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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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’I 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.! 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, FeS,,
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, SO,, 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 SO, to sulfuric acid, H,SO,. (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 H,SO, 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.’

As discussed in more detail in Chapters 3 through 5, the hydrosphere contains Earth’s water
(chemical formula, H,0O). 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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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.

Anthrosphere

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.

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
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nitrogen, N,, with about one-fourth amount of elemental oxygen, O,. 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, CO,, 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 (NH,).
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 (SO,) and hydrogen sulfide
(H,S) 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 CO, 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 HCOJ ion is converted to COj3 ion, which in the presence of dissolved
Ca® ion precipitates CaCO, (limestone) that ends up as solid rock in the geosphere. Carbon goes
back into the hydrosphere as acidic CO, from the atmosphere or from the biodegradation of organic
matter, which reacts with solid CaCO; to produce dissolved HCOj3.

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 H,O, 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 N,
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 NH,, from N, and H, over a catalyst at high temperatures and very high
pressures. Furthermore, air pollutant NO and NO, produced by the reaction of N, and
O, 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 NH; and NOj to biochemically bound N. As part of the nitro-
gen cycle, biochemically bound nitrogen is released as NHj by the biodegradation of
organic compounds. The nitrogen cycle is completed by microorganisms that use NO3
as a substitute for O, in energy-yielding metabolic processes and release molecular N,
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 H,S and SO, gases, which are also emitted by natural sources includ-
ing volcanoes. Large quantities of H,S are produced by anoxic microorganisms degrading
organic sulfur compounds and using sulfate, SO, 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, (CH;),S, produced by marine microorganisms.
The major atmospheric pollutant sulfur compound is SO, 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 H,SO, (pollutant acid rain) and corro-
sive ammonium salts (NH,HSO,), which settle from the atmosphere or are washed out
with precipitation. The geosphere is a vast reservoir of sulfur minerals, including sulfate
salts (CaSQO,), 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, Ca;OH(PO,),. 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.’ 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.* 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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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.

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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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 NO,, 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.' 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.” 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.’ 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 (um) in size
can make all the complex biochemicals they need to exist and reproduce using sunlight for energy
and simple inorganic substances such as CO,, K* ion, NO3 ion, and HPOZ‘ 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 N, 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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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.

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 CH,O. 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,0 — CH,,0, + 60, @.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, C¢H;,0,, 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, C,,H,,0,,, 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 (C;H,,05),, 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 C;H,,O5 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 Cg,0H,000O500- 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.
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FIGURE 2.2 Glucose, a monosaccharide, or simple sugar, and a segment of the starch molecule, which is
formed when glucose molecules polymerize with the elimination of one H,O molecule per glucose monomer.
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FIGURE 2.3 A segment of a cellulose molecule. These molecules are biosynthesized from glucose with the
loss of one H,O for each linkage formed.

Cellulose is a polysaccharide that is also made up of C;H,,05. 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, C,H,O, 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 H,O 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 2.4 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 H,O is lost. The peptide linkage holding amino acids together in proteins
is outlined by a dashed rectangle.

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, CH,(OH)CH(OH)CH,(OH), and long-chain carboxylic acids
(fatty acids) such as stearic acid, CH,(CH,),,CO,H. The glycerol molecule has three —OH groups
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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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FIGURE 2.5 Three examples of lipids formed in biological systems. Note that a line structure is used
to show the ring structure of cholesterol. The hydrocarbon-like nature of these compounds, which makes
them soluble in organic compounds, is obvious. For interpretation of the line structure of cholesterol, see
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-p-D-ribofuranose
(deoxyribose) contained in DNA and B-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, PO; . 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 a-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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FIGURE 2.6 Basic units of nucleic acid polymers. These units act as a code in directing reproduction and
other activities of organisms. Dashed lines show bonds to next nucleotide unit.
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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.

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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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 <> enzyme + 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, C4H,,0,, with the elimina-
tion of an H,0O molecule at the linkage where they join. Proteins are formed by the condensation

Enzyme Substrate Enzyme/substrate complex

Products Regenerated enzyme

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 CO, from carboxylic acids. For example, pyruvate decarbox-
ylase enzyme removes CO, from pyruvic acid

H O

L [
H—C—C—C—OH — Iy Ch + co,

] ecarboxylase ]

H

Pyruvic acid Acetaldehyde

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 CO, 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, C;H,,Oq,
is broken down to carbon dioxide and water with the release of energy:

C¢H,,04 + 60, —» 6CO, + 6H,0O + energy 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 O, 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 C,H,,0; 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.



22 Fundamentals of Environmental and Toxicological Chemistry

2.7.1  Errects 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 Pb**
or Hg** 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,,0( + 60, > 6CO, + 6H,0 + energy (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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FIGURE 2.9 Adenosine triphosphate, a molecule strongly involved with energy transfer in living organisms.

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 O, 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:

CH,,0, — 2CO, +2C,H,OH 2.4)

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

6CO, +6H,0+ hv — C4H,,0, + 60, 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 CO, 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 {CH,O})
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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,0} — CH, + CO, (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 Exrosure 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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FIGURE 2.10 Major sites of exposure, metabolism, and storage and routes of distribution and elimination
of toxic substances in the body.
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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 Iungs. 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 DISTRIBUTION 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 DOoSE—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 LD5,. Most commonly, toxicities of substances
are expressed as LDy, values where the test subjects are male rats.

2.9.4 ToxiCITIES

As shown by the examples in Figure 2.12, toxicities of different substances vary appreciably. Note
that in the figure, the estimated LDs, 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 2.11 A dose-response plot of percentage of a uniform population of subjects responding in a speci-
fied way (most commonly death) versus log dose. The dose at which statistically half of the subjects die is
designated as the LDy,
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FIGURE 2.12 Relative toxicities of various substances commonly expressed in units of milligrams dose per
kilogram of body mass required to kill 50% of test subjects (LDs;). Also shown is a comparison of the toxicity
of insecticidal parathion to that of another organophosphate compound, nerve gas sarin, in which the toxic
dose of parathion is represented by the area of the large circle and that of sarin by the area of the small dot.

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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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.

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 REeAcTIONS 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:
@ + {0} —» @—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).



28 Fundamentals of Environmental and Toxicological Chemistry

Functional groups attached

Ve

Epoxide: _c—=c’_

Xenobiotic substance,
often lipophilic and
poorly water-soluble so

Cytochrome P-450 Hydroxide: -OH

that it is not readily j————
eliminated from the yme Sy Sulthydryl: -SH

body

|
Hydroxylamine: -N-OH
Other

More water-soluble and
reactive product subject
to Phase II reactions

FIGURE 2.14 Illustration of Phase I reactions in which the cytochrome P-450 enzyme system attaches a
functional group, typically —OH. The Phase I reaction product is generally more water-soluble and is ame-
nable to Phase II reactions in which a conjugating agent is attached.
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FIGURE 2.15 Glucuronide conjugate formed from a xenobiotic, HX-R. For example, if the xenobiotic com-
pound conjugated is phenol, HXR is HOC¢Hs, X is the O atom, and R represents the phenyl group, CcHs. For
interpretation of the line formulas in this figure, see Chapter 20.

2.11  KINETIC PHASE OF XENOBIOTIC METABOLISM

In an organism, toxicants and protoxicants are ingested, undergo metabolic processes (Phase I and
Phase I 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.
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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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FIGURE 2.17 The dynamic phase of toxicant action.

A typical primary reaction is the binding of carbon monoxide, CO, with blood hemoglobin des-
ignated Hb:

HbO, + CO <> HbCO + O, (2.8)

Hemoglobin has a much stronger affinity for CO than it has for O,, which it normally carries
through the bloodstream, so it prevents hemoglobin from transporting O, 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 O, 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



30 Fundamentals of Environmental and Toxicological Chemistry

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
Respiratory system
Skin

Liver

Blood

Immune system
Endocrine system

Nervous system
Kidney

Bladder

Toxicant
Cigarette smoke and asbestos
Coal tar constituents
Vinyl chloride
Aniline and nitrobenzene
Allergens such as beryllium
Bisphenol-A (plasticizer)
Organophosphates (sarin)

Ethylene glycol

Aromatic amines from coal tar

Effect

Emphysema and cancer

Skin cancer

Hemangiosarcoma (cancer)

Methemoglobinemia

Hypersensitivity

Disruption of system function

Acetylcholinesterase
inhibition

Calcium oxalate deposits in
tubules

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 MuTATIONS 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 -NH, group
present in adenine, guanine, and cytosine by the —OH group. Nitrous acid, HNO,, 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, —CHj, 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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FIGURE 2.18 Examples of simple alkylating agents capable of causing mutations, including N-methyl-N-
nitrosurea, commonly used as a model compound for alkylation studies; Melphalan, a chemotherapeutic agent
used to treat cancer; dimethylnitrosamine; and methyl methanesulfonate.
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2.13.2 CARCINOGENESIS

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.

NH,
OO 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, C,H;Cl, 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 “CHj. 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.
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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.

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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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.’

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.” 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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FIGURE2.21 Examplesofestrogenic agents foundin water. Estrone is anatural estrogen, 17a-ethynylestradiol
is an ingredient of oral contraceptives, p-nonylphenol comes from surfactants used in cleaning agents, and
bisphenol A is an ingredient in some epoxy and polycarbonate resins.

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.” 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, 17a-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.?

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 (SiO, dust) responsible for lung silico-
sis. An example of a toxicant metabolite that can be measured is frans-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 HeALTH 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.’ 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 (CH;CH,CH,OH) and allyl alcohol (H,C=CHCH,OH). 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

Atmosphere

Biosphere

Anthrosphere

-

Hydrosphere

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  Errects 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
arange 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 BIOMARKERS 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.'® 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." 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.

11.

12.

13.

14.

15.

16.

17.

18.

Glucose and fructose are both simple sugars with a formula of C(H,,0,, 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?

. 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.

. What is a peptide linkage? In what kind of biomolecule are peptide linkages found and

what function do they serve in such a molecule?

. 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.

. 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.

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

used?

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

human nutrition.

. What molecule in living organisms is responsible for intermediate energy storage? What

substance is it converted to when it releases energy?

. 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.

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.

Suggest why the bladder is the organ that is likely to develop cancer from exposure to aro-

matic amines.

Look up the structure of lung alveoli and suggest why they are particularly significant sites

of exposure to toxicants.

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.

Though highly toxic, botulinum toxin has some important pharmaceutical and cosmetic

applications. After a search on the Internet, explain what some of these are.

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

substances?

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

belong?

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 H,O: SIMPLE FORMULA, REMARKABLE MOLECULE

The chemical formula of water, H,O, is probably the best known of all compounds. This simple
formula represents a substance that is unique and complex in its behavior.' These special properties
are due to the molecular structure of the H,O 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 H,O 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 H,O 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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H J ! H
Shared pair / 1e)
of electrons
in H-O bond ‘. 4
Unshared pair Hydrogen bond .'
of electrons connecting two o
water molecules -
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.

TABLE 3.1
Important Properties of Water

Property

Excellent solvent

Highest dielectric constant of any common
liquid
Higher surface tension than any other liquid

Transparent to visible and longer-wavelength
fraction of ultraviolet light

Maximum density as a liquid at 4°C

Higher heat of evaporation than any other
material

Higher latent heat of fusion than any other
liquid except ammonia

Higher heat capacity than any other liquid

Effects and Significance

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

High solubility of ionic substances and their ionization in solution

Controlling factor in physiology; governs drop and surface
phenomena

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

Ice floats; vertical circulation restricted in stratified bodies of water

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

Temperature stabilized at the freezing point of water

Stabilization of temperatures of organisms and geographical regions

except ammonia

3.2 HYDROSPHERE

The hydrosphere is composed of water, chemical formula H,0O. Water participates in one of the
great natural cycles of matter, the hydrologic cycle, which is illustrated in Figure 3.2.” 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.



Environmental and Toxicological Chemistry of the Hydrosphere 45

Circulation of water in the
hydrologic cycle
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Liquid water in the atmosphere
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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.

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 H,O molecules. These very light atoms and
the H, 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.
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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 STANDING 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

0, CO,

Epilimnion CO,+H,0 — {CH,0}+ 0,
Photosynthesis
Relatively high dissolved O,, chemical

species in oxidized forms

Hypolimnion  Relatively low dissolved O,, chemical

species in reduced forms
Exchange of chemical species
with sediments

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 FLowING 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 SEDIMENTATION 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
e 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 Ca** and HCOj ions. Flowing water containing calcium in this form may become more basic
by loss of CO, to the atmosphere, consumption of CO, by algal growth, or contact with dissolved
bases, resulting in the deposition of solid CaCOs:

Ca’ +2HCO; — CaCO, (s)+CO, (g)+H,0 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 depeosition. 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 GROUNDWATER

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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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.

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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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 x 10" L of water fall as pre-
cipitation each day, which translates to 76 cm per year. Of that amount, approximately 1.02 x 10" 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 X 10'* L per day, or only 23 cm per year. At present, the United
States uses 1.6 x 10'* L per day, or 8 cm of the average annual precipitation, an almost tenfold
increase from the usage of 1.66 x 10" 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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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.

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 CO,. They are called producers. The most important of these organisms are
photosynthetic algae, which produce biomass (abbreviated as {CH,0}) by the following biochemi-
cal reaction in which Av stands for solar energy:

CO, +H,0+hv — {CH,0}+0, (g) 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 CO,,
NH}, NO;, SO7, and H,PO;/HPO?", 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 3.6 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.

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 AqQuATIC 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, Av, in which A
is Planck’s constant and v is the frequency of light radiation), in which carbon dioxide, largely from
the atmosphere, is converted to biomass, represented by the general formula {CH,O}:

CO, +H,0+hv — {CH,0}+0,(g) (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:
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{cH,0}+0,(g)— CO, +H,0 (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,0}+ 2N, +3H,0+4H" — 3CO, +4NH; (3.5)

It is carried out by Azorobacter, 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 NH} to NO3, is an important process in nature because
it provides nitrogen in the nitrate form that algae and other plants can utilize:

20, + NH; — NO; +2H" + H,0 3.6)
Bacterially mediated denitrification
4NOj +5{CH,0} + 4H" — 2N, +5CO, + 7H,0 (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 H,S with biomass acting as the reducing agent:

SO;” +2{CH,0}+2H" — H,S +2CO, +2H,0 (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 H,S 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+20, — 2H" + SO (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)+ 0, +6H,0 — 4Fe(OH), (s) + 4CO, (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 Fe** ion, forms when bacteria act upon pyrite, FeS,, a sulfur-containing
mineral associated with coal. The first step is the oxidation of pyrite:

2FeS, (s) +2H,0 + 70, — 2Fe** + 4H" +4S0;” (3.11)
The iron(II) ion product of this reaction is oxidized to iron(III) ion:
4Fe* + 0, +4H" — 4Fe™ +2H,0 (3.12)
This is also catalyzed by bacteria. The Fe** product of this reaction acts chemically on pyrite:
FeS, (s)+ 14Fe* +8H,0 — 15Fe* + 2S0; +16H" (3.13)

This produces more sulfuric acid, puts additional Fe** into solution, and completes the cycle for the
dissolution of pyrite. The Fe(III) ion exists in solution as the hydrated species Fe(H,0);* and forms
a precipitate of iron(III) hydroxide:

Fe(H,0);" — Fe(OH), (s)+3H" +3H,0 (3.14)

This releases H' ion and contributes to the acidity of acid mine water. The Fe(OH), 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 Al’* ion
from the geosphere. This species is phytotoxic (toxic to plants).

3.5.2 MicroBIAL 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:

2CgH, 5 +250, —HXEN 4 16C0, +18H,0 (.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 O, 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



Environmental and Toxicological Chemistry of the Hydrosphere 55

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 O,, 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 O, by
photosynthesis. Isolated from atmospheric oxygen, the hypolimnion located in the bottom regions
of the body of water becomes anoxic as O, is consumed by bacteria. Chemically oxidized species
including CO,, NOj, and SO} predominate in the epilimnion, and chemically reduced species such
as CH,, NH, and H,S 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 {CH,0O}. 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 NOj; and SO;™ to NH} and H,S, respectively. Two

important microbially mediated oxidation-reduction reactions of {CH,O} are reaction with dis-
solved O,

Photosynthesis
—_—

CO, 2HCO;3 + hv
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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 (CH,, NH}, H,S) predominate. In
the oxic epilimnion, chemically oxidized species (CO,, NOj, SO}") are present.
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{CH,0}+0, - CO, +H,0 (3.16)

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

2{CH,0} — CH, + CO, (3.17)

which produces combustible methane gas. As noted in Section 3.5, the ability of {CH,O} to react
with dissolved O, 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 HCOj ion as a car-
bon source and in so doing produce carbonate ion, CO3". Two additional reactions of carbonate ion
are shown in Figure 3.7. One is its hydrolysis reaction with H,O molecules back to HCOj3 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 Ca** to produce solid CaCO;, 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 O,. As shown in Figure 3.7, utilization of SO3™ ion as an alternative to O, as a source
of oxygen produces odorous, toxic hydrogen sulfide, H,S.

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, HCO;, 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,0 3.18)
CO> +H* — HCO; (3.19)
OH™ +H* - H,0 (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 CO,, 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,0);*, which readily release H* ion. Strong acids including H,SO, and HCI 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 CArBON DIOXIDE IN WATER

An important solute in water that is associated with both acidity and alkalinity is dissolved carbon
dioxide, CO,, 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 CO, 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 CO,(aq) is 1.276 X 10~ 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 CO, in water is present as neutral CO,(aq) and not as H,CO; as it is often shown.
The following reactions and equations describe the CO,~HCO;—CO3" system in water. Dissolved
CO, in water acts as an acid reacting with water as follows:

CO, + H,0 <> H* + HCO; (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:

o
j = % —445x107 pK,, =635 (3.22)
2

The bicarbonate ion, HCO3, can also ionize to produce H:
HCO; <— H' +CO3" (3.23)

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

_ [H'J[HCOT]

I [CO] =4.69x10"" pK,, =1033 (3.24)
3

The predominance of the three major species in the CO,~HCO;-CO;" system is a function of pH
as shown by the distribution of species diagram in Figure 3.8. At low pH, dissolved CO, predomi-
nates as is the case with carbonated beverages or any mineral water “with gas.” At relatively basic
pH values, CO;” may predominate. Throughout the normal pH range of natural waters and drinking
water, HCO; 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 K, expressions.
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FIGURE 3.8 Distribution of species diagram for the CO,~HCO;—COj3 system as a function of pH: at pH
values below pK,,, CO, predominates; when pH = pK,,, the fraction of CO, equals the fraction of HCO;3; at
pH = 172(pK,, + pK,»), the fraction of HCOJ is at its maximum value; when pH = pK,, the fraction of HCO3
equals the fraction of CO3"; and as pH exceeds pK,,, the fraction of CO3™ 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 CaCO; precipi-
tated as the result of photosynthesis during the summer alternate with black layers of FeS produced by the
reaction of Fe** and H,S formed by anoxic bacterial processes during the winter.

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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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 GAs SOLUBILITIES

Dissolved gases—O, for fish and CO, 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(g) < X(aq) (3.25)

and is expressed mathematically as
[X(aq)]= KPy (3.26)

where [X(aq)] is the aqueous concentration of the gas in moles per liter, Py 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 O, 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 O, is 1.28 x 10 mol -L™" - atm™. 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 O, yields the following equation:

Py, = (1.0000 atm — 0.0313 atm) x 0.2095 = 0.2029 atm (3.27)
[O,(aq)]= K X F, =1.28% 10~ mol x L' atm™ % 0.2029 atm (3.28)
[0, (aq) ] =2.60 x 10" mol - L™* (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 O, in water is only 8.32 mg/L. The solubil-
ity of O, 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 O,, combined with the increased respi-
ration rate of aquatic organisms, often results in severe oxygen depletion.

3.8.2 CarBoN Di1oxiDE AND CARBONATE SPECIES IN WATER

Figure 3.10 illustrates the important relationships among dissolved CO, in water, dissolved car-
bonate species (HCOj3;, CO3), and solid carbonate minerals, particularly limestone (CaCO5) and
dolomite (CaCO;-MgCO;). These species are very important in the chemistry of the hydrosphere.
As examples, many minerals are deposited as salts of CO3 ion and algae in water utilize dissolved
CO, and HCO; in the synthesis of biomass. The equilibrium relationships among CO, gas in the
atmosphere, dissolved CO, 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% CO, by volume, the concentration of this gas that dissolves in
water from the atmosphere is relatively low. Much of the dissolved CO, 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 HCO; and CO3” significantly increases the solubility of carbon dioxide in water.

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

CaCO, (s)+ CO, (aq) + H,0 «> Ca® +2HCO; (3.30)

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

CO, + H,0 <> H' + HCO; 3.31)
Rainfall
)
R UAT o

NG !
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HCOj;

FIGURE 3.10 Carbon dioxide in water reacts with limestone, CaCOj, to produce dissolved Ca®* (water hard-
ness) and dissolved HCOj (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:

+ -
= [H][HCO; ] =445%x107 pK

=6.35 3.32
al [CO2] al ( )

The reaction of HCO;3 to produce H* and the equilibrium constant expression for that reaction
are as follows:
HCO; <— H' +CO3" (3.33)

_[H'][COT]

T =4.69%x10"" pK,, =10.33 (3.34)
3

The solubility product of calcium carbonate is
K, =[Ca*][CO3 ]=4.47x10" (3.35)

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

CaCo, (s)+ CO, (aq) + H,0 «~— Ca’* +2HCO; (3.36)

has the following equilibrium constant expression:

% P OK.K
o [CTNHCO 1 Bl _ 5y 1078 (3.37)
[Coz] KaZ

The stoichiometry of Reaction 3.30 gives [HCO5 ] = 2[Ca*"], a bicarbonate ion concentration that
is twice that of calcium. Substitution of the value of CO, concentration of 1.276x10~ M into the
expression for K’ yields a value of 5.14 x 10~ M for [Ca*"] and a value of 1.03x 107 M for [HCO5].
Substitution into the expression for K, yields a value of 8.70 x 07°M for [CO?"]. Further substitution
into the product KK,

+72 2-
K.K,, = HTICO 1 2.09x107" (3.38)
[CO, ]

yields [H'] = 5.54 x 10~ M (pH 8.26). The value of [HCO; ] is essentially equal to the alkalinity
and a much higher contribution than either CO3™ or OH™. These calculations show that for water in
equilibrium with CO, from the atmosphere and with solid CaCO;, the pH should be slightly basic
and both hardness and alkalinity should be around 1 X 10~ M, which are values close to those
observed in many natural waters.

3.8.3 SEDIMENTS

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:

Ca’* +2HCO; +hv «— {CH,0} + CaCO, (s)+ O, (g) (3.39)

Another biochemical process that produces sedimentary material occurs when anoxic bacteria in
sediments degrade biomass using sulfate ion, SO3~, as an oxygen source to produce H,S (a biochem-
ically mediated reaction that is shown in Figure 3.7) and other bacteria reduce insoluble iron(IIT)
oxides to soluble Fe**. The following reaction then occurs to produce black, solid FeS in sediments:

Fe’* + H,S — FeS(s)+2H" (3.40)

In some lakes, this has resulted in the formation of alternate layers of white CaCO; 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 H,S 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 CoLLoips 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 pm to about 1 um; (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,CH,CH,CH,CO;Na*

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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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.

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 —CO,
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+0, - 2{ca>0”"} (341

In this process, each calcium atom is oxidized with a loss of two electrons to produce a Ca**
cation and each oxygen atom is reduced with a gain of two electrons to produce an oxide anion,
O”". In the calcium oxide product, the oxidation state of calcium is 42 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 O,

C+0, - CO, (342)

the elemental C is oxidized and the elemental oxygen is reduced. Since the oxidation state of each
of the two O atoms in CO, is -2, for neutrality the oxidation state of the C atom in CO, is +4. The
reaction of elemental H, with a substance is reduction as shown by the reaction
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C+2H, - CH, (3.43)

in which each H atom changes from its O oxidation state in H, (the oxidation state of all atoms in
the elemental state is 0) to +1 in CH, and the oxidation state of C changes from 0 in its elemental
state to —4 in CH,,.

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, {CH,0O}:

{CH,0}(becomes oxidized)+ O, (becomes reduced) — CO, + H,0 (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,0 (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(IT) 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, NHj. To be assimilated as a nutrient by algae or in field crops,
it normally requires microbial oxidation to NO3:

NH; +20, — NOj + 2H* + H,0 (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 O,, indi-
cates an oxidizing solution, and a low, relatively negative pE value, such as the one in sediments
where H,S 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 Fe** ion in solution, Fe** ion in solution, solid Fe(OH),,
and solid Fe(OH),. 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 O, and below the
lower line water tends to decompose to yield H,. The Fe*" 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 Fe*" 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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FIGURE 3.12 A simplified pE-pH diagram for iron in water: in this system, the maximum total soluble iron
concentration is 1.0 X 107> mol/L. In acidic, oxidizing water (low pH, high pE), there is a small region where
Fe*" is a stable species in solution. At lower pE values, soluble Fe*" has a relatively large area of stability. Solid
Fe(OH); is the predominant species over a large area. Solid Fe(OH), exhibits a small region of stability; in
most anoxic water systems, solid FeS or FeCOj, tends to predominate in this area. At high pE values above
the upper dashed line the H,0O molecule decomposes giving off O,, and at low pE values the H,O molecule
decomposes giving off H,.

oxygen-deficient groundwaters. Highly insoluble Fe(OH), 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 Fe** brought to the surface from a well and exposed to atmospheric oxygen enters
an environment in which solid Fe(OH), is the stable iron species, resulting in the precipitation of
this compound.

3.9.1 rE aAND 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:

* Atlow pE, highly toxic hydrogen sulfide gas, H,S, may be produced when anoxic bacteria
use sulfate ion, SOi", as an oxidant in the absence of molecular O,.

* At low pE, methane gas, CH,, is produced by the anoxic biodegradation of organic matter
(see Reaction 3.17) in the absence of molecular O,. 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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3.10 METAL IONS IN WATER

Although metal ions in aqueous solution are usually written as M"*, they are always bound with
four to six water molecules as represented by the formula for the hydrated metal cation M(H,0)
™. 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,0);" < FeOH (H,0)." + H* (3.47)
precipitation

Fe(H,0);" < Fe(OH), (s)+3H,0+3H" (3.48)

and oxidation-reduction reactions:

Fe(H,0)." <~ Fe(OH), (s)+3H,0+3H" +¢ (3.49)

3.10.1 CaArLcium AND HARDNESS IN WATER

The Ca* 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 Ca** ion is a key species in
geochemical cycles of matter. Calcium gets into water by its contact with a number of minerals such
as CaSO, - 2H,0; anhydrite, CaSO,; dolomite, CaCO; - MgCOj5; and calcite and aragonite, which are
different mineral forms of CaCO;. 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, CO,
in water dissolves calcium from its carbonate minerals:

CaCoO, (s)+ CO, (aq) + H,0 «— Ca* +2HCO; (3.50)

Water with dissolved calcium in which the anion is HCOj is said to contain temporary
hardness; in general, water hardness is manifested by the presence of Ca’* and Mg2+ ions, which
form precipitates with soap. When CO, is lost from water in which the anion is HCO3, solid CaCO,
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 CaCOs;.

3.11  COMPLEXATION AND SPECIATION OF METALS

Metal ions in water gain stability by forming metal complexes in which species such as C1” 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 Zn** 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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FIGURE 3.13 The nitrilotriacetate anion binding in four places to the Zn>* 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.)

groups including carboxyl (-CO,H) 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 Fe** ion:

Humic substance
molecule

Humic substance

N
molecule /Fe +2H* (3.51)

The most important humic substances in water are the lower-molecular-mass fulvic acids. These
species tend to chelate Fe’* 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(CH,),. 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(C,H;), which was added to gasoline as an octane booster. More
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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 (-CO,H) groups and phenolic (-OH) groups.

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, H,S, 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, SO;, as a
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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 Cd**, 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:

Concentration of xenobiotic in lipid

Binconcentration factor = - — (3.52)
Concentration of xenobiotic in water )



70 Fundamentals of Environmental and Toxicological Chemistry

Tissue where xenobiotic may be
metabolized (typically liver)
Lipi
Blood flow

Xenobiotic storage,
bioaccumulation
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Sediments

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.

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 CO, for carbon, NH} or NOj for nitrogen, HPO;" for phosphorus,
and SO; 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 x as toxic. In some cases, microorganisms actually produce more toxic materials. This occurs
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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(CH,), and HgCHj (see the discussion on methylmercury water pollutants in
Chapter 4, Section 4.3).

OC,H,
O,N O0—bog_Enmymatie OH + HPOZ; other prod
—P=
2 | biodegradation 2 + 4, other products (3.53)
Paraoxon OGH,

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:

H
H—(I:—H H
H—(I:—H H—(I:—H
HHHHHIHHIHHDO H H HH‘H
HHHHHHMHHH HH|HH|H
Highly biodegradable compound with a H-C-H H-C-H
straight hydrocarbon chain and a functional ||_| ll-l

group amenable to biological attack .
Highly branched, poorly biodegradable

compound. The presence of a quaternary
carbon atom bound with four other
carbons, as denoted by the asterisk above,
makes a compound especially resistant to
biodegradation

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 Ca** 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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FIGURE 3.17 Surfactants that have been used in household detergent formulations: the alkyl benzene sul-
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.

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 HCI, of groundwater in contact with
limestone (CaCOs;) 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 CO, 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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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,PO; and HPO;™ 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 MARKERs 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.'

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 (-CO,H) and
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TABLE 4.1
General Types of Water Pollutants

Class of Pollutant

Trace elements

Heavy metals

Organically bound metals
Radionuclides

Inorganic pollutants

Asbestos

Algal nutrients

Acidity, alkalinity, salinity (in excess)
Trace organic and refractory pollutants
Polychlorinated biphenyls

Pesticides

Petroleum wastes

Sewage, human and animal wastes
Biochemical oxygen demand
Pathogens

Detergents

Chemical carcinogens

Sediments

Taste, odor, and color

Significance

Health, aquatic biota, toxicity
Health, aquatic biota, toxicity
Metal transport

Toxicity

Toxicity, aquatic biota

Human health

Eutrophication

Water quality, aquatic life
Toxicity

Possible biological effects
Toxicity, aquatic biota, wildlife
Effect on wildlife, esthetics
Water quality, oxygen levels
Water quality, oxygen levels
Health effects

Eutrophication, wildlife, esthetics
Incidence of cancer

Water quality, aquatic biota, wildlife
Esthetics

Effects and Significance

Toxic, possibly carcinogenic

Toxic
Toxic
Essential as Cr(III), toxic as Cr(VI)

Essential trace element, toxic to plants and

TABLE 4.2
Important Trace Elements in Natural Waters and Wastewaters
Element Sources
Arsenic Mining by-product, chemical
waste
Beryllium Coal, industrial wastes
Boron Coal, detergents, wastes
Chromium Metal plating
Copper Metal plating, mining, industrial
waste

Fluorine (F7)
wastes, water additive

Todine (I7) Industrial wastes, natural brines,
seawater intrusion

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

Lead Industrial waste, mining, fuels

Manganese Industrial wastes, acid mine
water, microbial action

Mercury Industrial waste, mining, coal

Molybdenum Industrial wastes, natural sources

Selenium Natural sources, coal

Zinc Industrial waste, metal plating,

plumbing

Natural geological sources,

algae at higher levels

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

Prevents goiter

Essential nutrient, damages fixtures by
staining

Toxic, harmful to wildlife

Toxic to plants, damages fixtures by staining

Toxic, mobilized as methyl mercury
compounds by anoxic bacteria

Essential to plants, toxic to animals

Essential at lower levels, toxic at higher levels

Essential element, toxic to plants at higher
levels
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amino (-NH,) 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 CaAbMiuM

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 LeaDp

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 MERCURY

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.



Pollution of the Hydrosphere 79

The unexpectedly high concentrations of mercury found in water and in fish tissues result
from the formation of soluble monomethylmercury ion, CH;Hg"*, and volatile dimethylmercury,
(CH,),Hg, 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 10°. The meth-
ylating agent by which inorganic mercury is converted to methylmercury compounds is methylco-
balamin, a vitamin B,, analog:

Methylcobalamin

HgCl, —=2=2%0 5 CH,HgCl + CI” @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, (CH;),Hg, 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, Pb;(AsO,),; sodium arsenite, Na;AsO;; and Paris Green, Cu;(AsO;),.
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 H;AsO, to H;AsO,, then by methylation to produce CH;AsO(OH), (methylar-
sinic acid), (CH,;),AsO(OH) (dimethyarsinic acid), and (CH;),AsH (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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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.

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(IT) 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.
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FIGURE 4.2 Examples of organotin compounds.

4.5.1 ORGANOTIN 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 SnO, 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.” 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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4.6.1 CYANIDE

Cyanide, a deadly poisonous substance, exists in water as HCN, a weak acid, with a K, of 6 x 107'°.
The cyanide ion has a strong affinity for many metal ions, forming relatively less-toxic ferrocyanide,
Fe(CN);~, 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,0 — 2Au(CN); (aq)+40H" (aq) @.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 AMMONIA 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 pK, of ammonium ion, NH} , is 9.26, most ammonia in water is present
as NH} rather than as NH,.

Hydrogen sulfide, H,S, 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 H,S. Its presence is easily detected by its char-
acteristic rotten-egg odor. In water, H,S is a weak diprotic acid with pK, of 6.99 and pK_, of 12.92;
S*” is not present in normal natural waters. The sulfide ion has tremendous affinity for many heavy
metals, and heavy metals present in water containing H,S 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, CO,, 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 CO,, 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 CO,. 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, NO; , 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, SO%’, is found in some industrial wastewaters. Sodium sulfite is commonly added to
boiler feedwaters as an oxygen scavenger:

2805 +0, — 2805 @.3)

Since pK,, of sulfurous acid is 1.76 and pK,, is 7.20, sulfite exists as either HSO3 or SO in
natural waters, depending upon the pH. It may be noted that hydrazine, N,H,, also functions as an
oxygen scavenger:

N,H, +0, —»2H,0+N,(g) 44

Perchlorate ion, CIO,, 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, NH,CIO,, 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 KCIO, 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 (pg/L).

4.6.3 AsBesTOs 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



84

Fundamentals of Environmental and Toxicological Chemistry

TABLE 4.3

Essential Plant Nutrients: Sources and Functions

Nutrient

Macronutrients

Source

Function

Carbon (CO,) Atmosphere, decay Biomass constituent

Hydrogen Water Biomass constituent

Oxygen Water Biomass constituent

Nitrogen (NO;) Decay, pollutants, Protein constituent (from
atmosphere nitrogen-fixing organisms)

Phosphorus Decay, minerals, DNA/RNA constituent pollutants
(phosphate)

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,

Minerals, pollutants

Metabolic function and

Na, Si, V, Zn constituent of enzymes

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,
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FIGURE 4.3 A generalized plot of the growth of an aquatic organism as a function of pH.

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, {CH,O}:

{CH,0} + 0, Mo, 0, + H,0 @.5)
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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} +20, — 2H* + NO; + H,0 4.6)

and by the chemical or biochemical oxidation of chemical reducing agents:
4Fe** + 0, + 10H,0 — 4Fe(OH), (s) + 8H* @.7)
2807 + 0, — 2503 “.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 O, 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 CO,
that is evolved. It has become a popular test in place of BOD because TOC is readily determined
instrumentally.

Clean Decomposition Septic ~ Recovery Clean
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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 SEwAGE

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, Consume dissolved oxygen

particularly human feces and
urine

Refractory organics Industrial wastes, household Toxic to aquatic life
products
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, Esthetics, harmful to some aquatic life
industrial wastes
Salts Human wastes, water softeners, Increase water salinity
industrial wastes
Heavy metals Industrial wastes, chemical Toxicity
laboratories
Chelating agents Some detergents, industrial Heavy metal ion solubilization and
wastes transport

Solids All sources Esthetics, harmful to aquatic life
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FIGURE 4.5 Settling of solids from an ocean-floor sewage effluent discharge.

Soaps, detergents, and associated chemicals are potential sources of organic pollutants. These pol-
lutants are discussed briefly here.

4.10.2 SoApPs AND DETERGENTS

Soaps are salts of higher fatty acids, such as sodium stearate, C,;H,;COO™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”:

P N N P N\ S\ COEN3+

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;;,CO0 Na* (aq) + Ca* (aq) — Ca(C,;H45CO,), (s)+2Na* (aq) @.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.

o o o The triphosphate anion, an example of the poly-
HO—P—0— P o— P —OH phosphates that act as chelating agents for water
| ) hardness ions of calcium and magnesium
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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:

H H H H H H H H H

(l)l | | | | | | | | |
Na+*o—|s|4<C:>>—c—cl—c—cl—c—cl—c—cl—c—CH3
0 | | | | |

H H H H
CH, CH, CH, CH, CH,

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:

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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Nonylphenol polyethoxylate

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 NATURALLY 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.” 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 (C4H;N,Cl,) and its analogous bromine compound:
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1,2"-Bi-1H-pyrrole,2,3,3',4,4,5,5'-
heptachloro-1'-methyl
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4.10.4 MicrosiAL 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.

Cylindrospermopsin

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 Pollutants'
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 Carbamate
regulator, nematicide
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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TABLE 4.5 (Continued)
Pesticides That May Be Found as Water Pollutants'

Pesticide Use Compound Type
Metam-sodium, Fumigant, herbicide, Dithiocarbamate
Metam-potassium microbiocide, algacide
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 SO,F,
Tebuconazole Fungicide Azole
Tebuthiuron Herbicide Urea
Terbacil Herbicide Uracil
Terbuthylazine Algicide, herbicide, Triazine
microbiocide
Thifensulfuron- Herbicide Sulfonylurea
methyl
Thiophanate-methy]l Fungicide Benzimidazole
Tri-allate Herbicide Thiocarbamate
Triclopyr Herbicide Chloropyridinyl
Trifloxystrobin Fungicide Strobin
Trifluralin Herbicide 2,6-Dinitroaniline

" For additional information and structural formulas, see Pesticide Action Network: http://www.pesticideinfo.org/.

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 NATURAL 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



94 Fundamentals of Environmental and Toxicological Chemistry

H HHH
| | H
H—C—C=C—C=C_
H
(¢}
J
N CH; Pyrethrin I
CHs
Nicotine /
C CH,
H;C CH AN
: : HC Te—H
o CH, H H
//C c’ H |
H3C _C\ |(|) |_|| | H3C _(|:_CH3
CHs ~Cs H C._.O.
Allethri N C‘H \ﬁ ¢ °
ethrin (0] H 0 C
@ I}

0]

I
C
. \/W)J\O)\©/o© HyC— C
Cl
H5C = ~CH3
Cypermethrin
Deltamethrm

FIGURE 4.6 Common botanical insecticides and synthetic analogs of the pyrethrins.

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).
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FIGURE 4.7 Two examples of organochlorine insectides. DDT was the most notable of these because of its
history of environmental effects. Endosulfan has been one of the last of these to be phased out of use.

4.11.3 ORGANOPHOSPHATE INSECTICIDES

Organophosphate insecticides are insecticidal organic compounds that contain phosphorus, some
of which are organic esters of orthophosphoric acid, such as paraoxon:

>;D|—o—<i :>—NO2

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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L H,O0, carboxylase il
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0 C-0-CH, 0 coH
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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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FIGURE 4.8 Examples of phosphorothionate (methyl parathion and chlorpyrifos) and phosphorodithioate
(azinphos-methyl, phosmet) insecticides. Once widely used, methyl parathion is no longer allowed for use
because of its neurotoxicity.

has selective insecticidal activity. For example, although malathion is a very effective insecticide,
its LDy, (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 CARBAMATES

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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FIGURE 4.9 Carbamic acid and three insecticidal carbamates.
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FIGURE 4.10 Four examples of widely used fungicides that may be of concern as potential water pollutants.

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 FuNacICIDES

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 HerBICIDES

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.*

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, [llinois, 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.
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FIGURE 4.11 Structural formulas of some common herbicides. Organoarsenic compounds such as MSMA
are no longer registered for herbicidal use.

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.’ 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 —NO, and a substituted -NH,
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 By-Probucts 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 CI 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 pg/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 LDs, of only about 0.6 pg/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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FIGURE 4.12 Dibenzo-p-dioxin and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), often called simply
“dioxin.” In the structure of dibenzo-p-dioxin, each number refers to a numbered carbon atom to which an H

atom is bound, and the names of derivatives are based upon the carbon atoms where another group has been sub-
stituted for the H atoms, as is seen by the structural formula and name of 2,3,7,8-tetrachlorodibenzo-p-dioxin.
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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:

0

~4=F= o
Kepone

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.

. (an,
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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.® 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 (AHR?2) 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.” 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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TABLE 4.6

Classes of Emerging Water Contaminants of Concern as Pollutants

Contaminant

Pharmaceuticals
Pharmaceutical metabolites
Hormones

Endocrine disruptors
Nanomaterials

Sucralose
Disinfection by-products

Personal care products
Brominated flame retardants
Benzotriazoles

1,4-Dioxane

Siloxanes

Naphthenic acids

Musks

Perchlorate
Pesticide metabolites
Emerging pesticides

Significance

Discarded into wastewaters or from human wastes in sewage

From human wastes in sewage

From human wastes in sewage

Synthetic compounds that disrupt endocrine function

A wide variety of inorganic and organic substances in the 1-100 nm size
range with many developing uses

Highly persistent artificial sweetener from chlorinating sucrose

By-products from the reaction of chlorine disinfectant with a variety of
contaminants

Cosmetics, sunscreens, ultraviolet filters

Refractory brominated organic compounds

Complexing agents and anticorrosive additives

Widely manufactured cyclic ether

Organosilicon compounds with many uses

Commonly released in the processing of oil sands

A variety of aromatic substances produced by some animals and plants and
synthetic analogs and used in perfumes

Used as rocket propellant, interferes with iodide in thyroid function

In some cases potentially more harmful than parent pesticides

New classes of herbicides, insecticides, and other pesticides

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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Decamethylcyclopentasiloxane,
a cyclic siloxane

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 (CHCL,),
dibromochloromethane (CHCIBr,), bromodichloromethane (CHCL,Br), and tribromomethane
(CHBr;). These are all by-products of water chlorination and are Group B carcinogens (shown to
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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 pg/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, p-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.® 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 pg/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.” 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 BACTERICIDES

Bactericides used in cleaning and consumer products may be encountered in water. One of the most

common of these is triclosan,
Qo<

OH*
Triclosan (methyl triclosan has a —-CHj group
substituted for the H designated H*)

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 17a-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 17a-ethinylestradiol and the natural hormone 17f3-estradiol, used in oral contraceptives.
The glucuronide and sulfate conjugates of 17a-ethinylestradiol are excreted with urine and cleaved
by bacteria in water to regenerate the original compound.

4.13.3 BIOREFRACTORY 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.

CH,
HiC~O—C—CH,

CH,
Methyl tert-butyl ether

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 CF,, 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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Perfluorooctane sulfonic acid Perfluorohexanoic acid

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:

Br Br Br Br Br
Br@ O@Br Br@ O‘@*Br
Br Br Br  Br Br

2,2',4,4' tetrabromodiphenyl ether = Decabromodiphenyl ether



106 Fundamentals of Environmental and Toxicological Chemistry

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.'”
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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 —CO,H 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.

H5C CO,H

4-Methyl-1-cyclohexane carboxylic acid,
a typical low-molar-mass naphthenic acid

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 N, 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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Melamine Cyanuric acid
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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:

23U — "Th+ 3o (alpha particle) 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:

9B Beta particle 9 Positron

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:

7CI+ dn — ECl+y (@.11)
+ @ 5 Unstable radio- + Neutrons

active nuclei

O ec
O-o— O

Stable nucleus Unstable nucleus

FIGURE 4.15 A heavy nucleus, such as that of *U, 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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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 MN(n,p)MC,Z thermal neutrons from cosmic or nuclear-
weapon sources reacting with N,

Silicon-32 ~300y “Ar(p,x)**Si, nuclear spallation (splitting of the nucleus)
of atmospheric argon by cosmic-ray protons

Potassium-40 ~14%x10°y 0.0119% of natural potassium including potassium in the
body

Naturally Occurring from ***U Series

Radium-226 1620y Diffusion from sediments, atmosphere

Lead-210 21y *6Ra — 6 steps — *'°Pb

Thorium-230 75,200 y 38U - 3 steps — *°Th produced in situ

Thorium-234 24d 28U — »*Th produced in situ

From Reactor and Weapons Fission®
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 525y From nonfission neutron reactions in reactors
Manganese-54 310d From nonfission neutron reactions in reactors
Iron-55 2.7y *Fe(n,2n)*°Fe, from high-energy neutrons acting on iron

in weapons hardware

Plutonium-239 24,300 y #¥U(n,y)**’Pu, neutron capture by uranium

' Abbreviations: y, years; d, days

% 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.
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.

The chlorine-38 nucleus is radioactive and loses a negative beta particle to become an argon-38
nucleus:

BCl— BAr+ @.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
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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 = —% =AN 4.13)

where N is the number of radioactive nuclei present and A 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=Ae™ 4.14)

where A is the activity at time #; A, is the activity when ¢ is zero; and e is the natural logarithm base.
The half-life, 7, ,, is generally used instead of A to characterize a radionuclide:

0.693
== @.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 *’K 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 x 10"’ disintegrations per second and a pico-
curie is 1 x 10™"* that amount or 3.7 x 107> 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, lowa, 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 (**°Ra plus ***Ra) 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 x 10°); Pu-236 (2.85); Pu-238 (87.8); Pu-239 (2.44 x 10"); Pu-240 (6.54 x 10%); Pu-241
(15); Pu-242 (3.87 x 10°); Am-241 (433); Am-243 (7.37 x 10°); 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."" 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, SO7-, to H,S,
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(I1I)
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?

H O
Ll
5. Consider the following compound:
i N
T A o o o e
0 H H H H H H H H H H
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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, (¢) 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 areason that Na;PO, would not function well as a detergent builder, whereas Na;P;0,,
is satisfactory, though it is a source of pollutant phosphate.

8. Of the compounds CH,(CH,),,CO,H, (CH,),;C(CH,),CO,H, CH,;(CH,),,CH;, and
¢—(CH,),,CH; (where ¢ represents a benzene ring), which is the mostreadily 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.

(0]

e

(A) CdS (B) (CH3)AsH (O)| [-4-1--(Chyy (D) ,—

(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 Na,SO,?

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 O,.

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

>




Pollution of the Hydrosphere

20.

21.

22.

23.

24.

25.

26.

C=C
3
H3C |1| \ (3)

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.

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.

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.

Match the following pollutants on the left with effects or other significant aspects on the
right:
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(a) Salinity
(b) Alkalinity

(c) Acidity

(d) Nitrate

1. Excessive productivity

2. Can enter water from pyrite
or from the atmosphere

3. Osmotic effects on
organisms

4. From soil and mineral strata

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.

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.

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?
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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 H,O. 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.” 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.

Animportant 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

17
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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.”

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 AI(OH), and Fe(OH),, 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 Ca** 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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FIGURE 5.1 Schematic of a municipal water treatment plant.

as hydrogen sulfide, carbon dioxide, methane, and volatile odorous substances such as methanethiol
(CH,SH) 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), after aeration raises the pH
and results in the formation of precipitates containing the hardness ions Ca>* and Mg”*. 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 CoNTAMINATION 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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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 Ca** 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

e 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 O,). 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 INDUSTRIAL 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 pm across. These openings may be reduced to 5—15
pm 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, Al,(SO,);-18H,0. When this salt
is added to water, the aluminum ion hydrolyzes by reactions that consume alkalinity in the water,
such as

Al(H,0))" +3HCO; — Al(OH); (s) + 3CO, + 6H,0 G.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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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(I1I) sulfate is that it works over a wide pH range of approximately
4-11. Hydrated iron(II) sulfate, or copperas, FeSO,-7H,0, 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 DissoLveD 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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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.

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,0 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),, and soda ash, Na,CO,. Calcium is precipitated as CaCO; and magnesium as
Mg(OH),. When the calcium is present primarily as “bicarbonate hardness,” it can be removed by
the addition of Ca(OH), alone:

Ca®* + 2HCO; + Ca(OH), — 2CaCO; (s) + 2H,0 (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, (g) (5.4)
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The quicklime is then slaked with water to produce calcium hydroxide:

CaO+H,0 — Ca(OH), (5.5)

When bicarbonate ion is not present at substantial levels, a source of CO;” 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 Na,CO; (soda ash). For example, calcium present as the chloride can be
removed from water by the addition of soda ash:

Ca® +2CI" + 2Na* + CO> — CaCO, (s) + 2Na* + 2CI- (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** + 20H™ — Mg(OH), (s) (5.7)

The high pH required can be provided by the basic carbonate ion from soda ash:
CO; +H,0 — HCO; + OH~ (5.8)

The water softened by lime—soda softening plants usually suffers from two defects. First, because
of supersaturation effects, some CaCO; and Mg(OH), 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 CO, into it. The carbon dioxide converts the slightly soluble calcium
carbonate and magnesium hydroxide to their soluble bicarbonate forms:

CaCO; (s) + CO, + H,0 — Ca*" + 2HCO; (5.9)

Mg(OH), (s) + 2CO, — Mg** + 2HCO; (5.10)
The CO, also neutralizes excess hydroxide ion:
OH™ + CO, = HCO; (5.11)

The pH generally is brought within the range 7.5-8.5 by recarbonation, commonly using CO,
from the combustion of carbonaceous fuel. Scrubbed stack gas from a power plant frequently is
utilized. Water adjusted to a pH, alkalinity, and Ca** concentration very close to CaCO, saturation
is labeled chemically stabilized. It neither precipitates CaCO; in water mains, which can clog the
pipes, nor dissolves protective CaCO, coatings from the pipe surfaces. Water with Ca** concentra-
tion much below CaCO; saturation is called aggressive water.

Calcium can be removed from water very efficiently by the addition of orthophosphate:

5Ca** +3PO;” +OH™ — Ca;OH(PO,), (s) (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
K,(MgFe),Al((S1,0,,);(OH),,. 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 —~SO;H" group is a strong acid. When the functional group binding the cation is the —CO;
group, the exchange resin is called a weakly acidic cation exchanger, because the -CO,H 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*(CH,),. In the hydroxide form, -N*(CH,),;OH", 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* +2CI- — 2Na*~ {Cat(s)} + Ca®* + 2CI" (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 —CO,H group as a functional group are useful for

SO3Na*t  SO3Na* s05 1 ca?* 5031 Ca2+

i i += Ca+2 i i + 3Na*

—CH—CH,—CH— CHZ—CH— —» —CH—CH,—CH—CH,—CH—
SO3Na* s0;4 Ca2+

—CH CH,—CH—CH,—CH— —CH —CH,—CH—CH,—CH—

FIGURE 5.3 Strongly acidic cation exchanger. Sodium exchange for calcium in water is shown.
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N*(CH53);0H~ N*(CH5)5CI™
+C~ — + OH~
—CH,—~CH—-CH,— —CH,—~CH-CH,—

FIGURE 5.4 Strongly basic anion exchanger. Chloride exchange for hydroxide ion is shown.

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,0 + 2CO, (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 (Ca**) with excess EDTA anion (an organic species that has 6 sites that can
bind to metals, represented below as YY)

Ca’* +Y* — CaY™ (5.15)

reduces the concentration of hydrated calcium ion, preventing the precipitation of calcium
carbonate:

Ca® + CO; — CaCO;(s) (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 REemovAL 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 MnO, is a complicated process. It appears to be catalyzed
by solid MnO,, which can adsorb Mn(II). This adsorbed Mn(II) is slowly oxidized on the MnO,
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).
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In water with a high level of carbonate, FeCO; and MnCO; 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(I1V) 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 RemovAaL 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* +S8* — CdS(s) (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" + Cu (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 ARrseNiC 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 pg/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,AsO; and HAsO7 .
Groundwater supplies containing the more toxic As(IIT) 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(IIl) salts that produce Fe(OH),, and lime effectively
removes arsenic. Sorption onto granular iron(IIl) 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 —2C0 (5.19)

Or, the carbon can be oxidized by superheated steam at 800-900°C:

H,0+C— H, +CO (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 pm 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.



Sustaining the Hydrosphere 129

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 RemovaL 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 RemovaL ofF 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, H,0,:

H,0, + hv — HO -+ HO (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 (Si0,) 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 SonoLysis

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 loN 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* + CI” — Na* {Cat(s)} + H" + CI” (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" + CI” - CI™" {An(s)} + H,0 (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 PO 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 CO, produced by biodegradation of wastes is swept
out, the pH rises, and reactions such as the following occur:

5Ca® +3HPO?™ +H,0 — CasOH (PO, ), (s) + 4H" (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), +3HPOZ™ — CasOH (PO, ), (s) + 3H,0 + 60H" (5.25)

Salts of AI**, Fe*™*, and Mg”" are also capable of forming precipitates with phosphate. Phosphate
can be removed from solution by adsorption on some solids, particularly activated alumina, AL,O;.
Removals of up to 99.9% of orthophosphate have been achieved with this method.

5.9.3 NITROGEN 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, NH}. 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; + 20, (Nitrifying bacteria) — NOj + 2H" + H,0 (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, CH;OH, or an organic carbon source, {CH,0}:

4NO; +5{CH,0} + 4H" — 2N, (g) + 5CO, (g) + 7H,0 (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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TABLE 5.1

Membrane Filtration Processes for Water Purification

Name Approximate Pore Size® Materials Removed

Microfiltration 100 nm Particles, single-cell microorganisms

Ultrafiltration 10 nm Small colloids, viruses

Nanofiltration I nm Dissolved organics, divalent ions
(Ca™, Mg™, SO%)

Reverse osmosis — Monovalent ions (Na*, CI")

* In nanometers (nm, 10-° m).

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 Reverse 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.
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FIGURE 5.5 Solute removal from water by reverse osmosis.
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FIGURE 5.6 A reverse osmosis system for the removal of ions and other impurities from water. Highly pres-
surized water is forced through a membrane selectively permeable to water so that desalinated purified water
penetrates the membrane and a waste brine is rejected. Membrane filtration processes that employ filters with
larger pores are used to remove a variety of contaminants from water.

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.’ 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 DISINFECTION 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 DisINFECTION 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,0 —» H* + ClI” + HOCI (5.28)

to produce weakly acidic hypochlorous acid, HOCI. Salts of hypochlorite including calcium hypo-
chlorite, Ca(OCl),, can be used as disinfectants and are safer to handle than gaseous chlorine.

The two chemical species formed by chlorine in water, HOCl and OCI", are known as free
available chlorine and are very effective in killing bacteria and other pathogens. In the pres-
ence of ammonia, HOCI reacts with ammonium ion to produce monochloramine (NH,Cl), dichlo-
ramine (NHC,), and trichloramine (NCl,), 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, HCCIl;, and dibromochlo-
romethane, HCBr,Cl, 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 CHLoRrINE DiOXIDE

Chlorine dioxide, ClO,, is an effective water disinfectant that is of particular interest because, in the
absence of impurity Cl,, it does not produce impurity trihalomethanes in water treatment. In the neu-
tral pH range, chlorine dioxide in water remains largely as molecular ClO, 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, (s) + Cl, (g) <> 2CIO, (g) + 2NaCl (s) (5.29)

A high content of elemental chlorine in the product may require its purification to prevent
unwanted side reactions from Cl,. As a water disinfectant, chlorine dioxide does not chlorinate or
oxidize ammonia or other nitrogen-containing compounds.
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5.11.5 Toxicities 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, ClO;, which is known to form methemoglobin, a
product of hemoglobin in which the iron is in the 43 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 — 4CIO, + 5NaCl + 2H,0 (5.30)

5.11.6 GREeN OzONE FOR WATER DISINFECTION

A greener alternative to chlorine-based water disinfectants in many respects is ozone, O;. 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,

20, —30,(g) (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, H;CC(O)H) and carboxylic acids and their
salts (oxalic acid, HO,CCO,H).

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 OzonNE Toxicry

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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FIGURE 5.7 Ozone generator in which O, is produced from O, by an electrical discharge through chilled,
dry air. Pumped into water, the ozone kills microorganisms including disease-causing pathogens.

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 sulfthydryl (-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 MISCELLANEOUS 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, FeOj", is a strong oxidizing agent with excellent disinfectant
properties. When it reacts in water, it produces a gelatinous precipitate of Fe(OH),, 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.*
Ferrate has commonly been used as the potassium salt prepared by reaction of a strong oxidant, such
as Cl, or NaClO, with an iron(III) salt in KOH solution, from which K,FeO, 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 PrRIMARY 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 SecoNDARY 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.

0

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.
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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 CO,. 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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FIGURE 5.10 Pathways for the removal of BOD in biological wastewater treatment.

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 CO, 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,0} - CH, +CO, (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  TerTIARY 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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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

e 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 CO, 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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FIGURE 5.11 Major components of a complete physical-chemical treatment facility for municipal
wastewater.

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.
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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 INDUSTRIAL WASTEWATER TREATMENT BY SoOIL

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:

AI** +30H" (aq) — Al(OH); (s) (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);. The sludge contains Fe(OH), in the form of soft, fluffy precipitates that
are difficult to dewater beyond 10% or 12% solids.

The addition of either lime, Ca(OH),, or quicklime, CaO, to water is used to raise the pH to about
11.5 and cause the precipitation of CaCO,, 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.’

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.® 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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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.

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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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

e 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 1 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 RAINWATER HARVESTING

Rainwater harvesting refers to the practice of collecting and storing water before it can reach a
river or infiltrate into an aquifer.’ 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 H,PO,” and HPO,*” 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 NOj 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 {CH,O} and is processed through
a 200,000-L/day sewage treatment plant that converts 40% of the waste to CO, and H,O.
Calculate the volume of air (at 25°C, 1 atm) required for this conversion. Assume that the
0, is transferred to the water with 20% efficiency.

13. If all of the {CH,O} 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 Cu** 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.

A. Mn** 1. Activated carbon

B. Ca®* and HCO;~ 2. Raise pH by addition of Na,CO;
C. Trihalomethane compounds 3. Addition of lime

D. Mg** 4. Oxidation

19. A cementation reaction employs iron to remove Cd** 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 x 10° 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 HCOJ5 salt in water is easier to remove than other forms of hardness, such as dis-
solved CaCl,.
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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 CO, 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.

LITERATURE CITED

1. Manahan, Stanley E., Water Chemistry: Green Science and Technology of Nature’s Most Renewable
Resource, Taylor & Francis/CRC Press, Boca Raton, FL, 2010.

2. Wada, Yoshide, Ludovicus P. H. van Beek, Cheryl. M. van Kempen, Joseph. W. T. M. Reckman, Slavek
Vasak, and Marc F. P. Bierkens, Global Depletion of Groundwater Resources, Geophysical. Research
Letters 37, 26-39, Preprint L20402 (2010)

3. Basic Information about E. coli 0157:H7 in Drinking Water, http://water.epa.gov/drink/contaminants/
basicinformation/ecoli.cfm, 2012.

4. Sharma, Virender K, Ferrate: Green Chemistry Disinfectant and Oxidant in Water Treatment, Abstracts
of Papers, 242nd American Chemical Society National Meeting & Exposition, Denver, CO, United
States, August 28—September 1, 2011.

5. Miller, Wade, Integrated Concepts in Water Reuse: Managing Global Water Needs, Desalination 187,
65-75 (2006).

6. Bhargav, J. S., K. Sivasankar, and V. Sambasiva Rao, Groundwater Quality in Artificial Recharge—Some
Hypothetical Views, Journal of Applied Geochemistry 8, 85-99 (2006).

7. Oweis, Theib Y., Dieter Prinz, and Ahmed Y. Hachum., Rainwater Harvesting for Agriculture in Dry
Areas, Taylor & Francis/CRC Press, Boca Raton, FL, 2012.

SUPPLEMENTARY REFERENCES

Adin, Avner and Takashi Asano, The Role of Physical Chemical Treatment in Wastewater Reclamation and
Reuse, Water Science and Technology 37, 79-80 (1998).

American Water Works Association, Reverse Osmosis and Nanofiltration, American Water Works Association,
Denver, CO, 1998.

American Water Works Association, Water Treatment, 3rd ed., American Water Works Association, Denver,
CO, 2003.

Amjad, Sahid, The Science and Technology of Industrial Water Treatment, Taylor & Francis/CRC Press, Boca
Raton, FL, 2010.

Baruth, Edward E., Ed., Water Treatment Plant Design, 4th ed, McGraw-Hill, New York, 2005.

Benjamin, Mark M., Water Chemistry, Waveland Press, Long Grove, IL, 2010.

Bergman, Robert, Reverse Osmosis and Nanofiltration, 2nd ed., American Water Works Association, Denver,
CO, 2007.

Bitton, Gabriel, Wastewater Microbiology, Wiley-Liss, New York, 1999.

Brezonik, Patrick L., and William A. Arnold, Water Chemistry: An Introduction to the Chemistry of Natural
and Engineered Aquatic System, Oxford University Press, Oxford, UK, 2011.

Cornwell, David A., Water Treatment Residuals Engineering, AWWA Research Foundation and American
Water Works Association, Denver, CO, 2006.

Crittenden, John C., Water Treatment Principles and Design, 2nd ed., Wiley, Hoboken, NJ, 2005.

Drinan, Joanne E., and Frank Spellman, Water and Wastewater Treatment, 2nd ed., Taylor & Francis/CRC
Press, Boca Raton, FL, 2012.

Faust, Samuel D. and Osman M. Aly, Eds., Chemistry of Water Treatment, 2nd ed., CRC Press, Boca Raton,
FL, 1998.

Grady, C. P. Leslie, Glen T. Daigger, Nancy G. Love, and Carlos D. M. Filipe, Biological Wastewater Treatment,
3rd ed, Taylor & Francis/CRC Press, Boca Raton, FL, 2011.

Hammer, Mark, Water and Wastewater Technology, 6th ed., Prentice Hall, Upper Saddle River, NJ, 2007.

Hendricks, David, Fundamentals of Water Treatment Unit Processes, 2nd ed., Taylor & Francis/CRC Press,
Boca Raton, FL, 2010.

Lauer, William C., Desalination of Seawater and Brackish Water, American Water Works Association, Denver,
CO, 2006.



Sustaining the Hydrosphere 153

Mays, Larry W., Water Distribution Systems Handbook, McGraw-Hill, New York, 1999.

Norman, Terry and Gary Banuelos, Phytoremediation of Contaminated Soil and Water, CRC Press/Lewis
Publishers, Boca Raton, FL, 1999.

Pizzi, Nicholas G., Water Treatment Operator Handbook, American Water Works Association, Denver, CO,
2005.

Polevoy, Savely, Water Science and Engineering, Blackie Academic & Professional, London, 1996.

Rao, D. G., R. Senthilkumar, J. Anthony Byrne, and S. Feroz, Wastewater Treatment Advanced Processes and
Technologies, 2nd ed., Taylor & Francis/CRC Press, Boca Raton, FL, 2012.

Rice, Rip G., Ozone Drinking Water Treatment Handbook, CRC Press/Lewis Publishers, Boca Raton, FL, 1999.

Roques, Henri, Chemical Water Treatment: Principles and Practice, VCH, New York, 1996.

Sarai, Darshan Singh, Water Treatment Made Simple for Operators, Wiley, Hoboken, NJ, 2006.

Sincero, Arcadio P., Physical-Chemical Treatment of Water and Wastewater, CRC Press, Boca Raton, FL, 2003.

Spellman, Frank R., The Science of Water: Concepts and Applications, 2nd ed., Taylor & Francis/CRC Press,
Boca Raton, FL, 2007.

Spellman, Frank R., Handbook of Water and Wastewater Treatment Plant Operations, 2nd ed., Taylor &
Francis/CRC Press, Boca Raton, FL, 2008.

Steiner, V., UV Irradiation in Drinking Water and Wastewater Treatment for Disinfection, Wasser Rohrbau 49,
22-31 (1998).

Stevenson, David G., Water Treatment Unit Processes, Imperial College Press, London, 1997.

Trimble, Stanley W., Encyclopedia of Water Science, 2nd ed., Taylor & Francis/CRC Press, Boca Raton, 2008.

Water Environment Federation, Industrial Wastewater Management, Treatment, and Disposal, 3rd ed.,
McGraw-Hill Professional, New York, 2008.

White, George C., Handbook of Chlorination and Alternative Disinfectants, John Wiley & Sons, New York,
1999.






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
(N,), O,, 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 X 10" 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 O, 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, CO,, the atmosphere is the source of carbon
that plants and other photosynthetic organisms use to synthesize biomass.

* Consisting mostly of molecular N,, 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.

155



156 Fundamentals of Environmental and Toxicological Chemistry

Upper atmosphere
PN
7N
o
Fpppan
NEEERS
A \ o
/ I \ \\ E‘;
A 'SQ:.‘
w
2
]
——————————————————————— &
- High-altitude ozone, O, T .
protection from ultraviolet
radiation
== TS T T Thinningair = ~ = =~ T T T~ - - - - _ |
B A ]
Temperature stabilization (greenhouse) effect of the atmosphere
Ny, O, argon, raw E Chemical and photochemical ®
material gases to processes =z
the anthrosphere 3
Exchange of O, and CO, Water vapor from %
with the biosphere, release the hydrosphere =
of H,O from plants
. Gases and particles
Gases and particles
from the anthrosphere .
from the geosphere Water (rainfall) to
the hydrosphere
ﬂ and geosphere

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.

* 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).

e 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 AV, where A is Planck’s constant and v 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 6.2 Major regions of the atmosphere (not to scale).

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 N,, O,, and CO,, and the noble gas argon. However, levels of H,O 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



158 Fundamentals of Environmental and Toxicological Chemistry

solar radiation impinging on air molecules. Because this radiation can break the bonds holding O,
molecules together, at higher altitudes the stratosphere maintains a significant level of O atoms and
of ozone (O;) molecules formed by the combination of O atoms with O, molecules (see the discus-
sion on ozone layer in this section). The stratosphere is warmed by the UV energy absorbed by both
0O, and O; 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 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.

FIGURE 6.3 The solar flux at the distance of Earth from the sun is 1.34 x 10> W/m?.
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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) N,, 21.0% O,, 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 N, 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, SO,, and pollutant hydrocarbons. Molecular O, does not react with these substances
directly; but it reacts with them indirectly through the action of reactive intermediates, especially
hydroxyl radical, HO-.! Atmospheric oxygen is discussed in Section 6.10.

Under most conditions, the third most abundant constituent of the atmosphere is water, H,O,
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.



160 Fundamentals of Environmental and Toxicological Chemistry

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 O, they require from the atmosphere. The refractory N, 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 O,
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, NH;. 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
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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/m? (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 um, primarily between 2 and 40 um). 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:

e 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 H,SO,.
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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.

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 GroBAL 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 6.6 Global circulation of air in the Northern Hemisphere.

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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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.? 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 Nifio 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 HUMAN 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 MICROCLIMATE

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 Errects 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 CO, 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 MICROATMOSPHERE

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.* 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.> 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 (N,0), 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 = hv,
where £ is Planck’s constant and Vv 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 O,
molecules in the stratosphere at altitudes above about 10 km that occurs when the molecules absorb
highly energetic UV radiation from the sun

0, +hv—20 6.1)

followed by the reaction of the O atoms to produce ozone, O;, where M is a third body, usually a
molecule of N,, that absorbs energy released by the reaction and prevents the ozone molecule from
coming apart:

O0+0,+M —->0,+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, CCL,F,, 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 (hv) is available to break the very strong C—CI bonds

CCLF, + hv — CCIF, + CI- 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 O,, there are oxy-
gen atoms and molecules of ozone, O, also formed by photochemical processes in the stratosphere.
A chlorine atom produced by the photochemical dissociation of CC1,F, as shown in Reaction 6.3
can react with a molecule of O; to produce O, 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 O, molecules. These reac-
tions are shown as follows:

Cl+0; — O, +CIO- 6.4)
Cl0O+0— 0, +(l 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 Oy and O in the atmosphere to O,. 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.® 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.

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 (SO,) to droplets of dilute sulfuric acid (H,SO,), which contribute to
acid rain.

6.9.1 ATMOSPHERIC lONS AND THE lONOSPHERE

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, +hv— Nj +¢e” (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, O,, 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 O; 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

4Fe0 + 0, — 2Fe, 0, 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

Iy,

B e il

ho— . .
O3+/m0—0+0, Ozone shield; absorption
O0+0,+M— O3+M of ultraviolet radiation
from 220 nm to 330 nm
Oy+h—-0+0
SR L L LI H B LI F b E L LI E LI LA LIS E L L LTSI LIS L LI LIS L L LIS II SIS L L LI SIS LIILELL LSS
2CO+0,—2CO,

Oxygen consumed
by reducing gases
of volcanic origin CO, O, CO,

respiration by animals Co,

HCOy+ H,0 + hv— {CH,0} + 0,

Oxygen consumed __ .- R
. .1 O5+4FeO — 2Fe,O5 ™

by b fossil 2 23 = .

ﬁzlelsurmng o5 Oxidative weathering (photosynthesis)

e e e e S et
R R IR R T AT AT

A
QZ Ca’*+C0O;* - CaCQ; 22

2 .
% Combined oxygen

of reduced minerals

KRR

FIGURE 6.8 Oxygen in the atmosphere and aspects of the oxygen cycle.



172 Fundamentals of Environmental and Toxicological Chemistry
CO, +H,0+hv — {CH,0}+0, (6.8)

where {CH,0} 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)+20, — CO, +2H,0 6.9)

Atmospheric oxygen is utilized by oxic organisms in the degradation of organic material. Some
oxidative weathering processes consume oxygen, such as

4Fe0 + 0, — 2Fe, 0, (6.10)

Oxygen is returned to the atmosphere through plant photosynthesis:
CO, +H,0+hv — {CH,0}+ 0O, 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 O,, 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 O,. In addition
to O,, the upper atmosphere contains oxygen atoms, O; excited oxygen molecules that have been
energized by the absorption of photons of UV radiation, O,*; and ozone, O;.

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:

0,+hv—>0+0

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, O, 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 0zone, which has a relatively weak bond energy
of 26 kcal/mol, at wavelengths below 308 nm

O; +hv(A <308 nm) — O* + O, (6.12)
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or by highly energetic chemical reactions such as
0+0+0—->0,+0%* (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+hv— O +e (6.14)

is the predominant positive ion in some regions of the ionosphere. Other oxygen-containing ions in
the ionosphere are O3 and NO*.

Ozone, O, 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

0,+hv—>0+0 (6.15)

(where the wavelength of the exciting radiation must be less than 242.4 nm), followed by a three-
body reaction

O+0,+M — O, + M (increased energy) (6.16)

in which M is another species, such as a molecule of N, or O,, 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

20, — 30, 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, NO,,
H, HO-, HOO-, CIO, CI, 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 ToxicoLoGIcAL CHEMISTRY OF OXYGEN

As noted in a very informative summary by McKersie,® 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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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.

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 O, 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,+hv—>N+N (6.18)

Several reactions of ionic species in the ionosphere may generate N atoms as well. The N} ion is
generated by photoionization in the atmosphere

N, +hv — N} +e” (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 NO,, are the key species involved in air pollution and
the formation of photochemical smog. For example, NO, is readily dissociated photochemically to
NO and reactive atomic oxygen:

NO, +hv - NO+0O (6.20)
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FIGURE 6.10 The nitrogen cycle.

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, +20, + hv CO, +2H,0 6.21)

Several steps
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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

The water produced by this reaction serves as a source of stratospheric hydroxyl radical as shown
by the following reaction:

H,0 + hv — HO- + H- (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 ATMOSPHERIC 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
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chemical processes.” 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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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.

2.

0.

10.
11.
12.
13.
14.

15.

16.
17.

18.

Give two examples each of Earth’s natural capital in terms of (1) protective function and
(2) raw materials.

In what respect is the composition of gases in the troposphere not uniform (which atmo-
spheric constituent varies widely in time and location)?

. 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.

. Look up the tropopause on the Internet. Where is it located? What function does it serve in

keeping Earth in a livable state?

. 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?

. 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?

. What is a free radical?
. In what two important respects may very small particles participate in atmospheric chemi-

cal processes?

In what respect does the radiation by which Earth loses energy differ from that by which it
gets energy from the sun?

What are two catastrophic events that could cause a sudden cooling of Earth’s atmosphere?
How is water vapor involved in moving energy through the atmosphere?

Distinguish among the terms meteorology, weather, and climate.

What do clouds consist of? What must happen before rain falls from clouds?

Why is there essentially no atmospheric chemistry involving elemental nitrogen gas in the
atmosphere?

Cite an atmospheric chemical condition or phenomenon that shows that the O, molecule is
easier to break apart than the N, molecule.

In what respect are elemental nitrogen and oxygen green elements?

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.
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." The health implications of climate change
are discussed in more detail in Chapter 8, Section 8.2.6

181
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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 um, 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 um 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 (SiO,) 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  CHeMICAL 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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FIGURE 7.1 Some of the components of inorganic particulate matter and their origins.

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, +80, — Fe;0, + 6S0, (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 + CO, (1.2)

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:

250, + 0, + 2H,0 — 2H,S0, (13)

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, (droplet) (74)
H,S0, (droplet) + CaO(s) — CaSO, (droplet) + H,O (7.5)

At low humidity, water is lost from these droplets and a solid salt aerosol is formed.
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7.2.3 CoMPOSITION 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 SO,.
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 HCI:

280, + 0, +2H,0 — 2H,S0, (7.6)
H,S0, + 2NaCl(particulate) — Na,SO, (particulate) + 2HC1 (77)

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:

e Al Fe, Ca, Si: Soil erosion, rock dust, coal combustion

e C: Incomplete combustion of carbonaceous fuels

e Na, CI: Marine aerosols, chloride from incineration of organohalide polymer wastes

e Sb, Se: Very volatile elements, possibly from the combustion of oil, coal, or refuse

e V: Combustion of residual petroleum (present at very high levels in residues from
Venezuelan crude oil)

e 7Zn: Tends to occur in small particles, probably from combustion

e 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.” 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 SO, 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 Fry 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 um 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 RADIOACTIVITY 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, **’Rn (half-life 3.8 days) and **’Rn (half-
life 54.5 seconds). Both are alpha emitters in decay chains that terminate with stable isotopes of
lead. The initial decay products, *'*Po and *'°Po, 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 I1
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 *Kr (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  ORGANIC 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 CH,O, 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 O Chrysene Benzo(j)fluoranthene

Elevated levels of PAH compounds of up to about 20 ug/m? 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 pg/m’
of PAH compounds and cigarette smoke contains almost 100 pg/m’. 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 ErrecTs 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 um 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 HeaLtH Errects 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 um in size (less than 1/30 the diameter of a human hair) designated
PM, 5 These are mostly condensation aerosols and may contain toxic elements, such as arsenic,
acids, such as H,SO,, 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 (SiO,) 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 Mg,P(Si,05)(OH),,,
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

Ambient air,
the atmosphere

Ingestion

Nose, pharynx Gastrointestinal tract

Trachea, bronchi
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Air pathway
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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 PM, ; particles associated with photochemical smog (see Section 7.8) have been
linked with adverse health effects.” 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 AsiaN BRowN Croup: 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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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.

A study of the Asian brown cloud has concluded that the greatest contribution to this phenom-
enon in Asia comes from biomass combustion.* 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, NH;, 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 anhydrou