mobile, which enable them to come into contact and react with one another. For this reason, liquids 
are widely used as media in which chemical processes occur.

19.1.2 G ases and the Gas Laws

The behavior of gases in the atmosphere is governed by several fundamental gas laws, which are 
covered briefly here. In using these laws, it should be kept in mind that the quantity of gas is most 
usefully expressed in numbers of moles. There are many units of pressure, but one that is very 
meaningful conceptually is the atmosphere (atm) where 1 atmosphere is the average pressure of 
air in the atmosphere at sea level. (Air has pressure because of the mass of all the molecules of air 
pressing down from the atmosphere above; at higher altitudes, the pressure becomes progressively 
lower.) For calculations involving temperature, the absolute temperature scale is used in which 
each degree is the same size as a degree Celsius (or centigrade, the temperature scale used for sci-
entific measurements and for temperature readings in most of the world), but zero is 273° below the 
freezing point of water, which is taken as zero on the Celsius scale. Three important gas laws are 
as follows:

	 1.	Avogadro’s law: At constant temperature and pressure, the volume of a gas is directly pro-
portional to the number of moles; doubling the number of moles at a constant temperature 
and pressure doubles the volume.

	 2.	Charles’s law: At constant pressure, the volume of a fixed number of moles of gas is 
directly proportional to the absolute temperature (degrees Celsius + 273) of the gas; dou-
bling the absolute temperature at constant pressure doubles the volume.

	 3.	Boyle’s law: At constant temperature, the volume of a fixed number of moles of gas is 
inversely proportional to the pressure; doubling the pressure halves the volume.

These three laws are summarized in the general gas law relating volume (V), pressure (P), num-
ber of moles (n), and absolute temperature (T) expressed as follows:

	 PV nRT= 	 (19.1)

where R is a constant.
Mathematical calculations involving the gas laws are simple. One of the most common such cal-

culation is that of changes in volume resulting from changes in pressure, temperature, or moles of 
gas. The parameter that does not change is the constant R. Using subscripts to represent conditions 
before and after a change yields the following relationship:
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This equation can be arranged in a form that can be solved for a new volume resulting from 
changes in P, n, or T:

	 V V
n T P

n T P2 1
2 2 1

1 1 2

= × 	 (19.3)

As an example, calculate the volume of a fixed number of moles of gas initially occupying 12.0 L 
when the temperature is changed from 10°C to 90°C at constant pressure. To use these temperatures, 
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they must be changed to absolute temperature by adding 273°. Therefore, T1 = 10° + 273° = 283°, 
and T2 = 90° + 273° = 363°. Since n and P remain constant, they cancel out of the equation yielding 
the following relationship:

	 V V
T

T2 1
2

1

12 0
363
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15 4= × = × °

°
=. .L L 	 (19.4)

As another example, consider the effects of a change of pressure, holding both the temperature 
and the number of moles constant. Calculate the new volume of a quantity of gas occupying initially 
16.0 L at a pressure of 0.900 atm when the pressure is changed to 1.20 atm. In this case, both n and 
T remain the same and cancel out of the equation giving the following relationship:
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Note that an increase in temperature increases the volume and an increase in pressure decreases 
the volume.

19.2  ELEMENTS

All substances are composed of only about a hundred fundamental kinds of matter called elements. 
Elements, themselves, may be of environmental concern. The “heavy metals,” including lead, cad-
mium, and mercury, are well recognized as toxic substances in the environment. Elemental forms of 
otherwise essential elements may be very toxic or cause environmental damage. Oxygen in the form 
of ozone, O3, is the agent most commonly associated with atmospheric smog pollution and is very 
toxic to plants and animals. Elemental white phosphorus is highly flammable and toxic.

Each element is made up of very small entities called atoms; all atoms of the same element have 
identical chemical behavior. The study of chemistry, therefore, can logically begin with elements 
and the atoms of which they are composed. Each element is designated by an atomic number, a 
name, and a chemical symbol, such as carbon, C; potassium, K (for its Latin name kalium); or 
cadmium, Cd. Each element has a characteristic atomic mass (atomic weight), which is the aver-
age mass of all atoms of the element. Atomic numbers of the elements are integrals ranging from 
1 for hydrogen, H, to somewhat more than 100 for some of the transuranic elements (those beyond 
uranium). Atomic number is a unique, important way of designating each element, and it is equal to 
the number of protons in the nuclei of each atom of the element (see Section 19.2.1).

19.2.1 S ubatomic Particles and Atoms

Figure 19.1 represents an atom of deuterium, a form of hydrogen. It is seen that such an atom is made 
up of even smaller subatomic particles—positively charged protons, negatively charged electrons, 
and uncharged (neutral) neutrons.

The subatomic particles differ in mass and charge. Their masses are expressed by the atomic 
mass unit, u (also called the dalton), which is also used to express the masses of individual atoms 
and molecules (aggregates of atoms). The atomic mass unit is defined as a mass equal to exactly 
one-twelfth that of an atom of carbon-12, the isotope of carbon that contains six protons and six 
neutrons in its nucleus.

The proton, p, has a mass of 1.007277 u and a unit charge of +1. This charge is 1.6022 × 10−19 
coulombs, where a coulomb is the amount of electrical charge involved in a flow of electrical current 
of 1 ampere for 1 second. The neutron, n, has no electrical charge and a mass of 1.009665 u. The 
proton and the neutron each have a mass of essentially 1 u and are said to have a mass number of 1. 



542 Fundamentals of Environmental and Toxicological Chemistry

(Mass number is a useful concept expressing the total number of protons and neutrons, as well as 
the approximate mass, of a nucleus or subatomic particle.) The electron, e, has a unit electrical 
charge of −1. It is very light, however, with a mass of only 0.00054859 u, about 1/1840 that of the 
proton or the neutron. Its mass number is 0. The properties of protons, neutrons, and electrons are 
summarized in Table 19.1.

Although it is convenient to think of the proton and the neutron as having the same mass, and 
each is assigned a mass number of 1, it is seen in Table 19.1 that their exact masses differ slightly 
from each other. Furthermore, the mass of an atom is not exactly equal to the sum of the masses 
of subatomic particles composing the atom. This is because of the energy relationships involved in 
holding the subatomic particles together in atoms so that the masses of the atom’s constituent sub-
atomic particles do not add up to exactly the mass of the atom.

19.2.2 A tom Nucleus and Electron Cloud

Protons and neutrons, which have relatively high masses compared to electrons, are contained 
in the positively charged nucleus of the atom. The nucleus has essentially all of the mass but 
occupies virtually none of the volume of the atom. An uncharged atom has the same number of 
electrons as protons. The electrons in an atom are contained in a cloud of negative charge around 
the nucleus that occupies most of the volume of the atom. These concepts are emphasized in 
Figure 19.2.

Electron “cloud”n
+

–

Nucleus

FIGURE 19.1  Representation of a deuterium atom. The nucleus contains one proton (+) and one neutron (n). 
The electron (−) is in constant, rapid motion around the nucleus, forming a cloud of negative electrical charge, 
the density of which drops off with increasing distance from the nucleus.

TABLE 19.1
Properties of Protons, Neutrons, and Electrons

Subatomic Particle Symbol Unit Charge
Mass 

Number Mass (u) Mass (g)

Protona p +1 1 1.007277 1.6726 × 10−24

Neutrona n 0 1 1.008665 1.6749 × 10−24

Electrona e −1 0 0.000549 9.1096 × 10−28

a	 The mass number and the charge of each of these kinds of particles may be indicated by a superscipt and a subscript, 
respectively, as in the symbols 11 0

1
1
0p n,and e, − .



543Fundamentals of Chemistry

19.2.3 I sotopes

Atoms with the same number of protons but different numbers of neutrons in their nuclei are 
called isotopes. They are chemically identical atoms of the same element but have different 
masses and may differ in their nuclear properties. Some isotopes are radioactive isotopes or 
radionuclides, which have unstable nuclei that give off charged particles and gamma rays in the 
form of radioactivity. Radioactivity may have detrimental, or even fatal, health effects; a num-
ber of hazardous substances are radioactive and they can cause major environmental problems. 
The most striking example of such contamination resulted from a massive explosion and fire at 
a power reactor in the Ukrainian city of Chernobyl in 1986. A more recent episode of radionu-
clide contamination took place as the result of the catastrophic March 11, 2011, earthquake and 
tsunami followed by hydrogen gas explosions that destroyed four reactors and exposed spent fuel 
rods at the Fukushima Daiichi Nuclear Power Plant in Japan, requiring the evacuation of thou-
sands of nearby residents.

19.2.4 I mportant Elements

An abbreviated list of a few of the most important elements that could be useful for the reader to 
learn at this point is given in Table 19.2. A complete list of elements is given in Table 19.3 at the end 
of this chapter.

19.2.5  Periodic Table

When elements are considered in order of increasing atomic number, it is observed that their proper-
ties are repeated in a periodic manner. For example, elements with atomic numbers 2, 10, and 18 are 
gases that do not undergo chemical reactions and consist of individual atoms, whereas those with 
atomic numbers larger by 1—elements with atomic numbers 3, 11, and 19—are unstable, highly 
reactive metals. An arrangement of the elements in a manner that reflects this recurring behavior is 
known as the periodic table (Figure 19.3). The periodic table is extremely useful in understanding 
chemistry and predicting chemical behavior. As shown in Figure 19.3, the entry for each element 
in the periodic table gives the element’s atomic number, name, symbol, and atomic mass. More 
detailed versions of the table include other information as well.

––

––

– – –

–––

–

––

7+
7n

6+
6n

An atom of carbon, symbol C.
Each C atom has 6 protons (+) in its
nucleus, so the atomic number is 6.
�e atomic mass of C is 12.

An atom of nitrogen, symbol N.
Each N atom has 7 protons (+) in its
nucleus, so the atomic number is 7.
�e atomic mass of C is 14.

FIGURE 19.2  Atoms of carbon and nitrogen.
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19.2.6  Electrons in Atoms

The periodic table has several important features including the following: Groups of elements hav-
ing similar chemical behavior are contained in vertical columns in the periodic table. Main group 
elements may be designated as A groups (1A and 2A on the left, 3A through 8A on the right). 
Transition elements are those between main groups 2A and 3A. Noble gases (group 8A), a group 
of gaseous elements that are virtually chemically unreactive, are in the far right column. The chemi-
cal similarities of elements in the same group are especially pronounced for groups 1A, 2A, 7A, 
and 8A. Horizontal rows of elements in the periodic table are called periods, the first of which 
consists of only hydrogen (H) and helium (He). The second period begins with atomic number 
3 (lithium) and terminates with atomic number 10 (neon), whereas the third goes from atomic num-
ber 11 (sodium) through 18 (argon). The fourth period includes the first row of transition elements, 
whereas lanthanides and actinides are listed separately at the bottom of the table.

TABLE 19.2
List of Some of the More Important Common Elements

Element Symbol Atomic Number Atomic Mass Significance

Aluminum Al 13 26.9815 Abundant in Earth’s crust

Argon Ar 18 39.948 Noble gas

Arsenic As 33 74.9216 Toxic metalloid

Bromine Br 35 79.904 Toxic halogen

Cadmium Cd 48 112.40 Toxic heavy metal

Calcium Ca 20 40.08 Abundant essential element

Carbon C 6 12.011 “Life element”

Chlorine Cl 17 35.453 Halogen

Copper Cu 29 63.54 Useful metal

Fluorine F 9 18.998 Halogen

Helium He 2 4.00260 Lightest noble gas

Hydrogen H 1 1.008 Lightest element

Iodine I 53 126.904 Halogen

Iron Fe 26 55.847 Important metal

Lead Pb 82 207.19 Toxic heavy metal

Magnesium Mg 12 24.305 Light metal

Mercury Hg 80 200.59 Toxic heavy metal

Neon Ne 10 20.179 Noble gas

Nitrogen N 7 14.0067 Important nonmetal

Oxygen O 8 15.9994 Abundant, essential 
nonmetal

Phosphorus P 15 30.9738 Essential nonmetal

Potassium K 19 39.0983 Alkali metal

Silicon Si 14 28.0855 Abundant metalloid

Silver Ag 47 107.87 Valuable nonreactive metal

Sodium Na 11 22.9898 Essential, abundant alkali 
metal

Sulfur S 16 32.064 Essential element, occurs in 
air pollutant SO2

Tin Sn 50 118.69 Useful metal

Uranium U 92 238.03 Fissionable metal, 
nuclear fuel

Zinc Zn 30 65.37 Useful metal
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Although a detailed discussion of the placement of electrons in atoms determines how the atoms 
behave chemically and, therefore, the chemical properties of each element, it is beyond the scope 
of this chapter to discuss electronic structure in detail. Several key points pertaining to this subject 
are mentioned here.

Electrons in atoms are present in orbitals in which the electrons have different energies, orienta-
tions in space, and average distances from the nucleus. Each orbital may contain a maximum of two 
electrons. The placement of electrons in their orbitals determines the chemical behavior of an atom; 
in this respect, the outermost orbitals and the electrons contained in them are the most important. 
These outer electrons are the ones beyond those of the immediately preceding noble gas in the 
periodic table. They are of particular importance because they become involved in the sharing and 
transfer of electrons through which chemical bonding occurs that results in the formation of huge 
numbers of different substances from only a few elements.

Much of environmental chemistry and water chemistry are concerned with electrons in atoms. 
In the atmosphere, the absorption of electromagnetic radiation, primarily ultraviolet radiation, pro-
motes electrons to higher energy levels, forming reactive excited species and reactive free radicals 
with unpaired electrons. These phenomena can result in photochemical reactions such as the for-
mation of stratospheric ozone, which is an essential filter for solar ultraviolet radiation. Atomic 
absorption and emission methods of elemental analysis, important in the study of pollutants, involve 
transitions of electrons between energy levels.

19.2.7 L ewis Structures and Symbols of Atoms

Outer electrons are called valence electrons and are represented by dots in Lewis symbols, as 
shown for carbon and argon in Figure 19.4.

The four electrons shown for the carbon atom are those added beyond the electrons possessed 
by the noble gas that immediately precedes carbon in the periodic table (helium, atomic number 2). 
Eight electrons are shown around the symbol of argon. This is an especially stable electron con-
figuration for noble gases known as an octet. (Helium is the exception among noble gases in that it 
has a stable shell of only two electrons.) When atoms interact through the sharing, loss, or gain of 
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FIGURE 19.3  The periodic table of the elements.
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electrons to form molecules and chemical compounds (see Section 19.3), many attain an octet of 
outer shell electrons. This tendency is the basis of the octet rule of chemical bonding. (Two or three 
of the lightest elements, most notably hydrogen, attain stable helium-like electron configurations 
containing two electrons when they become chemically bonded.)

19.2.8 M etals, Nonmetals, and Metalloids

Elements are divided between metals and nonmetals; a few elements with intermediate char-
acter are called metalloids. Metals are elements that are generally solid, shiny in appearance, 
electrically conducting, and malleable—that is, they can be pounded into flat sheets without dis-
integrating. They tend to have only one to three outer electrons, which they may lose in forming 
chemical compounds. Examples of metals are iron, copper, and silver. Most metallic objects 
that are commonly encountered are not composed of just one kind of elemental metal but are 
alloys consisting of homogeneous mixtures of two or more metals. Nonmetals often have a dull 
appearance, are not at all malleable, and frequently occur as gases or liquids. Colorless oxygen 
gas, green chlorine gas (transported and stored as a liquid under pressure), and brown bromine 
liquid are common nonmetals. Nonmetals tend to have close to a full octet of outer shell electrons, 
and in forming chemical compounds, they gain or share electrons. Metalloids, such as silicon 
or arsenic, are elements with properties intermediate between those of metals and nonmetals. 
Under some conditions, a metalloid may exhibit properties of metals, and under other conditions, 
properties of nonmetals.

19.3  CHEMICAL BONDING

Only a few elements, particularly the noble gases, exist as individual atoms; most atoms are joined 
by chemical bonds to other atoms. For example, elemental hydrogen exists as molecules, each 
consisting of two H atoms linked by a chemical bond as shown in Figure 19.5. Because hydrogen 
molecules contain two H atoms, they are said to be diatomic and are denoted by the chemical 
formula, H2. The H atoms in the H2 molecule are held together by a covalent bond made up of two 
electrons, each contributed by one of the H atoms, and shared between the atoms. (Bonds formed by 
transferring electrons between atoms are described later in this section.) The shared electrons in the 
covalent bonds holding the H2 molecule together are represented by two dots between the H atoms 
in Figure 19.5. By analogy with Lewis symbols defined in Section 19.2.7, such a representation of 
molecules showing outer shell and bonding electrons as dots is called a Lewis formula.

H
H H H

Lewis structure of H2

�e H atoms in
elemental hydrogen

are held together by
chemical bonds in molecules

that have the chemical
formula H2

H2

H H H H+

FIGURE 19.5  Molecule and Lewis formula of H2.

Lewis symbol of carbon Lewis symbol of argon

ArC

FIGURE 19.4  Lewis symbols of carbon and argon.
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19.3.1 C hemical Compounds

Most substances consist of two or more elements joined by chemical bonds. As an example, con-
sider the chemical combination of hydrogen and oxygen shown in Figure 19.6. Oxygen, chemical 
symbol O, has an atomic number of 8 and an atomic mass of 16.00; it exists in the elemental form as 
diatomic molecules of O2. Hydrogen atoms combine with oxygen atoms to form molecules in which 
two H atoms are bonded to one O atom in a substance with a chemical formula of H2O (water). 
A substance such as H2O that consists of a chemically bonded combination of two or more elements 
is called a chemical compound. In the chemical formula for water, the letters H and O are the 
chemical symbols of the two elements in the compound and the subscript 2 indicates that there are 
two H atoms per O atom. (The absence of a subscript after the O denotes the presence of just one 
O atom in the molecule.)

As shown in Figure 19.6, each of the hydrogen atoms in the water molecule is connected to 
the oxygen atom by a chemical bond composed of two electrons shared between the hydrogen 
and the oxygen atoms. For each bond, one electron is contributed by the hydrogen and one by 
the oxygen. The two dots located between each H and O in the Lewis formula of H2O represent 
the two electrons in the covalent bond joining these atoms. Four of the electrons in the octet 
of electrons surrounding O are involved in H–O bonds and are called bonding electrons. The 
other four electrons shown around the oxygen that are not shared with H are nonbonding outer 
electrons.

19.3.2 M olecular Structure

As implied by the representations of the water molecule in Figure 19.6, the atoms and bonds in 
H2O form an angle somewhat greater than 90°. The shapes of molecules are referred to as their 
molecular geometry, which is crucial in determining the chemical and toxicological activity of a 
compound and structure–activity relationships.

As shown in Figure 19.7, the transfer of electrons from one atom to another produces charged 
species called ions. Positively charged ions are called cations and negatively charged ions are called 
anions. Ions that make up a solid compound are held together by ionic bonds in a crystalline lat-
tice consisting of an ordered arrangement of the ions in which each cation is largely surrounded 
by anions and each anion by cations. The attracting forces of the oppositely charged ions in the 
crystalline lattice constitute ionic bonds in the compound. The formation of the ionic compound 
magnesium oxide is shown in Figure 19.7. In naming this compound, the cation is simply given the 
name of the element from which it was formed, magnesium. However, the ending of the name of the 
anion, oxide, is different from that of the element from which it was formed, oxygen.

Hydrogen atoms and
oxygen atoms bond
together

to form molecules in
which 2 H atoms are
attached to 1 O atom.

Lewis structure of the
water molecule

�e chemical formula
of the product, water,
is H2O.

H O

H

H H

H2O

O

H H

O

FIGURE 19.6  Formation and Lewis formula of a chemical compound, water.



548 Fundamentals of Environmental and Toxicological Chemistry

Rather than individual atoms that have lost or gained electrons, many ions are groups of atoms 
bonded together covalently and having a net charge. A common example of such an ion is the 
ammonium ion, NH4

+,

	
H Ammonium ion, NH4

+
N

H

HH

+

	

which consists of four hydrogen atoms covalently bonded to a single nitrogen (N) atom and having 
a net electrical charge of +1 for the whole cation, as shown by its structural formula above.

19.3.3 S ummary of Chemical Compounds and the Ionic Bond

The beginning of this chapter covered some material on chemical compounds and bonds that are 
essential to understanding chemistry. To summarize, these are as follows:

•	 Atoms of two or more different elements can form chemical bonds with each other to yield 
a product that is entirely different from the elements.

•	 Such a substance is called a chemical compound.
•	 The formula of a chemical compound gives the symbols of the elements and uses sub-

scripts to show the relative numbers of atoms of each element in the compound.
•	 Molecules of some compounds are held together by covalent bonds consisting of shared 

electrons.
•	 Another kind of compound consists of ions composed of electrically charged atoms or 

groups of atoms held together by ionic bonds that exist because of the mutual attraction of 
oppositely charged ions.

19.3.4 M olecular Mass

The average mass of all molecules of a compound is its molecular mass (formerly called molecular 
weight). The molecular mass of a compound is calculated by multiplying the atomic mass of each 
element by the relative number of atoms of the element and then adding all the values obtained for 

Atom nucleus

Mg Mg2+

Yields an ion of Mg2+ and one of
O2– in the compound MgO

	e transfer of two electrons from
an atom of Mg to an O atom

Formation of ionic MgO as shown by Lewis structures and symbols. In
MgO, Mg has lost 2 electrons and is in the +2 oxidation state, Mg(II),
and O has gained 2 electrons and is in the –2 oxidation state.

Mg
12+

Mg2 + ion O2– ion

12e–

O
8+

Mg
12+

O
8+

8e– 10e– 10e–

2e–

O2–O

FIGURE 19.7  Ionic bonds are formed by the transfer of electrons and the mutual attraction of oppositely 
charged ions in a crystalline lattice.
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each element in the compound. For example, the molecular mass of NH3 is 14.0 + 3 × 1.0 = 17.0. 
As another example, consider the following calculation of the molecular mass of ethylene, C2H4:

•	 The chemical formula of the compound is C2H4.
•	 Each molecule of C2H4 consists of 2 C atoms and 4 H atoms.
•	 From the periodic table or Table 19.2, the atomic mass of C is 12.0 and that of H is 1.0.
•	 Therefore, the molecular mass of C2H4 is

	
12 0 12 0 1 0 1 0 1 0 1 0

2

. . . . . .+ + + + +
From C atoms Fr
� �� ��

oom H atoms4

28 0� ���� ���� = .
	

19.3.5 M ole and Molar Mass

It is convenient to consider quantities of chemicals in compounds in units proportional to the num-
ber of molecules. Such a unit is the mole, which is expressed as the same number of grams of a 
compound as the molecular mass of the compound. Using this definition, a mole of C2H4, calculated 
in the preceding discussion to have a molecular mass of 28.0, is 28.0 g and the molar mass of C2H4 
is 28.0 g/mol. The molecular mass of H2O is 18.0 and its molar mass is 18.0 g/mol. The definition 
applies equally well to ionic compounds that do not consist of distinct molecules. Sodium chloride, 
NaCl, consists of aggregates of equal numbers of Na+ and Cl− ions. The molecular mass of NaCl is 
23.0 (from Na) + 35.5 (from Cl) = 58.5. Therefore, the molar mass of NaCl is 58.5 g/mol. In the case 
of elements that are composed of individual atoms, the molar mass is given by the atomic mass. The 
molar mass of helium, atomic mass 4.0, is 4.0 g/mol. Elemental hydrogen, atomic mass 1.0 consists 
of molecules each composed of two atoms (H2) and has a molecular mass of 2.0. The molar mass 
of H2 is 2.0 g/mol.

19.3.6 O xidation State

The loss of two electrons from the magnesium atom as shown in Figure 19.7 is an example of 
oxidation, and the Mg2+ ion product is said to be in the +2 oxidation state. (A positive oxidation 
state or oxidation number is conventionally denoted by a Roman numeral in parentheses follow-
ing the name or symbol of an element as in magnesium(II) and Mg(II)). In gaining two negatively 
charged electrons in the reaction that produces magnesium oxide, the oxygen atom is reduced and is 
in the −2 oxidation state. (Unlike positive oxidation numbers, negative ones are not convention-
ally shown by Roman numerals in parentheses.) In chemical terms, an oxidizer is a species that 
takes electrons from a reducing agent in a chemical reaction. Many hazardous waste substances are 
oxidizers or strong reducers, and oxidation–reduction is the driving force behind many dangerous 
chemical reactions. For example, the reducing tendencies of the carbon and hydrogen atoms in pro-
pane cause it to burn violently or explode in the presence of oxidizing oxygen in air. The oxidizing 
ability of concentrated nitric acid, HNO3, enables it to react destructively with organic matter such 
as cellulose or skin. As discussed in Chapter 3, oxidation–reduction phenomena are very important 
in aquatic chemical processes.

Covalently bonded atoms that have not actually lost or gained electrons to produce ions are also 
assigned oxidation states. This can be done because in covalent compounds electrons are not shared 
equally. Therefore, an atom of an element with a greater tendency to attract electrons is assigned a 
negative oxidation number compared to the positive oxidation number assigned to an element with 
a lesser tendency to attract electrons. For example, Cl atoms attract electrons more strongly than 
do H atoms so that in hydrogen chloride gas, HCl, the Cl atom is in the −1 oxidation state and the 
H atoms are in the +1 oxidation state. Electronegativity values are assigned to elements on the 
basis of their tendencies to attract electrons.
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The oxidation state (oxidation number) of an element in a compound may have a strong influence 
on the hazards posed by the compound. For example, chromium from which each atom has lost three 
electrons to form a chemical compound, designated as chromium(III) or Cr(III), is not toxic, whereas 
Cr in the +6 oxidation state (CrO4

2−, chromate) is regarded as a cancer-causing chemical when inhaled.

19.4  CHEMICAL REACTIONS AND EQUATIONS

Chemical reactions occur when substances are changed to other substances through the break-
ing and formation of chemical bonds. For example, water is produced by the chemical reaction of 
hydrogen and oxygen:

	 Hydrogen plus oxygen yields water 	

Chemical reactions are written as chemical equations. The chemical reaction between hydrogen 
and water is written as the balanced chemical equation

	 2H O 2H O2 2 2+ → 	 (19.6)

in which the arrow is read as “yields” and separates the hydrogen and oxygen reactants from the 
water product. Note that because elemental hydrogen and elemental oxygen occur as diatomic 
molecules of H2 and O2, respectively, it is necessary to write the equation in a way that reflects 
these correct chemical formulas of the elemental form. All correctly written chemical equations are 
balanced in that the same number of each kind of atom must be shown on both sides of the equa-
tion. Equation 19.6 is balanced because of the following:

On the left
•	 There are two H2 molecules each containing two H atoms, a total of four H atoms on 

the left.
•	 There is one O2 molecule containing two O atoms for a total of two O atoms on the left.

On the right
•	 There are two H2O molecules each containing two H atoms and one O atom for a total 

of four H atoms and two O atoms on the right.

19.4.1 R eaction Rates

Most chemical reactions give off heat and are classified as exothermic reactions. The rate of a 
reaction may be calculated by the Arrhenius equation, which contains absolute temperature 
(K = °C + 273) in an exponential term. Typically, the speed of a reaction doubles for each 10°C 
increase in temperature. Reaction rate factors are important factors in fires or explosions involving 
hazardous chemicals. Rates of reactions are also very important in atmospheric chemical processes 
such as those involved in the formation of photochemical smog (see Chapter 7, Section 7.8).

Catalysts are materials that speed up chemical reactions or even enable them to proceed without 
themselves being consumed. An example of a catalyst is the one located in the catalytic converter 
of an automobile exhaust system that consists of small quantities of precious metals coated onto 
the solid honeycomb-like surface that acts as a catalyst support. Such a catalyst speeds the reaction 
with oxygen of toxic carbon monoxide from the engine exhaust to produce nontoxic carbon dioxide:

	 2CO O 2CO2 2+ → 	 (19.7)
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As discussed in Section 2.7, the most sophisticated catalysts consist of special proteins called 
enzymes that occur in living organisms. A common enzyme-catalyzed process is the reaction of 
glucose (blood sugar, C6H12O6) with molecular oxygen to produce energy:

	 C H O 6O 6CO 6H O energy6 12 6 2 2 2+ → + + 	 (19.8)

This is the important process of oxic respiration carried out by all organisms, including humans, 
that live in contact with air and utilize oxygen from air to react with food materials. Although the 
overall reaction for oxic respiration can be written very simply, the actual process requires many 
steps, and several catalytic enzymes are used.

Catalysts are very important in green chemistry. One reason that this is so is because catalysts 
enable reactions to be carried out very specifically. Also, the right catalyst can enable reactions to 
occur with relatively less energy consumption and at relatively lower temperatures.

19.5  SOLUTIONS

A liquid solution is formed when a substance in contact with a liquid becomes dispersed 
homogeneously throughout the liquid at the molecular level. The substance, called a solute, is 
said to dissolve. The liquid is called a solvent. There may be no readily visible evidence that 
a solute is present in the solvent; for example, a deadly poisonous solution of sodium cyanide 
in water looks like pure water. Some solutions have a strong color, as is the case for intensely 
purple solutions of potassium permanganate, KMnO4. A solution may have a strong odor such 
as that of ammonia, NH3, dissolved in water. Solutions may consist of solids, liquids, or gases 
dissolved in a solvent. Technically, it is even possible to have solutions in which a solid is a 
solvent.

19.5.1 S olution Concentration

The quantity of a solute relative to that of a solvent or solution is called the solution concentration. 
Concentrations are expressed in numerous ways. Very high concentrations are often given as per-
cent by mass. For example, commercial concentrated hydrochloric acid is 36% HCl, meaning that 
36% of the mass has come from dissolved HCl and 64% from water solvent. Concentrations of very 
dilute solutions, such as those of hazardous waste leachate containing low levels of contaminants, 
are expressed as mass of solute per unit volume of solution. Common units are milligrams per liter 
(mg/L) or micrograms per liter (μg/L). Since a liter of water weighs essentially 1000 g, a concentra-
tion of 1 mg/L is equal to 1 part per million (ppm) and a concentration of 1 μg/L is equal to l part 
per billion (ppb).

Chemists often express concentrations in moles per liter, or molarity, M. Molarity is given by 
the relationship

	 M
Number of moles of solute

Number of liters
=

of solution
	 (19.9)

The number of moles of a substance is its mass in grams divided by its molar mass. For example, 
the molecular mass of ammonia, NH3, is 14 + 1 + 1 + 1, so a mole of ammonia has a mass of 17 g. 
Therefore, 17 g of NH3 in 1 L of solution has a value of M equal to 1 mole/L.
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19.5.2  Water As a Solvent

Water is a uniquely important solvent in the environment and in living systems. Water has some 
unique properties as a solvent that arise from its molecular structure as represented by the following 
Lewis structure of the water molecule:

	 Polar water molecule

(+) (–)
H

H
O

	

The H atoms are not on opposite sides of the O atom and the two H–O bonds form an angle of 
105°. Furthermore, the O atom (−2 oxidation state) is able to attract electrons more strongly than the 
two H atoms (each in the +1 oxidation state) so that the molecule is polar, with the O atom having 
a partial negative charge and the end of the molecule with the two H atoms having a partial posi-
tive charge. This means that water molecules can cluster around ions with the positive ends of the 
water molecules attracted to negatively charged anions and the negative end to positively charged 
cations. This kind of interaction is part of the general phenomenon of solvation. It is specifically 
called hydration when water is the solvent and is partially responsible for water’s excellent ability 
to dissolve ionic compounds including acids, bases, and salts.

Water molecules form a special kind of bond called a hydrogen bond with each other and 
with solute molecules that contain O, N, or S atoms. As its name implies, a hydrogen bond 
involves a hydrogen atom held between two other atoms of O, N, or S. Hydrogen bonding is 
partly responsible for water’s ability to solvate and dissolve chemical compounds capable of 
hydrogen bonding.

As shown by its structural formula, the water molecule is a polar species, which affects its ability 
to act as a solvent. Solutes may likewise have polar character. In general, solutes with polar molecules 
are more soluble in water than nonpolar ones. The polarity of an impurity solute in wastewater is a 
factor in determining how it may be removed from water. Nonpolar organic solutes are easier to take 
out of water by an adsorbent species such as activated carbon than are more polar solutes.

19.5.3  Solutions of Acids, Bases, and Salts

Acids are substances that produce H+ ion in water solution and bases are substances that produce 
OH− ion. Salts are substances that are composed of ions and that contain a cation other than 
H+ and an anion other than OH−. Salts can be produced by the reaction between H+ ion from an 
acid and OH− ion from a base, a neutralization reaction. As a specific example, consider the 
reaction of H+ from a solution of sulfuric acid, H2SO4, with OH− from a solution of calcium 
hydroxide:

	

Acid, source of H+ ion Water

SaltBase, source of OH– ion

H2SO4  +  Ca(OH)2 2H2O  +  CaSO4	 (19.10)

In addition to water, which is always the product of a neutralization reaction, the other product 
is  calcium sulfate, CaSO4. This compound is a salt composed of Ca2+ ions and SO4

2− ions held 
together by ionic bonds. A salt, consisting of a cation other than H+ and an anion other than the 
OH− ion, is the other product in addition to water produced when an acid and a base react. Some 
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salts are hazardous substances and environmental pollutants because of their dangerous or harmful 
properties. Some examples are the following:

•	 Ammonium perchlorate, NH4ClO4, (reactive oxidant)
•	 Barium cyanide, Ba(CN)2 (toxic)
•	 Lead acetate, Pb(C2H3O2)2 (toxic)
•	 Thallium(I) carbonate, Tl2CO3 (toxic)

19.5.4 C oncentration of H+ Ion and pH

Acids such as HCl and sulfuric acid (H2SO4) produce H+ ion, whereas bases such as sodium hydrox-
ide and calcium hydroxide [NaOH and Ca(OH)2 respectively] produce hydroxide ion, OH−. Molar 
concentrations of water solutions of hydrogen ion, [H+], range over many orders of magnitude and 
are conveniently expressed by pH defined as follows:

	 pH log H= −  
+

	 (19.11)

In absolutely pure water at 25°C, the value of [H+] is exactly 1 × 10−7 mole/L, the pH is 7.00, and 
the solution is neutral (neither acidic nor basic). Acidic solutions have pH values of less than 7, and 
basic solutions have pH values of greater than 7.

Strong acids and strong bases are corrosive substances that exhibit extremes of pH. They are 
destructive to materials and flesh. Strong acids can react with cyanide and sulfide compounds to 
release highly toxic hydrogen cyanide (HCN) or hydrogen sulfide (H2S) gases respectively. Strong 
bases such as NaOH liberate noxious ammonia gas (NH3) from solid ammonium compounds.

19.5.5 M etal Ions Dissolved in Water

Metal ions dissolved in water have some unique characteristics that influence their properties as 
natural water constituents and heavy metal pollutants and in biological systems. The formulas of 
metal ions are usually represented by the symbol for the ion followed by its charge. For example, 
iron(II) ion [from a compound such as iron(II) sulfate, FeSO4] dissolved in water is represented as 
Fe2+. Actually, in water solution, each iron(II) ion is strongly solvated by bonding to water mol-
ecules, so that the formula is more correctly shown as Fe(H O)2 6

2+. Many metal ions have a tendency 
to lose hydrogen ions from the solvating water molecules as shown by the following reaction:

	
Fe H O Fe OH H O H2 6

2
2 5( ) → ( )( ) ++ +

	
(19.12)

Ions of the next higher oxidation state, iron(III), have such a tendency to lose H+ ion in aqueous 
solution that, except in rather highly acidic solutions, they precipitate out as solid hydroxides, such 
as iron(III) hydroxide, Fe(OH)3:

	
Fe H O Fe OH 3H O 3H2 6

3
3 2( ) → ( )( ) + ++ +s

	
(19.13)

19.5.6 C omplex Ions Dissolved in Water

It was noted in Section 19.5.5 that metal ions are solvated (hydrated) by binding to water molecules 
in aqueous solution. Some species in solution have a stronger tendency than water to bond to metal 
ions. An example of such a species is cyanide ion, CN−, which displaces water molecules from some 
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metal ions in solution as shown in the following reaction (where the double arrow denotes that the 
reaction is reversible):

	
Ni H O 4CN Ni CN 4H O2 4

2
4
2

2( ) + ↔ ( ) ++ − −

	
(19.14)

The species that bonds to the metal ion, cyanide in this case, is called a ligand, and the product 
of the reaction is a complex ion or metal complex. The overall process is called complexation. (See 
also the discussion of complexation and metal chelates in Chapter 3, Section 3.11.)

19.5.7 C olloidal Suspensions

Very small particles on the order of 1 μm or less in size, called colloidal particles, may stay sus-
pended in a liquid for an indefinite period of time. Such a mixture is a colloidal suspension and it 
behaves in many respects like a solution. As discussed in Chapter 3, Section 3.8, colloids play an 
important role in the environmental chemistry of the hydrosphere. The three major kinds of colloi-
dal suspensions in water are shown in Figure 3.11. Colloidal suspensions are used in many industrial 
applications. Many waste materials are colloidal and are often emulsions consisting of colloidal 
liquid droplets suspended in another liquid, usually wastewater. One of the challenges in dealing 
with colloidal wastes or in purifying water that contains colloidal solids is to remove a relatively 
small quantity of colloidal material from a large quantity of water by precipitating the colloid. This 
process is called coagulation or flocculation and is often brought about by the addition of chemical 
agents.

19.5.8 S olution Equilibria

Many of the phenomena in aquatic chemistry and geochemistry (chemical phenomena in the geo-
sphere) involve solution equilibrium. In a general sense, solution equilibrium deals with the extent 
to which reversible acid-base, solubilization–precipitation, complexation, or oxidation–reduction 
reactions proceed in a forward or backward direction. This is expressed for a generalized equilib-
rium reaction

	 aA bB cC dD+ ↔ + 	 (19.15)

by solution concentrations in the following equilibrium constant expression:

	

[ ] [ ]

[ ] [ ]

C D

A B

c d

a b
= K

	 (19.16)

where K is the equilibrium constant.
A reversible reaction may approach equilibrium from either direction. In the preceding example, 

if A were mixed with B, or C were mixed with D, the reaction would proceed in a forward or reverse 
direction such that the concentrations of species—[A], [B], [C], and [D]—substituted into the equi-
librium expression gave a value equal to K.

As expressed by Le Châtelier’s principle, a stress placed upon a system in equilibrium will 
shift the equilibrium to relieve the stress. For example, adding product “D” to a system in equilib-
rium will cause Reaction 19.15 to shift to the left, consuming “C” and producing “A” and “B,” until 
the equilibrium constant expression is again satisfied. This mass action effect is the driving force 
behind many environmental chemical phenomena.
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When concentrations and pressures are used in equilibrium constant expression calculations, 
K is not exactly constant with varying concentrations and pressures; it is an approximate equilib-
rium constant that applies only to limited conditions. Thermodynamic equilibrium constants 
are more exact forms derived from thermodynamic data that make use of activities in place of 
concentrations. At a specified temperature, the value of a thermodynamic equilibrium constant 
is applicable over a wide concentration range. The activity of a species, commonly denoted as aX 
for species “X,” expresses how effectively it interacts with its surroundings, such as other solutes 
or electrodes in solution. Activities approach concentrations at low values of concentration. The 
thermodynamic equilibrium constant expression for Reaction 19.15 is expressed as the following in 
terms of activities:

	

a a

a a

c d

a b
C D

A B

= K
	

(19.17)

There are several major kinds of equilibria in aqueous solution. One of these is acid-base equi-
librium as exemplified by the ionization of acetic acid, HAc,

	 HAc H Ac↔ ++ −
	 (19.18)

for which the acid dissociation constant is the following where the subscript “a” denotes an acid 
dissociation constant:

	

[ ][ ]

[ ]

H Ac

HAc a

+ −

= K
	

(19.19)

Very similar expressions are obtained for the formation and dissociation of metal complexes or 
complex ions formed by the reaction of a metal ion in solution with a complexing agent or ligand, 
both of which are capable of independent existence in solution (see Section 19.5.6). This can be 
shown by the reaction of iron(III) ion and thiocyanate ligand

	 Fe SCN FeSCN3 2+ − ++ ↔ 	 (19.20)

for which the formation constant expression is

	

[ ]

[ ][ ]
. ( )

FeSCN

Fe SCN
at Cf

2

3
31 07 10 25

+

+ −
−= = × °K

	
(19.21)

The bright red color of the FeSCN2+ complex formed is used to test for the presence of iron(III) 
in polluted acid mine water.

An example of an oxidation–reduction reaction, which involves the transfer of electrons 
between species, is

	 MnO 5Fe 8H Mn 5Fe 4H O4
2 2 3

2
− + + + ++ + ↔ + + 	 (19.22)

for which the equilibrium expression is

	
[ ][ ]

[ ][ ] [ ]
(

Mn Fe

MnO Fe H
3 10 a

4

62
2 3 5

2 5 8

+ +

− + + = = ×K tt 25°C) 	 (19.23)
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19.5.9 D istribution between Phases

Many important environmental chemical phenomena involve distribution of species between 
phases. This most commonly involves the equilibria between species in solution and in a solid 
phase. Solubility equilibria deal with reactions such as

	 AgCl Ag Cls( ) ↔ ++ − 	 (19.24)

in which one of the participants is a solid that is slightly soluble (virtually insoluble). For the preced-
ing example, the equilibrium constant is

	   .Ag Cl 1 82 1 at 25 Csp
1+ − −    = = × °( )K 0 0 	 (19.25)

a solubility product. Note that in the equilibrium constant expression, there is no value given for 
the solid AgCl. This is because the activity of a solid is constant at a specific temperature and is 
contained in the value of Ksp.

An important example of distribution between phases is that of a hazardous waste species par-
titioned between water and a body of immiscible organic liquid in a hazardous waste site. The 
equilibrium for such a reaction

	 X Xaq org( ) ↔ ( ) 	 (19.26)

is described by the distribution law expressed by a distribution coefficient or partition coeffi-
cient in the following form:

	

[ (org)]

[ (aq)]

X

X d= K
	 (19.27)

Another important example of distribution between phases is that between a gas and the gas 
species dissolved in water. Gas solubilities are described by Henry’s law as discussed for oxygen 
solubility in water in Chapter 3, Section 3.8.1.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions including general informa-
tion, statistics, constants, and mathematical formulas required to solve problems.

	 1.	What distinguishes a radioactive isotope from a “normal” stable isotope?
	 2.	Why is the periodic table so named?
	 3.	After examining Figure 19.7, consider what might happen when an atom of sodium (Na), 

atomic number 11, loses an electron to an atom of fluorine, (F), atomic number 9. What 
kinds of particles are formed by this transfer of a negatively charged electron? Is a chemi-
cal compound formed? If so, what is it called?

	 4.	Match the following:

1. O2 (a) Element consisting of individual atoms

2. NH3 (b) Element consisting of chemically bonded atoms

3. Ar (c) Ionic compound

4. NaCl (d) Covalently bound compound
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	 5.	Consider the following atom:

	 How many electrons, protons, and neutrons does it have? What is its atomic number? Give 
the name and chemical symbol of the element of which it is composed.

	 6.	Give the chemical formula and molecular mass of the molecule represented in the following:

	 H H H

HH C C C

H H H

	

	 7.	Calculate the molecular masses of (a) C2H2, (b) N2H4, (c) Na2O, (d) O3 (ozone), (e) PH3, 
and (f) CO2.

	 8.	Calculate the new volume of a quantity of gas occupying 15.6 L of volume at 0°C and 1.10 
atm pressure when conditions are changed to (a) 80°C and 1.10 atm pressure and then to 
(b) 160°C and 0.90 atm pressure.

	 9.	 Is the equation H2 + O2 → H2O a balanced chemical equation? Explain. Point out the reac-
tants and products in the equation. If the equation is not balanced, what is the balanced form?

	 10.	An uncharged atom has the same number of _____________________ as protons. The 
electrons in an atom are contained in a cloud of ____________________ around the 
nucleus that occupies most of the ___________________ of the atom.

	 11.	Match:

	 12.	The entry for each element in the periodic table gives the element’s ______________, 
__________________, and ________________ and the periodic table is arranged hori-
zontally in ________________ and vertically in ________________.

	 13.	Electrons in atoms occupy ________________ in which electrons have different ______
__________________________. Each orbital may contain a maximum of __________ 
electrons.

	 14.	The Lewis symbol of carbon is ________________ in which each dot represents 
________________.

	 15.	Elements that are generally solid, shiny in appearance, electrically conducting, and mal-
leable are ______________, whereas elements that tend to have a dull appearance, are not 
at all malleable, and frequently occur as gases or liquids are ______________. Elements 
with intermediate properties are called ________________.

–

– n
n

n

+
+ +

+
–

–

1. Argon (a) A halogen

2. Hydrogen (b) Fissionable element

3. Uranium (c) Noble gas

4. Chlorine (d) Has an isotope with a mass number of 2

5. Mercury (e) Toxic heavy metal
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	 16.	 In the Lewis formula for the elemental hydrogen molecule in the following, what do the 
two dots represent?

	 H H: 	

	 17.	Explain why, even though it consists of molecules containing chemical bonds, H2 is not a 
chemical compound whereas H2O is a chemical compound.

	 18.	Using examples, distinguish between covalent and ionic bonds.
	 19.	 In terms of c, h, o and the appropriate atomic masses, write a mathematical formula for the 

molecular mass of a compound with a general formula of CcHhOo.
	 20.	Considering oxidation–reduction phenomena, when Al reacts with O2 to produce Al2O3, 

which contains the Al3+ ion, the Al is said to have been __________________ and is in 
the _______ oxidation state.

	 21.	Calculate the concentration in moles per liter of (a) a solution that is 27.0% H2SO4 by mass 
and that has a density of 1.198 g/L and (b) of a solution that is 1 mg/L H2SO4 having a 
density of 1000 g/L.

	 22.	Calculate the pH of the second solution described in the preceding problem, keeping in 
mind that each H2SO4 molecule yields two H+ ions.

	 23.	Write a balanced neutralization reaction between NaOH and H2SO4.
	 24.	Distinguish between solutions and colloidal suspensions.
	 25.	What is the nature of the Fe3+ ion? Why are solutions containing this ion acidic?
	 26.	What kind of species is Ni(CN)4

2−?
	 27.	What is the solubility product expression for lead sulfate, PbSO4, in terms of concentra-

tions of Pb2+ ion and SO4
2− ion?

TABLE 19.3
List of the Elementsa

Atomic 
Number Name Symbol Atomic Mass

Atomic 
Number Name Symbol Atomic Mass

1 Hydrogen H 1.00794 56 Barium Ba 137.327

2 Helium He 4.0026 57 Lanthanum La 138.9055

3 Lithium Li 6.941 58 Cerium Ce 140.115

4 Beryllium Be 9.01218 59 Praseodymium Pr 140.9077

5 Boron B 10.811 60 Neodymium Nd 144.24

6 Carbon C 12.011 61 Promethium Pm 145

7 Nitrogen N 14.0067 62 Samarium Sm 150.36

8 Oxygen O 15.9994 63 Europium Eu 151.965

9 Fluorine F 18.9984 64 Gadolinium Gd 157.25

10 Neon Ne 20.1797 65 Terbium Tb 158.925

11 Sodium Na 22.9898 66 Dysprosium Dy 162.50

12 Magnesium Mg 24.305 67 Holmium Ho 164.9303

13 Aluminum Al 26.98154 68 Erbium Er 167.26

14 Silicon Si 28.0855 69 Thulium Tm 168.9342

15 Phosphorus P 30.9738 70 Ytterbium Yb 173.04

16 Sulfur S 32.066 71 Lutetium Lu 174.967

17 Chlorine Cl 35.4527 72 Hafnium Hf 178.49

18 Argon Ar 39.948 73 Tantalum Ta 180.9497

19 Potassium K 39.0983 74 Tungsten W 183.85

20 Calcium Ca 40.078 75 Rhenium Re 186.207

21 Scandium Sc 44.9559 76 Osmium Os 190.2
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TABLE 19.3 (Continued)
List of the Elementsa

Atomic 
Number Name Symbol Atomic Mass

Atomic 
Number Name Symbol Atomic Mass

22 Titanium Ti 47.88 77 Iridium Ir 192.22

23 Vanadium V 50.9415 78 Platinum Pt 195.08

24 Chromium Cr 51.9961 79 Gold Au 196.9665

25 Manganese Mn 54.938 80 Mercury Hg 200.59

26 Iron Fe 55.847 81 Thallium Tl 204.383

27 Cobalt Co 58.9332 82 Lead Pb 207.2

28 Nickel Ni 58.6934 83 Bismuth Bi 208.98

29 Copper Cu 63.546 84 Polonium Po 209

30 Zinc Zn 65.39 85 Astatine At 210

31 Gallium Ga 69.723 86 Radon Rn 222

32 Germanium Ge 72.61 87 Francium Fr 223

33 Arsenic As 74.9216 88 Radium Ra 226.0254

34 Selenium Se 78.96 89 Actinium Ac 227.0278

35 Bromine Br 79.904 90 Thorium Th 232.038

36 Krypton Kr 83.8 91 Protactinium Pa 231.0359

37 Rubidium Rb 85.4678 92 Uranium U 238.0289

38 Strontium Sr 87.62 93 Neptunium Np 237.048

39 Yttrium Y 88.9056 94 Plutonium Pu 244

40 Zirconium Zr 91.224 95 Americium Am 243

41 Niobium Nb 92.9064 96 Curium Cm 247

42 Molybdenum Mo 95.94 97 Berkelium Bk 247

43 Technetium Tc 98 98 Californium Cf 251

44 Ruthenium Ru 101.07 99 Einsteinium Es 252

45 Rhodium Rh 102.9055 100 Fermium Fm 257.1

46 Palladium Pd 106.42 101 Mendelevium Md 258.1

47 Silver Ag 107.8682 102 Nobelium No 255

48 Cadmium Cd 112.411 103 Lawrencium Lr 260

49 Indium In 114.82 104 Rutherfordium Rf 261.11

50 Tin Sn 118.710 105 Dubnium Db 262.11

51 Antimony Sb 121.757 106 Seaborgium Sg 263.12

52 Tellurium Te 127.60 107 Bohrium Bh 262.12

53 Iodine I 126.9045 108 Hassium Hs 265

54 Xenon Xe 131.29 109 Meitnerium Mt 266

55 Cesium Cs 132.9054

a	 Elements above atomic number 92 have been made artificially.
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20 Organic Chemistry

20.1  ORGANIC CHEMISTRY

Most carbon-containing compounds are organic chemicals and are addressed by the subject of 
organic chemistry. Organic chemistry is a vast, diverse discipline because of the enormous number 
of organic compounds that exist as a consequence of the versatile bonding capabilities of carbon. 
Such diversity is due to the ability of carbon atoms to bond to each other through single (two shared 
electrons) bonds, double (four shared electrons) bonds, and triple (six shared electrons) bonds in a 
limitless variety of straight chains, branched chains, and rings.

Among organic chemicals are included the majority of important industrial compounds, syn-
thetic polymers, agricultural chemicals, biological materials, and most substances that are of con-
cern because of their toxicities and other hazards. Pollution of the water, air, and soil environments 
by organic chemicals is an area of significant concern.

Chemically, most organic compounds can be divided among hydrocarbons, oxygen-containing 
compounds, nitrogen-containing compounds, sulfur-containing compounds, organohalides, 
phosphorus-containing compounds, or combinations of these kinds of compounds. Each of these 
classes of organic compounds is discussed briefly in this chapter.

All organic compounds of course contain carbon. Virtually all also contain hydrogen and have at 
least one C–H bond. The simplest organic compounds, and those easiest to understand, are those that 
contain only hydrogen and carbon. These compounds are called hydrocarbons and are addressed 
first among the organic compounds discussed in this chapter. Hydrocarbons are used here to illustrate 
some of the most fundamental points of organic chemistry, including organic formulas, structures, 
and names.

20.1.1  Molecular Geometry in Organic Chemistry

The three-dimensional shape of a molecule, that is, its molecular geometry, is particularly important 
in organic chemistry. This is because its molecular geometry determines in part the properties of an 
organic molecule, particularly its interactions with biological systems and how it is metabolized by 
organisms. Shapes of molecules are represented in drawings by lines of normal, uniform thickness for 
bonds in the plane of the paper; broken lines for bonds extending away from the viewer; and heavy 
lines for bonds extending toward the viewer. These conventions are shown by the example of dichlo-
romethane, CH2Cl2, an important organochloride solvent and extractant, illustrated in Figure 20.1.

20.1.2  Chirality and the Shapes of Organic Molecules

An important aspect of molecular geometry is chirality; chiral molecules are otherwise identical 
but have three-dimensional structures such that a molecule cannot be directly imposed on its mirror 
image. A simple analogy is the human hand in which the left hand is a mirror image of the right. 
Placed palm-to-palm (mirror images), they match, but placing one hand palm down over the other 
results in a mismatch with the thumb of one over the little finger of the other. Chiral molecules have 
different groups arranged around an atom, usually of carbon, that constitutes a chiral center. Two 
chiral molecules of the same compound are called enantiomers, commonly designated as R and S. 
The physical and chemical properties of enantiomers are generally identical, having the same melting 
points, boiling points, and solubilities. However, the biochemical properties of the two enantiomers 
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may be quite different in that one may fit exactly onto the active site of an enzyme and be acted upon 
by it, whereas the other enantiomer does not fit and is not acted upon by the enzyme. This may be 
especially important with respect to toxic effects, pharmaceutical action, and pesticide action. For 
example, one enantiomer of a chiral pharmaceutical may function very well, whereas the other does 
not work at all or may even be toxic. Chirality as related to herbicidal mecoprop is discussed in 
Chapter 14, Section 14.11, and illustrated in Figure 14.13.

20.2  HYDROCARBONS

The tremendous variety and diversity of organic chemistry is due to the ability of carbon atoms 
to bond with each other in a variety of straight chains, branched chains, and rings and of adjacent 
carbon atoms to be joined by single, double, or triple bonds. This bonding ability can be illustrated 
with the simplest class of organic chemicals, the hydrocarbons consisting only of hydrogen and 
carbon. Figure 20.2 shows some hydrocarbons in various configurations. Hydrocarbons are the 
major ingredients of petroleum and are pumped from the ground as crude oil or extracted as natural 
gas. They have two major uses. The first of these is combustion as a source of fuel. The most abun-
dant hydrocarbon in natural gas, methane, CH4, is burned in home furnaces, electrical power plants, 
and even in vehicle engines

	 CH 2O CO 2H O heat energy4 2 2 2+ → + + 	 (20.1)

to provide energy. The second major use of hydrocarbons is as a raw material for making rubber, 
plastics, polymers, and many other kinds of materials. Given the value of hydrocarbons as a mate-
rial, it is unfortunate that so much of hydrocarbon production is simply burned to provide energy, 
which could be generated by other means.

There are several major classes of hydrocarbons, all consisting of only hydrogen and carbon. 
Alkanes have only single bonds between carbon atoms. Cyclohexane, n-heptane, and 3-ethyl-2,
5-dimethylhexane, shown in Figure 20.2, are alkanes; cyclohexane is a cyclic hydrocarbon. 
Alkenes, such as propene shown in Figure 20.2, have at least one double bond consisting of four 
shared electrons between two of the carbon atoms in the molecule. Alkynes have at least one triple 
bond between the carbon atoms in the molecule as shown for acetylene in Figure 20.2. Acetylene is 
an important fuel for welding and cutting torches. A fourth class of hydrocarbons consists of aro-
matic compounds, which have rings of carbon atoms with special bonding properties as discussed 
in Section 20.2.3.

20.2.1  Alkanes

The molecular formulas of noncyclic alkanes are CnH2n + 2. By counting the numbers of carbon 
and hydrogen atoms in the molecules of alkanes shown in Figure 20.2, it is seen that the molecular 

H

H

H atoms away
from viewer

Cl atoms toward
viewer

Representation of the three-
dimensional structure of
dichloromethane

CI CIC

Structural formula of
dichloromethane in
two dimensions

H

H

CI CIC

FIGURE 20.1  Structural formulas of dichloromethane, CH2Cl2; the formula on the right provides a three-
dimensional representation.
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formula of n-heptane is C6H16 and that of 3-ethyl-2,5-dimethylhexane is C10H22, both of which fit 
the aforementioned general formula. The general formula of cyclic alkanes is CnH2n; the molecular 
formula of cyclohexane, the most common cyclic alkane, is C6H12. These formulas are molecular 
formulas, which give the number of carbon and hydrogen atoms in each molecule, but do not tell 
anything about the structure of the molecule. The formulas given in Figure 20.2 are structural 
formulas, which show how a molecule is assembled. The structure of n-heptane is that of a straight 
chain of carbon atoms; each carbon atom in the middle of the chain is bound to two H atoms, 
and the two carbon atoms at the ends of the chain are each bound to three H atoms. The prefix 
hep in the name denotes seven carbon atoms and the n- indicates that the compound consists of a 
single straight chain. This compound can be represented by a condensed structural formula as 
CH3(CH2)5CH3 representing seven carbon atoms in a straight chain. In addition to methane, men-
tioned in the beginning of Section 20.2, the lower alkanes include the following:

	
Ethane: CH CH Propane:CH CH CH

Butane: CH (CH
3 3 3 2 3

3 22 3 3 2 3CH -Pentane:CH CH CH) ( )2 3n

For alkanes with five or more carbon atoms, the prefix (pen for five, hex for six, hept for seven, 
oct for eight, and non for nine) shows the total number of carbon atoms in the compound, and n- may 
be used to denote a straight-chain alkane. Condensed structural formulas may be used to represent 
branched-chain alkanes as well. The condensed structural formula of 3-ethyl-2,5-dimethylhexane is

	 CH CH(CH CH C H CH CH(CH CH3 3 2 5 2 3 3) ( ) )

In this formula, the C atoms and their attached H atoms that are not in parentheses show carbons 
that are part of the main hydrocarbon chain. The (CH3) after the second C in the chain shows a methyl 
group attached to it, the (C2H5) after the third carbon atom in the chain shows an ethyl group attached 
to it, and the (CH3) after the fifth carbon atom in the chain shows a methyl group attached to it.

Compounds that have the same molecular formula but different structural formulas are struc-
tural isomers. For example, the straight-chain alkane with the molecular formula C10H22 is n-decane

	

H H H H H H H H H H

H H H H H H H H H H

HH C C C C C C C C CC

n-Decane

which is a structural isomer of 3-ethyl-2,5-dimethylhexane.
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FIGURE 20.2  Some typical hydrocarbons: these formulas illustrate the bonding diversity of carbon, which 
gives rise to an enormous variety of hydrocarbons and other organic compounds.
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The names of organic compounds are commonly based on the structure of the hydrocarbon from 
which they are derived, using the longest continuous chain of carbon atoms in the compound as 
the basis for the name. For example, the longest continuous chain of carbon atoms in 3-ethyl-2,5-
dimethylhexane shown in Figure 20.2 is six carbon atoms, so the name is based on hexane. The names 
of the chain branches are also based on the alkanes from which they are derived. As shown here

	

H
H HC

H

H
H C

H

H
HC

H

H
C
H

H
HC

H

H
HC

H
Methane (CH4) Methyl group (CH3) Ethane (C2H6) Ethyl group (C2H5)

the two shortest-chain alkanes are methane with one carbon atom and ethane with two carbon 
atoms. Removal of one of the H atoms from methane gives the methyl group, and removal of 
one of the H atoms from ethane gives the ethyl group. These terms are used in the name 3-ethyl-
2,5-dimethylhexane to show the groups attached to the basic hexane chain. The carbon atoms in this 
chain are numbered sequentially from left to right. An ethyl group is attached to the third carbon 
atom, yielding the “3-ethyl” part of the name, and methyl groups are attached to the second and fifth 
carbon atoms, which gives the “2,5-dimethyl” part of the name.

The aforementioned names are systematic names, which are based on actual structural formulas 
of molecules. In addition, there are common names of organic compounds that do not indicate their 
structural formulas. Naming organic compounds is a complex topic, and no attempt is made in this 
chapter to teach it to the reader. However, from the names of compounds given in this chapter and 
later chapters, some appreciation of the rationale for organic compound names should be obtained.

Other than burning them for energy, the major kind of reaction with alkanes consists of substitu-
tion reactions such as

	 C H 2Cl C H Cl 2HCl2 6 2 2 4 2+ → + 	 (20.2)

in which one or more H atoms are displaced by another kind of atom. This is normally the first step 
in converting alkanes to compounds containing elements other than carbon or hydrogen for use in 
synthesizing a wide variety of organic compounds.

20.2.2  Alkenes

Four common alkenes are shown in Figure 20.3. Alkenes have at least one C=C double bond per 
molecule and may have more. The first of the alkenes in Figure 20.3, ethylene, is a very widely 
produced hydrocarbon used to synthesize polyethylene plastic and other organic compounds. About 
25 billion kilograms of ethylene are processed in the United States each year. About 14.5 billion 
kilograms of propylene are used in the United States each year to produce polypropylene plastic 
and other chemicals. The two 2-butene compounds illustrate an important aspect of alkenes: the 
possibility of cis-trans isomerism. Whereas carbon atoms and the groups substituted onto them 
joined by single bonds can freely rotate relative to each other as though they are joined by a single 
shaft, carbon atoms connected by a double bond behave as though they are attached by two parallel 
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FIGURE 20.3  Examples of alkene hydrocarbons.
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shafts and are not free to rotate. So, cis-2-butene in which the two end methyl, –CH3, groups are 
on the same side of the molecule is a different compound from trans-2-butene in which they are on 
opposite sides. These two compounds are cis-trans isomers.

Alkenes are chemically much more active than alkanes. This is because the double bond is 
unsaturated and has electrons available to form additional bonds with other atoms. This leads to 
addition reactions in which a molecule is added across a double bond. For example, the addition 
of H2O to ethylene

	
H H

O
HH

C C +
H H

H

H C C

H

H H

OH

Ethylene Water Ethanol

	 (20.3)

yields ethanol, the same kind of alcohol that is in alcoholic beverages. The tendency to undergo 
addition reactions adds greatly to the chemical versatility and reactivity of alkenes and other 
organic molecules that have the C=C double bond. The presence of C=C double bonds adds to 
the biochemical and toxicological activity of compounds in organisms. Because of the ability to 
undergo rapid addition reactions, alkenes are quite reactive in the atmosphere during the formation 
of photochemical smog and are important atmospheric pollutants. As shown by Reaction 7.27 in 
the discussion of photochemical smog in Chapter 7, Section 7.8, alkenes very readily add hydroxyl 
radical (HO⋅, where the dot denotes an unpaired electron), a highly reactive species characteristic 
of smog-forming conditions, producing reactive organic free radicals that undergo smog-forming 
chain reactions. Ozone, O3, which is a species characteristic of photochemical smog, also adds 
across C=C bonds in alkenes present in the atmosphere.

Because of their double bonds, alkenes can undergo polymerization reactions in which large 
numbers of individual molecules add to each other to produce big molecules called polymers (see 
Section 20.5). For example, three ethylene molecules can add together as follows:

	 H
H H H H

H H H H H
C C C C C C+ +

H H

HH
C C

H H

HH
C C

H H

HH
C C

H

H
	 (20.4)

This is a process that can continue, forming longer and longer chains and resulting in the formation 
of huge molecules of polyethylene.

20.2.3  Aromatic Hydrocarbons

A special class of hydrocarbons consists of rings of carbon atoms, almost always containing six C 
atoms, which can be viewed as having alternating single and double bonds as shown here:

	

H
H

H
H

H

H
H

H

H
H

H

H

These structures show the simplest aromatic hydrocarbon, benzene, C6H6. Although the benzene 
molecule is represented with three double bonds, chemically it differs greatly from alkenes, for 
example, it undergoes substitution reactions rather than addition reactions. Aromaticity is the term 
given to the special properties of aromatic compounds. The two structures shown earlier are equiva-
lent resonance structures, which can be viewed as having atoms that stay in the same places, but in 
which the bonds joining the atoms can shift positions with the movement of electrons composing the 
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bonds. Since benzene has different chemical properties from those implied by either of the afore-
mentioned structures, it is commonly represented as a hexagon with a circle in the middle:

	

Many aromatic hydrocarbons have two or more rings. The simplest of these is naphthalene

	

C–HC

Naphthalene, C10H8

a two-ringed compound in which two benzene rings share the carbon atoms at which they are 
joined; these two carbon atoms do not have any H attached, each of the other eight C atoms in the 
compound has one H attached. Aromatic hydrocarbons with multiple rings, called polycyclic aro-
matic hydrocarbons (PAHs), are common and are often produced as by-products of combustion. 
One of the most studied of these is benzo(a)pyrene

	
Benzo(a)pyrene, C20H12

C–H
C

found in tobacco smoke, diesel exhaust, and charbroiled meat. This compound is toxicologically 
significant because it is partially oxidized by enzymes in the body to produce a cancer-causing 
metabolite.

The presence of hydrocarbon groups and of elements other than carbon and hydrogen bonded to 
an aromatic hydrocarbon ring gives a variety of aromatic compounds. Three examples of common 
aromatic compounds are given here. Toluene is widely used for chemical synthesis and as a solvent. 
The practice of green chemistry now calls for substituting toluene for benzene wherever possible 
because benzene can cause leukemia, whereas the body is capable of metabolizing toluene to harm-
less metabolites. Several hundred million kilograms of aniline are made in the United States each 
year as an intermediate in the synthesis of dyes, pesticides, and other organic chemicals. Phenol is 
a relatively toxic oxygen-containing aromatic compound, which, despite its toxicity to humans, was 
the first antiseptic used in the 1800s.

	 Toluene
CH3

Aniline
NH2

Phenol
OH

In naming aromatic compounds, numbers are used to denote atoms around the aromatic rings 
where substituent groups may be attached as shown for phenol here. In addition, positions 2, 3, and 
4 around the benzene ring may be denoted by ortho, meta, and para, respectively.
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3-Chlorophenol or
meta-chlorophenol

Phenol

1
2

3

4

5

6
ortho

meta
para

OHOH

Cl

20.3  USING LINES TO SHOW STRUCTURAL FORMULAS

The aromatic structures shown in Section 20.2.3 use a hexagon with a circle in it to denote an aro-
matic benzene ring. Organic chemistry uses lines to show other kinds of structural formulas as well. 
The reader who may have occasion to look up organic formulas will probably run into this kind of 
notation, so it is important to be able to interpret these kinds of formulas. Some line formulas are 
shown in Figure 20.4.
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FIGURE 20.4  Representation of organic structural formulas with lines: the structural formulas showing 
atoms are on the left and the corresponding line formulas on the right. Each line corner and end represents a 
carbon atom unless otherwise specified. Each C atom has four covalent bonds or equivalent attached, and the 
presence of H atoms is implied to provide the required bonds.
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In using lines to represent organic structural formulas, the corners where lines intersect and the ends 
of lines represent C atoms, and each line stands for a covalent bond (two shared electrons). It is understood 
that each C atom at the end of a single line has three H atoms attached, each C atom at the intersection of 
two lines has two C atoms attached, each C at the intersection of three lines has one H atom attached, and 
the intersection of four lines denotes a C atom with no H atoms attached. Multiple lines represent multiple 
bonds as shown for the double bonds in 1,3-butadiene. Substituent groups are shown by their symbols 
(for individual atoms), or formulas of functional groups consisting of groups of atoms; it is understood 
that each such group substitutes for a hydrogen atom as shown in the formula of 2,3-dichlorobutane in 
Figure 20.4. The six-carbon-atom aromatic ring is denoted by a hexagon with a circle in it.

Exercise

What is the structural formula of the compound represented on the left, here?

	

H H

H

C

H

Answer:
H H

H

C

HCl

H

C

H

H

C

H

C

H

H

C
C

C
C

H
HH

Cl

20.4  FUNCTIONAL GROUPS

Numerous elements in addition to carbon and hydrogen occur in organic compounds. These are 
contained in functional groups, which define various classes of organic compounds. The −NH2 
group in aniline and the −OH groups in phenol mentioned in Section 20.2.3 are examples of func-
tional groups. The same organic compound may contain two or more functional groups. Among 
the elements common in functional groups are O, N, Cl, S, and P. There is not space here to discuss 
all the possible functional groups and the classes of organic compounds that they define. Some 
important examples are given to provide an idea of the variety of organic compounds with various 
functional groups. Other examples are encountered in Sections 20.4.1–20.4.4.

20.4.1  Organooxygen Compounds

Figure 20.5 shows several important classes of organic compounds that contain oxygen. Ethylene 
oxide is a sweet-smelling, colorless, flammable, explosive gas. It is an epoxide characterized by an 
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FIGURE 20.5  Examples of important classes of organic compounds with oxygen-containing functional 
groups: the functional groups characteristic of various classes of compounds are outlined by dashed lines.
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oxygen atom bridging two carbon atoms that are also bonded with each other. Ethylene oxide is 
toxic and is used as a sterilant and fumigant, as well as a chemical intermediate. Because of the toxi
city and flammability of this compound, the practice of green chemistry tries to avoid its generation 
and use. Ethanol, which occurs in alcoholic beverages, is an alcohol, a class of compounds in which 
the −OH group is bonded to an alkane or an alkene (attachment of the −OH group to an aromatic 
hydrocarbon molecule gives a phenolic compound). Acetone is a ketone, a class of compounds that 
has the C=O functional group in the middle of a hydrocarbon chain. Acetone is an excellent organic 
solvent and is relatively safe. Butyric acid, which occurs in butter, is an organic carboxylic acid, 
which, like all organic carboxylic acids, contains the functional group

	 C OH

O Carboxylic acid
functional group

which can release the H+ ion characteristic of acids. Methyltertiarybutyl ether (MTBE) is an 
example of an ether in which an O atom connects two C atoms. When highly toxic tetraethyllead 
was phased out of gasoline as an octane booster, MTBE was chosen as a substitute. It was subse-
quently found to be a particularly noxious water pollutant, and its use has been largely banned.

The C=O group in the middle of an organic molecule is characteristic of ketones. When this 
group is located at the end of a molecule and the carbon is also bonded to H, the compound is an 
aldehyde. The two lowest aldehydes are formaldehyde and acetaldehyde

	 Formaldehyde
C HH

O

Acetaldehyde
C H

O

H

H

C

H

of which formaldehyde is the most widely produced. Despite its many uses, formaldehyde lacks char-
acteristics of green chemicals because it is a volatile, toxic, noxious substance. Formaldehyde tends 
to induce hypersensitivity (allergies) in people who inhale the vapor or whose skin is exposed to it.

The reaction of an alcohol and an organic acid

	

H

Propyl alcohol Propyl acetate esterAcetic acid

H OH

H

C

H

C

H
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H HH

H C
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H

C

H

C

HH
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C H

H

O

O

C

H

C H H2O

H

+ +
	 (20.5)

produces an important kind of organic compound called esters. The linkage characteristic of esters 
is outlined by the dashed box in the aforementioned structure of propyl acetate. A large number of 
the naturally occurring esters made by plants are noted for their pleasant odors. Propyl acetate, for 
example, gives pears their pleasant odor. Other fruit odors due to esters include methyl butyrate, 
apple; ethyl butyrate, pineapple; and methyl benzoate, ripe kiwi fruit.

20.4.2  Organonitrogen Compounds

Methylamine

	

MethylamineH

H H

H
C

H

N

is the simplest of the amines, compounds in which an N atom is bonded to a hydrocarbon group. 
In an amine, the N atom may be bonded to two H atoms, or one or both of these H atoms may be 
substituted by hydrocarbon groups as well. Although it is widely used in chemical synthesis because 
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no suitable substitutes are available, methylamine is definitely not compatible with the practice of 
green chemistry. This is because it is highly flammable and toxic. It is a severe irritant to skin, eyes, 
and mucous membranes of the respiratory tract. It has a noxious odor and is a significant contributor 
to the odor of rotten fish. In keeping with the reputation of amines as generally unpleasant com-
pounds, another amine, putrescine, gives decayed flesh its characteristic odor.

Many organonitrogen compounds contain oxygen as well. One such compound is nitromethane

	
NitromethaneH

H

C

H

NO2

used in chemical synthesis and as a fuel in some race cars. As seen in the aforementioned struc-
tural formula, the nitro group, –NO2, is the functional group in this compound and related nitro 
compounds. Another class of organonitrogen compounds also containing oxygen consists of the 
nitrosamines, or N-nitroso compounds, which have figured prominently in the history of green 
chemistry before it was defined as such. These are compounds that have the N–N=O functional 
group, which are of concern because several are known carcinogens (cancer-causing agents). The 
most well-known of these is dimethylnitrosamine, which is shown here:

	

DimethylnitrosamineH H

H

C

H

N

N

H

O

C

H

This compound used to be employed as an industrial solvent and was used in cutting oils. 
However, workers exposed to it suffered liver damage and developed jaundice, and the compound, 
as well as other nitrosamines, was found to be a carcinogen. A number of other nitrosamines were 
later found in industrial materials and as by-products of food processing and preservation. Because 
of their potential as carcinogens, nitrosamines are avoided in the practice of green chemistry.

20.4.3  Organohalide Compounds

Organohalides, exemplified by those shown in Figure 20.6, are organic compounds that contain hal-
ogens, F, Cl, Br, or I, but usually chlorine, on alkane, alkene, or aromatic molecules. Organohalides 
have been widely produced and distributed for a variety of applications, including industrial sol-
vents, chemical intermediates, coolant fluids, pesticides, and other applications. They are for the 
most part environmentally persistent and, because of their tendency to accumulate in adipose (fat) 
tissue, they tend to undergo bioaccumulation and biomagnification in organisms.

Carbon tetrachloride, CCl4, is produced when all four H atoms on methane, CH4, are substi-
tuted by Cl. This compound was once widely used and was even sold to the public as a solvent to 
remove stains and in fire extinguishers, where the heavy CCl4 vapor smothers fires. It was subse-
quently found to be very toxic, causing severe liver damage, and its uses are severely restricted. 
Dichlorodifluoromethane is a prominent member of the chlorofluorocarbon class of compounds, 
popularly known as Freons. Developed as refrigerant fluids, these compounds are notably unreactive 
and nontoxic. However, as discussed in Chapter 7, Section 7.9, they are found to be indestructible 
in the lower atmosphere, persisting to very high altitudes in the stratosphere where chlorine split 
from them by ultraviolet radiation destroys stratospheric ozone. So the manufacture of chlorofluo-
rocarbons is now prohibited. Vinyl chloride, an alkene-based organohalide compound, is widely 
used to make polyvinylchloride polymers and pipe. Unfortunately, it is a known human carcinogen, 
so human exposure to it is severely limited. Trichloroethylene is an excellent organic solvent that 
is nonflammable. It is used as a dry-cleaning solvent and for degreasing manufactured parts and 
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was  formerly used for food extraction, particularly to decaffeinate coffee. Chlorobenzene is the 
simplest aromatic organochloride. In addition to its uses in making other chemicals, it serves as a 
solvent and as a fluid for heat transfer. It is extremely stable, and its destruction is a common test for 
the effectiveness of hazardous waste incinerators. The polychlorinated biphenyl (PCB) compound 
shown in Figure 20.6 is one of 209 PCB compounds that can be formed by substituting from 1 to 10 
Cl atoms onto the basic biphenyl (two-benzene-ring) carbon skeleton. These compounds are notably 
stable and persistent, leading to their uses in electrical equipment, particularly as coolants in trans-
formers and in industrial capacitors, as hydraulic fluids, and in other applications. Their extreme 
environmental persistence has led to their being banned. Sediments in New York’s Hudson River are 
badly contaminated with PCBs that were (at the time, legally) dumped or leaked into the river from 
electrical equipment manufacture from the 1950s to the 1970s.

From this discussion, it is obvious that many organohalide compounds are definitely not green 
because of their persistence and biological effects. A lot of the effort in the development of green 
chemistry has been devoted to finding substitutes for organohalide compounds. A 2001 United 
Nations treaty formulated by approximately 90 nations in Stockholm, Sweden, designated a “dirty 
dozen” of 12 organohalide compounds of special concern as persistent organic pollutants (POPs); 
other compounds have subsequently been added to this list.

20.4.4  Organosulfur and Organophosphorus Compounds

A number of organosulfur and organophosphorus compounds have been synthesized for various 
purposes including pesticidal applications. A common class of organosulfur compounds consists of 
thiols, the simplest of which is methanethiol:
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As with other thiols, which contain the –SH group, this compound is noted for its foul odor. 
Thiols are added to natural gas so that their odor can warn of gas leaks. Dimethylsulfide, also 
shown here, is a volatile compound released by ocean-dwelling microorganisms to the atmosphere 
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FIGURE 20.6  Examples of important organohalide compounds including alkyl halides based on alkanes, 
alkenyl halides based on alkenes, and aromatic halides.
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in such quantities that it constitutes the largest flux of sulfur-containing vapors from Earth to the 
atmosphere.

Among the most prominent organophosphorus compounds are the organophosphates as shown by 
methyl parathion and malathion (shown later in this section). Both these compounds are insecticides 
and contain sulfur as well as phosphorus. Parathion was developed during the 1940s and was once 
widely used as an insecticide in place of DDT because parathion is very biodegradable, whereas 
DDT is not and undergoes bioaccumulation and biomagnification in ecosystems. Unfortunately, 
parathion has a high toxicity to humans and other animals, and some human fatalities have resulted 
from exposure to it. Like other organophosphates, it inhibits acetylcholinesterase, an enzyme essen-
tial for nerve function (the same mode of action as its deadly cousins, the nerve gas military poisons, 
such as sarin). Because of its toxicity, parathion is now banned from general use. Malathion is used 
in its place and is only about 1/100 as toxic as parathion to mammals because they—although not 
insects—have enzyme systems that can break it down.
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20.5  GIANT MOLECULES FROM SMALL ORGANIC MOLECULES

Reaction 20.4 shows the bonding together of molecules of ethylene to form larger molecules. This 
process, widely practiced in the chemical and petrochemical industries, is called polymeriza-
tion, and the products are polymers. Many other unsaturated molecules, usually based on alkenes, 
undergo polymerization to produce synthetic polymers used as plastics, rubber, and fabrics. As an 
example, tetrafluoroethylene polymerizes as shown in Figure 20.7 to produce a polymer (Teflon) 
that is exceptionally resistant to heat and chemicals and that can be used to form coatings to which 
other materials will not stick (e.g., frying pan surfaces).

Polyethylene and polytetrafluoroethylene are both addition polymers in that they are formed by 
the chemical addition of the monomers making up the large polymer molecules. Other polymers 
are condensation polymers that join together with the elimination of a molecule of water for each 
monomer unit joined. A common condensation polymer is nylon, which is formed by the bond-
ing together of two different kinds of molecules. There are several forms of nylon, the original 
form of which is nylon 66 discovered by Wallace Carothers, a DuPont chemist, in 1937 and made 
by the polymerization of adipic acid (mentioned as a feedstock that can be made from glucose is 
Chapter 16,  Section 16.6) and 1,6-hexanediamine:
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	 (20.6)

There are many different kinds of synthetic polymers that are used for a variety of purposes. 
Some examples in addition to the ones already discussed in this chapter are given in Table 20.1.



573Organic Chemistry

Polymers and the industries on which they are based are of particular concern in the practice 
of green chemistry for a number of reasons. The foremost of these is because of the huge quanti-
ties of materials consumed in the manufacture of polymers. In addition to the enormous quantities 
of ethylene and propylene previously cited in this chapter, the United States processes about 1.5 
billion kilograms of acrylonitrile, 5.4 billion kilograms of styrene, 2.0 billion kilograms of buta-
diene, and 1.9 billion kg of adipic acid (for nylon 66) each year to make polymers containing these 
monomers. These and similarly large quantities of monomers used to make other polymers place 
significant demands on petroleum resources and the energy, materials, and facilities required to 
make the monomers.

+ + +
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FIGURE 20.7  Polymerization of tetrafluoroethylene to produce large molecules of a polymer commonly 
known as Teflon.

TABLE 20.1
Some Typical Polymers and the Monomers from Which They 
Are Formed

Propylene
(polypropylene)

Monomer Monomer Formula Polymer Applications

Applications requiring
harder plastic, luggage,
bottles, outdoor carpet

�in plastic wrap, hose,
flooring, PVC pipe

Plastic furniture, plastic
cups and dishes, blown
to produce Styrofoam
plastic products

Synthetic fabrics
(Orlon, Acrilan,
Creslan), acrylic
paints

Natural rubber

Vinyl chloride
(polyvinylchloride)

Styrene
(polystyrene)

Acrylonitrile
(polyacrylonitrile)

Isoprene
(polyisoprene)

C =

=

H3C

H3C

H H

C
H

n

n

H

C

Cl

H

C

H

H

C

H

C

H

H

C

C
H

H

H

Cl
CC

= CC

n

n

CN

H

C

H
H

n
H3C

H
C

H

H
C

H

H

C

H

H

=
H

CN
CC

H

H

H2C

H3C
CC

H

CH2

=
H

CC
H

H



574 Fundamentals of Environmental and Toxicological Chemistry

There is a significant potential for the production of pollutants and wastes from monomer pro-
cessing and polymer manufacture. Some of the materials contained in documented hazardous waste 
sites are by-products of polymer manufacture. Monomers are generally volatile organic compounds 
with a tendency to evaporate into the atmosphere, and this characteristic, combined with the pres-
ence of reactive C=C bonds, tends to make monomer emissions active in the formation of photo-
chemical smog (see Chapter 7, Section 7.8). Polymers, including plastics and rubber, pose problems 
for waste disposal, as well as opportunities and challenges for recycling. On the positive side, 
improved polymers can provide long-lasting materials that reduce material use and have special 
applications, such as liners in waste disposal sites that prevent waste leachate migration and liners 
in lagoons and ditches that prevent water loss. Strong, lightweight polymers are key components of 
the blades and other structural components of huge wind generators that are making an increased 
contribution to renewable energy supplies around the world.

As shown by the example of di(2-ethylhexyl)phthalate
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polymers typically contain additives to improve their performance and durability. The most notable 
of these are plasticizers, normally blended with plastics to improve flexibility, such as to give 
polyvinylchloride the flexible characteristics of leather. The plasticizers are not chemically bound 
as part of the polymer and they leak from the polymer over a period of time, which can result in 
human exposure and environmental contamination. The most widely used plasticizers are phthal-
ates, esters of phthalic acid such as di(2-ethylhexyl) phthalate. Although not particularly toxic, these 
compounds are environmentally persistent, resistant to treatment processes, and prone to undergo 
bioaccumulation. They are found throughout the environment and have been implicated by some 
toxicologists as possible estrogenic agents that mimic the action of female sex hormone and cause 
premature sexual development in young female children and feminization of male aquatic organ-
isms including frogs and alligators.

Recent concern about plasticizers in the environment and their toxicological effects have cen-
tered around bisphenol-A, a potential estrogenic agent that was widely used in consumer plastics 
including even baby bottles. This compound is discussed in Chapter 2, Section 2.15, and its struc-
tural formula is shown in Figure 2.21.

QUESTIONS AND PROBLEMS

Access to and use of the Internet is assumed in answering all questions, including general 
information, statistics, constants, and mathematical formulas required to solve problems. These 
questions are designed to promote inquiry and thought rather than just finding material in the 
chapter. So in some cases there may be several “right” answers. Therefore, if your answer reflects 
intellectual effort and a search for information from available sources, it may be considered to 
be right.
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	 1.	What are two major reactions of alkanes?
	 2.	What is the difference between molecular formulas and structural formulas of organic 

compounds?
	 3.	What is the difference between ethane and the ethyl group?
	 4.	What is the structural formula of 3-ethyl-2,3-dimethylpentane?
	 5.	What is a type of reaction that is possible with alkenes but not with alkanes?
	 6.	What is represented by the following structural formula?

	

	 7.	Suggest a name for the following compound, which is derived from hydrocarbon toluene:

	

H H
H
C

Cl

Cl

	 8.	What is a health concern with the following aromatic compound?

	

	 9.	What do the groups of atoms outlined by dashed lines represent in the following structure?
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	 10.	Based on the structures shown in Figure 20.5, what are the similarities and differences 
between organic oxides and ethers.

	 11.	What are three separate kinds of groups that are characteristic of organonitrogen 
compounds?

	 12.	What is a class of organochlorine compounds consisting of many different kinds of mol-
ecules that is noted for environmental persistence?

	 13.	What is a notable characteristic of organosulfur thiols?
	 14.	What is a particularly toxic organophosphorus compound? What is a biochemical mol-

ecule containing phosphorus?
	 15.	What are polymers, and why are they important?
	 16.	The examination of the formulas of many of the monomers used to make polymers reveals 

a common characteristic. What is this characteristic, and how does it enable polymer for-
mation? Does nylon illustrate a different pathway to monomer formation? Explain.
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	 17.	Write complete structural formulas corresponding to each of the following line structures:

	 (a) (b)

	 18.	Some of the most troublesome organic pollutant compounds are organochlorine com-
pounds including the dirty dozen persistent organic pollutants mentioned in this chapter. 
Organohalides involving a halogen other than chlorine have emerged as significant pollut-
ants. Doing some research on the Internet, find which class of compounds these are and 
why they are significant pollutants.
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