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Preface

Chemistry of Environmental Systems is written with the overall concept of teaching the subject
in a manner that develops a proactive science, learning from our past experiences and using
the knowledge obtained from these experiences to prevent future environmental impacts. This
is differentiated from the reactive science that environmental chemistry has been in the past.
Thus, environmental chemistry as a subject is not simply the measurement of pollution species
in the various environmental phases, but is the understanding of the chemical processes in the
natural environment and how these natural chemical processes react when perturbed by either
acute or chronic additions of chemical compounds into the whole Earth system.

This book addresses the development of the chemistry of environmental systems as it has
changed over the past 50 years. Chemistry of Environmental Systems evolved from a senior-level
undergraduate/lower-level graduate course in Environmental Chemistry taught by one of the
authors (JSG) at the University of Arkansas at Little Rock. This course used two textbooks as
resources: Chemistry of the Upper and Lower Atmosphere, by Dr. Barbara Finlayson-Pitts and
Dr. James N. Pitts, Jr. and the Second Edition of Chemistry of the Environment, by Dr. Ronald
A. Bailey, Dr. Herbert M. Clark, Dr. James P. Ferris, Dr. Sonja Krause, and Dr. Robert L. Strong.
Both of these texts have influenced the writing of this book and while Chemistry of the Upper
and Lower Atmosphere details atmospheric chemistry as it was known at the date of publica-
tion (2000), Chemistry of the Environment covers the subject with a more holistic approach,
including the environmental problems of the atmosphere, hydrosphere, and geosphere that
were clearly identified by the year of publication (2002). While teaching the Environmental
Chemistry course, it became increasingly apparent that the impacts of pollution on the chem-
istry of the environment are global in nature, even though they were originally thought to be
local issues. Also, environmental chemical reactions are not restricted to one specific envi-
ronmental phase. For example, the fundamental reaction mechanisms that are important in
gas-phase chemistry of the troposphere and stratosphere are, in many cases, also important
mechanisms for aqueous and surface phase reactions.

Major environmental problems, such as urban air pollution, stratospheric ozone depletion,
acid rain, and catastrophic releases of pollutants like oil spills, have been well known for
decades, if not centuries. The potential impacts of climate change have now brought even more
attention to the fact that these environmental problems are not standalone one-time events,
but will continue to be major issues as we move forward in the Anthropocene. The impacts of
the ever-growing human population on the environment are real and require that we address
these issues in a more fundamental way, focusing on the principles of environmental chem-
istry. This approach is very important in training future scientists in all disciplines to begin to
develop critical thinking skills in order to avoid future major environmental impacts and to
move toward a sustainable global environment. Indeed, fully understanding environmental
impacts requires that students and future environmental researchers have a solid background

XV
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in all areas of chemistry and are trained to be able to ask the right questions of engineers,
biologists, and ecologists, to aid in providing the answers to important questions of energy
and technology development in the years to come. These scientists will also need to be able to
effectively communicate their findings to public policy makers and leaders to insure that we,
as a global community, make the best decisions regarding chemical and energy use to insure
that our air and water quality is maintained and to prepare to adapt to the potential impacts
of our changing climate and weather patterns, induced by anthropogenic emissions from an
increasing world population.

This book is intended not only for use as a textbook, but also as a reference guide to provide a
solid background in environmental chemistry and the basic mechanisms involved in the various
phases of the environment, which are in constant equilibrium. Some key references used in this
text are pre-2000 and are typically not accessed by current scientists, who rely on the Internet as
their major source of information. Following in the tradition of the influential environmental
texts noted earlier, units of measurement that are still commonly used in the environmental
chemistry literature are used in this text but they are defined in terms of the accepted SI units
to assist the reader in connecting current and past work in environmental chemistry with the
most ease. The organization of the book first addresses the chemistry and radiative balance of
the atmosphere associated with climate change and air quality. It then continues into the areas
of aqueous and heterogeneous chemistry. The linkages between these areas and the biosphere
are stressed to indicate the important concept that environmental impacts, in many cases, can
be amplified by biospheric or geospheric feedbacks. Key concepts that are fundamental to many
areas of chemistry — such as the basic principles and laws of photochemistry, thermodynamics,
and kinetics — are reviewed, along with principles of organic and nuclear chemistry related
to energy use. Analytical methods that are commonly used in environmental chemistry for
both air and water analyses are also included so that the reader will appreciate the relationship
between the fundamental principles of chemistry and the methods used to perform analyses
on key environmental species.

Throughout the chapters, brief histories of the subject areas are presented to give the reader
a perspective of the developing awareness of some environmental problems that we have come
to understand today. In many cases these problems actually arose from perceived solutions of
another problem. A classic example of this is the development of chlorofluorocarbons (CFCs)
as the working fluids in refrigeration by Thomas Midgley. Seen as a major safety improvement
over ammonia and butane as working fluids, the potential impacts of CFCs on the protective
ozone layer in the stratosphere were not considered until almost 40 years later. The recognition
and evaluation of the impacts of the CFCs led to a Nobel Prize in Chemistry to Rowland, Molina,
and Crutzen in 1995, as well as to a major change in the global use of chlorinated chemicals (the
Montreal Protocol of 1992). These and other examples are used to emphasize a basic principle
of environmental chemistry, which is the analysis of “cradle to grave” impacts of chemicals on
the environment in order to develop safer chemical products and processes for tomorrow’s
sustainable economies.

During seven years of teaching a senior undergraduate and first-year graduate one-semester
course entitled “Environmental Chemistry,” Dr. Gaftney compiled student responses to the
material presented in the course. Working with Dr. Marley, they determined that there was a
real need for an environmental chemistry textbook that taught a proactive approach to environ-
mental problems, stressed the fundamental principles of chemistry necessary to their under-
standing, and also included information about the analytical methods used in environmental
measurements. This recognition has led to the joint effort by Dr. Gaffney and Dr. Marley to pro-
duce Chemistry of Environmental Systems: Fundamental Principles and Analytical Methods.



Preface

While this text is not meant to be an extensive review of the literature, it is aimed at cov-
ering the key aspects and mechanisms of the currently identified environmental issues, which
can be used to address both current and future environmental problems in a routine manner.
Key fundamental properties of chemical compounds, such as their solubilities and volatilities,
along with basic chemical reaction mechanisms, are reviewed and stressed. It is hoped that this
textbook will encourage future environmental chemists to learn from past mistakes and use
our current knowledge of the fundamental chemistry and physics of molecules and atoms to
minimize future environmental impacts. Indeed, future environmental chemists will need to
work together with engineers and biotechnologists to develop a safe, sustainable methodology
for the global community. As part of that approach, study problems are provided at the end of
each chapter, with answers provided in Appendix A. These can be used as class assignments or
as individual exercises to reinforce the reader’s comprehension of the material.
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Introduction to Environmental Chemistry

1.1 What is Environmental Chemistry?

Environmental chemistry is traditionally defined as “the study of the sources, reactions, trans-
port, effects and fates of chemical species, in water, soil, and air environments, and the effect
of human activity on these” (Simple English Wikipedia, n.d.). This definition implies a major
focus on the measurement of pollutants in the various environments. However, a more precise
definition would be the study of chemistry in natural systems and how this chemistry changes
when perturbed by anthropogenic activities and/or the release of chemicals into the environ-
ment which changes their natural background levels. Environmental chemistry is not simply the
measurement of air, water, or soil pollutants. It is a multidisciplinary subject that requires the
environmental chemist to have a solid background in all areas of chemistry, including analytical,
physical, organic, inorganic, and simple biochemistry. It is also a discipline that requires studies
across boundaries between the different fields of chemistry, physics, biology, ecology, meteorol-
ogy, and others involved in the various environmental systems, which include the atmosphere,
hydrosphere, geosphere, and biosphere. Understanding how these different systems interact
allows the environmental chemist to give an accurate assessment of the impacts of chemical
species on the environment as a whole.

Thus, the scope of environmental chemistry covers all of the Earth’s systems and their inter-
actions with each other. Future environmental chemists need to recognize these interactions
and include them when predicting how energy and chemical usage will affect each of the vari-
ous systems. Traditionally, environmental chemistry is taught in a compartmentalized manner,
treating the chemistries of the air, water, soil, and biota separately. Although this is done in an
effort to simplify the treatment of these complicated systems, it does not address the interac-
tions between the different systems or the connections between the physics and chemistry of
each system. Therefore, a major focus of this text will be on the connections between the var-
ious environmental compartments, with special attention given to the fundamental chemistry
that is common to all of the various systems.

Environmental chemistry should not be confused with “green chemistry.” The goal of green
chemistry is the development of chemical processes that use smaller amounts of safer chemicals
with less energy use in order to lower their environmental impacts. The goal of environmen-
tal chemistry is the understanding of the chemical reactions and processes that control the
environmental systems and how these are impacted by the addition of anthropogenic chemi-
cals. This approach allows environmental chemistry to be proactive instead of reactive. In the
past, environmental chemistry has had a more reactive approach, identifying problems after the
occurrence of a tragedy or a clearly obvious impact on the environment with loss of life, dam-
age to plants and animals, or radical changes in environmental conditions — such as the loss
of visibility in air and water systems or the depletion of the stratospheric ozone layer. Some of

Chemistry of Environmental Systems: Fundamental Principles and Analytical Methods, First Edition.
Jefrey S. Gaffney and Nancy A. Marley.
© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.
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these past incidents will be examined in this text as examples of events that have taught us the
potential impacts of anthropogenic pollution on the environment and the importance of under-
standing how the different environmental systems are linked. The lessons learned from these
events have helped us to understand how the whole Earth system works and how the separate
environmental systems interact. So, this book will stress how the various chemistries of the
natural systems in the atmosphere, geosphere, hydrosphere, and biosphere interact with each
other, sometimes enhancing environmental impacts and sometimes mitigating those impacts.

1.2 Anthropogenic Pollution

Anthropogenic pollution is defined as the introduction of harmful substances or the creation of
harmful impacts in the environment that are directly tied to man’s activities, including: agricul-
ture, industry, and energy production and use. It also includes the release and deposition into
the environment of waste materials that end up in landfill or are incinerated. Anthropogenic
pollution can be described as being intentional or nonintentional, with intentional pollution in
many cases being tied to warfare. Our knowledge of the chemistry of the Earth’s environmental
systems is based on the studies of these anthropogenic impacts on our air and water resources
due to the release of chemicals that are not natural to the environment or are emitted at much
higher levels than natural.

The potential impacts on air and water quality from anthropogenic pollution have been rec-
ognized for a long time. The intentional pollution of water supplies with poisons or waste was
used in ancient times, during long-term sieges of major cities such as the siege of Tortona,
Italy in 1155 led by Frederick Barbarossa (Bradbury, 1992). It has been documented as early
as 1000 BCE with the ancient Chinese putting arsenic in the water supplies of their enemies
(Kroll, 2006). Unintentional pollution was recognized to correlate with higher human popula-
tion densities in cities. It was strongly linked to the observation of polluted air and water, which
not only impact the environmental systems, but also human health and longevity. As early
as the twelfth century, Moses Maimonides (Goodhill, 1971; Finlayson-Pitts and Pitts, 2000),
a well-known philosopher and physician shown in Figure 1.1, noted in his writings about the
city of Cairo that:

Comparing the air of cities to the air of deserts and arid lands is like comparing waters
that are befouled and turbid to waters that are fine and pure. In the city, because of the
height of its buildings, the narrowness of its streets, and all that pours forth from its
inhabitants and their superfluities... the air becomes stagnant, turbid, thick, misty, and
foggy... If there is no choice in this matter, for we have grown up in the cities and have
become accustomed to them, you should... select from the cities one of open horizons. ..
endeavor at least to dwell at the outskirts of the city... If the air is altered ever so slightly,
the state of the Psychic Spirit will be altered perceptibly. Therefore you find many men
in whom you can notice defects in the actions of the psyche with the spoilage of the air,
namely, that they develop dullness of understanding, failure of intelligence and defect
of memory...

This quote from Maimonides predates the Industrial Revolution, when the invention of the
steam engine and enhanced farming techniques led to rapidly increasing populations. It clearly
notes that, in past as well as present urban settings, anthropogenic pollution is strongly tied
to population densities. The increase in population in centralized areas requires increases in
energy and water usage, along with the increased transportation necessary to bring the required



1.2 Anthropogenic Pollution

Figure 1.1 Moses Maimonides, a twelfth-century philosopher
and physician who reported on the degradation of water and
air quality in Cairo. Source: U.S. National Library of Medicine
Digital Collection.

goods to and from the urban centers. Indeed, the remarks made by Maimonides hit on a number
of the present impacts on the chemistry of natural systems, such as the degradation of air and
water quality leading to an unpleasant and unhealthy environment.

Another example of the early recognition of health issues caused by exposure to environ-
mental contaminants is the linking of cancer in young male chimney sweeps to environmental
exposure by Sir Percival Pott, an English surgeon shown in Figure 1.2. In 1775 Pott attributed
the high incidence of scrotal cancer in young chimney sweeps to the exposure and inhalation of
chimney soot (Dobson, 1972). This was the first documented identification of the connection
of an environmental occupational exposure to an unintentional health effect. It also led to one
of the first child labor laws based on an environmental exposure impact on children’s health
called the Chimney Sweepers Act of 1788 (Hayes, 2008).

Occupational exposure to chemicals and the associated health risks are a significant part of
the impacts of anthropogenic pollution. The identification of mercury as a toxic metal with
adverse health effects, including dementia, originated with the use of mercuric nitrate in the
production of felt for hats in the eighteenth and nineteenth centuries. The term “mad as a hat-
ter” is now a colloquialism meaning crazy, but its first use referred to hatters who developed a
mental disorder called mad hatter syndrome after being exposed to mercury during their work.
One particular city that had a thriving hat industry was Danbury, CT, which had so many cases
of mercury poisoning that the condition was referred to as the “Danbury Shakes” and led to
the banning of mercury compounds in the city in 1941 (New England Historical Society, 2016).
Other occupations that are well known for impacts from chemical and environmental expo-
sures include: coal miners, asbestos workers, industrial chemists, and refinery workers. These
well-known occupational exposure problems led to the establishment of the Occupational and
Safety Administration (OSHA) in the United States and similar agencies throughout the world.
These agencies have responsibility for establishing regulations detailing occupational exposure
limits and monitoring requirements for hazards to workers in the workplace.
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Figure 1.2 Sir Percival Pott, an English
surgeon who found the association between
soot exposure and cancer in young male
chimney sweeps in 1775. Source: U.S. National
Library of Medicine Digital Collection.

One of the major changes in our view of the impacts of anthropogenic pollution on the
environment is the recognition that man occupies a planet that is not limitless in its resources,
especially as the human population increases and the demands on those resources increases.
Originally recognized as local problems, we have come to realize that pollutants can have a
wide variety of impacts and that the various chemicals and materials released into the environ-
ment can have effects on more than one environmental system, depending on their chemical
and physical properties. An understanding of these properties and the chemical lifecycles of
pollutant species is an important key to our developing environmentally sustainable practices
with minimal environmental impacts. Thus, this text will focus on the connections between the
chemical reactions of both natural and anthropogenic species in the different environmental
systems.

1.3 A Planet at Risk

Our planet is a precious resource on which we have evolved. In its orbit around the Sun, the
Earth is at the right distance and has all of the necessary components to capture the Sun’s energy
in the proper amount to allow life to develop and flourish for billions of years. As a relative
latecomer to the planet, the genus Homo has occupied it for approximately 2.8 million years.
Our species, Homo sapiens, appeared about 200 000 years ago and modern man developed only
about 50 000 years ago (Stringer, 2002). While only on the planet for a relatively short time, our
ability to pass on ideas and concepts from generation to generation, along with the discovery
of fossil fuels as an energy source, led to the Industrial Revolution and the dramatic increase in
population over the past 200 years.
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Figure 1.3 Global human population over the last 12 000 years showing the very fast population increase since
the beginning of the Industrial Revolution from 1760 to 1840. Source: Data from EI T, Wikimedia Commons.

In the early years of the Industrial Revolution, we were able to use dilution as a means of
reducing pollution levels. Hence the slogan: “the solution to pollution is dilution.” Since the
human population has now grown to the extent that it inhabits most of all of the land masses and
tremendous amounts of pollutants in the form of gases, liquids, and solids are released by man’s
activities into our environment on a daily basis worldwide, we can no longer rely on dilution
to adequately reduce the impacts of these pollutants on the environment. Pollutant emissions
impactlocal and regional air quality and pollute our surface and groundwater supplies, as well as
our soils, vegetation, and food supplies. The emissions of pollutant species, including both gases
and aerosols that affect the radiative balance of the atmosphere, are leading to impacts that can
change our weather and climate. Changing climates are particularly important when one real-
izes that they are linked to sea-level rise, storm frequency and severity, droughts, flooding, and
the spread of tropical diseases into regions where they were not observed before. We are truly
all aboard “Spaceship Earth,” where we have limited air and water resources, as well as energy
options, and we can no longer ignore the effects that our activities have on the environment.

Figure 1.3 shows the human population growth as a function of recent time. Up until the late
1800s, the development of our society and its survival was strongly determined by environ-
mental factors and the local production of the necessary food and supplies. This period can be
considered to be an era of “environment vs man,” since our technology had not advanced to a
point where we could control or harness our environment and we lived at the mercy of environ-
mental conditions. After the Industrial Revolution, in about 1760-1840, the ability to grow and
store more food, build stronger buildings capable of protecting us from the weather, and trans-
port materials globally led to an incredibly rapid increase in population and the beginning of a
“man vs environment” era, where we began to control the impacts of the environment on soci-
ety. However, we also began to change the environment, both intentionally and unintentionally,
as we focused on the growth and development of human society.

The impacts of anthropogenic pollution can now be seen on the entire planet, and they affect
all of our environmental systems, including the atmosphere, hydrosphere, geosphere, and bio-
sphere. The presence of H. sapiens has had such a large impact on the Earth that many geologists
now consider the most recent geological period, covering about 8000 BCE to the present, to be
the Anthropocene; the period during which human acti