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Preface to the Third Edition

TO THE STUDENT

This book is designed for you, the student! Use it well — we are all in this together!

TO THE INSTRUCTOR

While preserving the inimitable conversational and clear tone of Dr. Beard’s ear-
lier editions, this third edition includes, in addition to data updates, impacts of the
COVID-19 pandemic and helpful features such as group work activities and a test
bank (available to instructors on request). The invaluable chemical background so
integral to environmental matters is retained. The energy chapter is now divided into
two chapters to help students process the material.

The group work activities could be used in various ways — as homework or in-class
assignments, for remote learning, and as replacements for some hands-on labs.

The basic structure is given below:

Introduction Chapter 1

Foundational material Chapters 2,3,4,5,6,7,8

Specific background material Chapters 9 and 13
Environmental content chapters  Chapters 7,8,10,11,12,14,15,16
Closing thoughts Chapter 17

The intention is that all students cover Chapters 1-6, with Chapters 7 and
8 strongly encouraged but not essential. Chapters 9-16 could be covered in any
order, provided Chapter 9 precedes Chapters 10 and 12, and Chapter 13 precedes
Chapter 14. This arrangement of material allows instructors the freedom to cover the
material in a manner that can be customized to the needs of their courses.

TO EVERYONE

While this textbook is based on an “old Earth,” it is done so with the utmost
respect for those who view the planet as much younger. The topics contained herein
are presented in a way to be useful to all who deem stewardship of our planet to be
a priority.

As Dr. Beard wrote in the second edition, “Any text, of course, can be made
better.” Any suggestions or corrections would be most welcome and could be sent to
rmurphy @umhb.edu.

James M. Beard Ruth Ann Murphy
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Preface to the Second Edition

I wrote this book because of my belief that it is important for non-science-oriented
students to understand the environment. It is, after all, these very individuals who
will influence the course of public policy on the environment in any democracy.
Many books present environmental science to the non-science student, but few look
specifically into environmental chemistry. Among the numerous chemical issues that
are important to any understanding of the environment around us, all of us need to
have some understanding of global warming, ozone depletion, energy sources, air
pollution, acid rain, water pollution, waste disposal, and hazardous waste.

To the students who will read this book, I would point out that, although this is
a college text, there is no assumption of any background in chemistry. Within the
text, you will find all of the background information necessary to understand it. To
the faculty who will use this book, I would like to note that this is a self-contained
environmental chemistry text, in which students can find all of the background they
need. The book is structured in such a way as to give students a background in sci-
ence, chemistry, and toxicology before delving into such areas as energy in society,
air quality, global atmospheric concerns, water quality, and solid waste management.
The basic structure is given as follows:

Introduction Chapter 1
Foundational material Chapters 2,3,4,5,6,7
Specific background material Chapters 8 and 12

Environmental content chapters  Chapters 7, 9, 10, 11, 13, 14, 15

The intention is that all students cover Chapters 1 to 6, with Chapter 7 strongly
encouraged but not essential. All other chapters could be covered in any order, pro-
vided Chapter 8 precedes Chapters 9 and 11, and Chapter 12 precedes Chapter 13.
This arrangement of material allows instructors the freedom to cover the material in
a manner that can be customized to the needs of their courses.

In the second edition, the environmental data have been updated and material has
been added concerning fracking, the Fukushima Daiichi power plant disaster, and
the Deepwater Horizon oil rig blowout. Most of the homework questions have been
rewritten to provide questions that require more critical thinking skills.

I have enjoyed writing this book and have tried to make it very readable for any
college student. Any text, of course, can be made better. I would welcome any sug-
gestions for improvement in or corrections to the text. I can be reached by email at
jbeard@catawba.edu.
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CHAPTER 1

Background to the
Environmental Problem

The environment, broadly, can be construed to include nearly everything on
the Earth, both living and nonliving.

As citizens of the 21st century, we humans are trying to come to terms with
what we can and cannot do regarding the world around us — our environment.
In the middle of the past century, there was a widespread feeling that the world
was our apple. We could do with it as we pleased, and the Earth would con-
tinue to sustain us as it always has. We felt that resources were limitless and
that pollution, although disagreeable, would be diluted somehow. Gradually,
the world around us began to send messages that all was not well. Nature was
trying to indicate that there were limits, and if we ignored them, there would
be consequences. The purpose of this book is to explore some of these limits
and consequences, and possibly motivate some corrective action.

1.1 INTRODUCTION

We look at our environment from the point of view of the chemistry that takes
place in it. In environmental studies, it is almost impossible to separate the biological
issues from the chemical ones; therefore, our chemistry emphasis will be a matter of
focus. This book focuses on environmental issues that are more chemical in nature
but inevitably covers some aspects of biology also.

Discussions on the environment tend to be very “human-centered.” The environ-
ment includes our total surroundings. As this is a science text, the emphasis is on the
physical surroundings. The environment and the laws and principles that regulate
the function of the environment are discussed. From environmental discussions, it
is often easy to get the impression that there is a great natural world around us from
which we are separate; yet this was not always the case. Let us explore how we came
to consider ourselves as separate from the natural world around us.



2 ENVIRONMENTAL CHEMISTRY IN SOCIETY

1.2 PREAGRICULTURAL DEVELOPMENT

Humans began to emerge as a species about 1.7-2 million years ago. The species
that evolved first was not the same as humans today, but was our early ancestor. The
species was known as Homo habilis and probably emerged in southern Africa. It is
believed that these early relatives of ours were scavengers who survived by eating
wild plants and the meat of dead animals. This very early human species was close
to nature and survived the same way as other animal species. The only thing that may
have separated this very early human species from the other animals of the time was
the humans’ ability to make and use simple tools. This activity was something our
ancestors shared with only a few other species, in which this activity remained fairly
rudimentary. Tools set humans ever so slightly off from the nature around them.
In other ways, these very early humans blended with nature. They took what they
required directly from the natural world around them and returned their biological
wastes directly to it.

The next human species was Homo erectus, which evolved about 1.5 million
years ago. These early humans engaged in a new activity — hunting. Hunting became
a method of survival that humans used up to about 10,000years ago. H. erectus
was a species of hunter—gatherers, as was the next species, Homo sapiens, which
emerged about 100,000-300,000years ago and was followed by human beings
as we know them, H. sapiens sapiens. For most of our time on Earth, H. sapiens
sapiens have been hunter—gatherers. We appeared on the planet about 40,000 years
ago and were hunter—gatherers for about 30,000 years. In this early period, humans
became more and more sophisticated in their methods. As time passed, the tools
used for hunting got better. Our ancestors learned to hunt in groups and to use fire
to drive away wild animals from the forest. Over this period of time, the impact of
humans on the environment increased dramatically. Humans could kill large num-
bers of animals and may have contributed to the extinction of some. The use of fire
allowed these early ancestors to convert forests into grasslands. Despite all of these
changes, the impact of early humans was minor when compared to today’s stan-
dards. There were only a few of them, they were nomadic, and they had only their
own muscle power to use. The environmental impact of these early humans was
local and transient.

1.3 HORTICULTURE AND AGRICULTURE

About 10,000 years ago (8000 BCE), humankind began to take more direct con-
trol over the environment. Humans began to domesticate animals such as cattle and
pigs, and cultivate specific plants that were useful for food or other purposes. This
early system of production of food and useful materials was known as horticul-
ture. Horticulture had certain hallmarks that distinguished it from agriculture. A
modern analogy to many of the elements of horticulture would be the family gar-
den. The plots were small and contained a large variety of plants. In growing these
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plants, depletion of the soil was rarely a problem because most of the people were
still semi-nomadic. After 2-5 years, they would simply move on and find a new plot
of ground. Such a system could go on indefinitely.

The fact that the cultivated plots were small was probably more a matter of neces-
sity than of choice. Early humans had very limited means of breaking up the soil
and had great difficulty if the ground was too hard. In very early times, cultivation
was done with little more than a pointed stick. (Over a long period of time, the stick
evolved into the hoe.)

In about 5000 BCE, the plow was invented. The plow changed things radically.
By using domesticated animals to pull the plow, much larger fields could be culti-
vated. Agriculture developed when people figured out how to grow crops and raise
livestock on what was for them a relatively large scale. When cultivation was done
on a large scale, it was more logical to specialize and grow larger plots (fields) of
only one crop. Because the farmer would grow more of the one crop than he needed,
he could trade the excess to get other things of value. These exchanges of crops and
other needed items became the basis of early trade and commerce.

Crops and livestock became the earliest forms of wealth, and land was needed to
produce both. Farmers needed to acquire land, settle on it, and protect it. Farming
led to the end of the nomadic lifestyle as the principal way of life. Nomadic
hunter—gatherers gradually became sedentary farmers. The increased food supply
and the sedentary nature of farm life led to an increase in population, as more chil-
dren could be supported and the children could work on the land. Nomadic families
tended to be smaller because food was less plentiful, and moving children from one
place to another was difficult. Agriculture also brought with it the first indications
of environmental problems. Some fields, after they were used continuously over a
period of time, produced less and less as the nutrients in the soil were used up. In
some cases, farmers had to pull up stakes and move on.

As farming spread to arid areas, water became just as important as land. Fairly
early on in the development of agriculture, water was diverted from rivers by means
of canals or ditches for the purpose of irrigation. Early agriculture in the Nile valley
depended on water from the Nile River as it does even today.

1.4 DEVELOPMENT OF TOWNS AND CITIES

The success of agriculture in producing more food than that required by a family
allowed some people to leave food production altogether. By making other prod-
ucts or providing services that the farmer needed, these craftsmen could trade these
goods and services for food. Such individuals began to form small groupings called
villages or towns. As agriculture improved and people became more sophisticated,
some of the towns grew larger. Eventually, these towns became cities.

Cities are not merely large towns. Towns and cities differ in that cities have some
type of administrative structure and organization. Often, the very early cities were
organized around a central temple, and the temple servants often became the city
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administrators. It was not uncommon for the city government to be headed by a priest
king or in some cases a god king.

Human history is very much entwined with the history of cities. In fact, the words
“city” and “civilization” are both derived from the same Latin root, civitas. Based on
the best archaeological data (Macionis and Parrillo, 2007), the oldest city in the world
is Jericho, which was founded sometime between 8000 and 7000 BCE; however, large
areas with related cities began to appear about 4000 BCE in Mesopotamia and Egypt.

Early cities were generally built on the banks of rivers or by the sea. The rivers
were a source of water and a means of removing waste. The rivers and seas also
served as routes for trade and commerce. Early cities had many restrictions. The cit-
ies were limited by the primitive transportation available for bringing food into the
city. Cities also had to be small in area, as the citizens traveled on foot wherever they
went. Shops, markets, jobs, and dwellings had to be close to one another. Even the
increased use of horses and wagons did not change this dynamic very much. Some
large cities such as Rome and Constantinople did develop, but they were exceptions
rather than the rule. With the advent of the Renaissance, cities began to grow and
prosper. Technological innovations improved life in the cities, which allowed them
to attract more and more people. Finally, all of these innovations came together into
what came to be known as the Industrial Revolution

1.5 INDUSTRIAL REVOLUTION, PHASE I
(APPROXIMATELY 1760-1860)

Despite tremendous changes in the cultural, political, and religious nature of
the world since ancient times, other elements of life were still relatively the same
until 1760. Cities, although very important, were small compared to today’s standard
because they required a fairly large agricultural base to support them. In the previous
50years, there had been some innovations in the field of agriculture, but most of the
world’s agriculture was being carried out as it had long been, with most of the energy
provided by domesticated animals.

In many areas of life, things remained unchanged as well. The forms of energy used,
for example, were those that had been known since antiquity. These energy sources were
animal power, wood burning, water power, and wind power. There were some occa-
sional local exceptions to these traditional power sources, such as the early and extensive
use of coal as a fuel in England, as mentioned in Chapters 7 and 10, but generally, the
sources of energy remained unchanged. Of the 17 chemical elements known in 1760, 9
had been known since antiquity. Everyday life changed very slowly, if at all.

The Industrial Revolution changed nearly everything about everyday life. Things
such as hourly wages, standard workweeks, vacations, and many other related con-
cepts did not exist before the Industrial Revolution. So much of how we organize our
lives both individually and corporately is directly a result of the Industrial Revolution.
It is impossible to present a complete account of the historical and cultural ramifica-
tions of the Industrial Revolution in a few pages; however, an attempt has been made
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to convey some of the significance of these revolutionary changes. One of the prob-
lems in discussing the Industrial Revolution is that it is difficult to trace the origins of
the revolution to a single primary event from which everything else occurred; rather,
the revolution was the result of many interconnected events occurring over a period
of several decades or more.

The early Industrial Revolution occurred for the most part in England. The most
obvious changes occurred in the textile, coal, and iron industries. The textile industry
had been slowly mechanizing for at least 200 years before 1760. By the middle of the
18th century, factories were needed to house the large amount of machinery neces-
sary to produce cloth. One of the essential elements needed to operate machinery
was energy, and in 1750, the best source of energy was water power. To get easy
access to water power, most textile factories were located in the hills of the English
countryside where there were streams. Because there were fewer inhabitants in the
hills, it was necessary to import labor from the cities.

With the invention of an efficient steam engine by James Watt in 1769, the
location of textile factories suddenly became independent of water power. Textile
factories could be located in large cities where the workforce resided, as steam could
be used as the power source. These changes led to rapid development of the modern
city, where large numbers of people were involved principally in factory work. In
addition to steam power, which brought the jobs to the city, advances in agriculture
and transportation also increased the amount of food available in the city.

The invention of James Watt’s steam engine in turn depended on advances in
the iron industry. One of the early giants of the iron industry was John Wilkinson,
who had been involved with the British Navy in the production of cannons. To get
the maximum power from a cannon, a precise bore of the barrel was necessary, and
Wilkinson had learned how to produce such a precise bore. When Watt and his part-
ner, Matthew Boulton, needed precisely manufactured steam cylinders and pistons,
they turned to Wilkinson.

It was Wilkinson who had pushed the iron industry harder and further than any-
one else. He realized that when more things were made of iron, more iron would be
needed, and it would become less expensive to produce each ton of iron. Wilkinson
was one of the first to understand the economy of scale. With plentiful supplies of
cheap iron, factories became easier to outfit because the machines in them were made
out of iron. As more factories developed, one thing all of them needed was power.

Once the steam engine was widely established, coal became the principal energy
source. Coal was needed not only to power the steam engines but also to provide the
heat needed to extract iron from its ore, to soften the metal in order to remove impu-
rities, and to melt the metal to cast it into shapes. The steam engine also made coal
mining more efficient. Underground coal mines had a tendency to fill up with water
from seepage, and a method was needed to remove the water. Once the steam engine
was perfected, water was removed from coal mines by steam power rather than by
people, horses, or water power. The steam engine made the coal industry more effi-
cient, which in turn made the coal industry better able to supply coal to produce iron
and to operate the steam engines of the factories in England.
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1.6 INDUSTRIAL REVOLUTION, PHASE I
(APPROXIMATELY 1860-1950)

Some profound changes were seen between 1830 and 1860. Gradually, inven-
tors depended on scientific information to chart their course in the development of
new ideas. This change is evident in the evolution of the electric industry. Until the
beginning of the 19th century, electricity was an interesting novelty but not of any
practical value; however, many scientists carefully studied electrical phenomena.
The well-known experiment carried out by Benjamin Franklin using a kite in a
thunderstorm is one example out of many. Yet, electricity continued to be impractical
as long as there was no means of producing a continuous electric current.

In 1800, Alessandro Volta invented the forerunner to what is known as the battery
today. Despite their limited electricity-producing capacity, these batteries allowed
people to use an electric current. Once electricity was available, exploration of its
use began to move ahead rapidly. The idea of the mass use of electricity for lighting
emerged in the last half of the 19th century. It was clear, however, that batteries could
not generate the amount of electricity that was necessary. During this period, the first
electric generators were invented. Generators could convert mechanical action into
electricity. Mechanical energy could be provided by devices such as a waterwheel or
a steam engine. Hence, coal, by fueling a steam engine, could provide the energy to
produce electricity. Electricity began to spread to all areas of the industrial society.
By the end of the 19th century, there were electric streetlights and electric streetcars
in many cities, electric lights in many homes, and electric motors in many factories.

None of this would have been possible were it not for the steel industry. Steel is
harder and stronger than most of the iron available for use. For many applications,
including large electric generators, iron is either too soft or too brittle. The proper-
ties of the iron depend on the carbon content of the metal. Iron is extracted from
its ore and processed using charcoal or coke (relatively pure carbon produced from
coal). The iron picks up some of the carbon. Most iron as it is initially produced after
being extracted from its ore is 2%—4% carbon and contains many impurities. This
type of iron is known as cast iron and is extremely brittle. The iron can be worked
to remove nearly all of the carbon and some of the impurities to produce wrought
iron. Wrought iron is not brittle but is relatively soft and as a result does not hold an
edge well. With the proper percentage of carbon, one can get a product with just the
right combination of strength and hardness. Such a product is steel, which is an alloy
made up of iron and 0.5%-1.5% carbon. An alloy is a metal containing more than
one element; in the case of steel, those elements are iron and carbon. Steel must also
have most of the impurities removed, as such materials will degrade the quality of
the product.

Steel (as distinct from iron) has been known since the 12th century BCE. Steel
has been in use in various cultures. The quality and carbon content of the steel vary
from situation to situation. The Japanese Samurai sword has been made from steel
of very exacting quality for centuries. The properties of steel for various applications
are different because of the variability in carbon content. Before the middle of the
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19th century, steel could be made only in small quantities because it could only be
made from fairly pure batches of wrought iron. This purified iron was difficult to
obtain and had to be heated with charcoal or coke for several days to produce the
steel.

To produce steel on a larger scale, it was necessary to make it from cast iron,
which is available in large quantities. Any process had to remove nearly all of the
impurities and adjust the final carbon percentage to that desired in the final product.
About 1847, William Kelly, a businessman in the United States, started work on a
device that would make steel from cast iron; however, because of financial prob-
lems, he was not able to complete his project. A similar device was patented in 1856
by Henry Bessemer, who was working independently in England. The Bessemer
process revolutionized steel making, but ran into competition from another process
rather quickly. A German named William Siemens, who was living in England,
developed the open-hearth process, and steel was being produced in France by
1864. The Bessemer process was an important development, as it opened the way
to the advent of the age of steel, but it was gradually replaced by the open-hearth
process, which was the major steel production method until the middle of the 20th
century.

With the practical problems of steel production solved, the output of the steel
industry soared. England produced 60,000 tons of steel in 1850, before the Bessemer
converter was invented. By 1898, the annual English steel output was 5,000,000
tons. Worldwide production of steel went up from 560,000 tons annually in 1870 to
12,000,000 tons in 1890. The United States alone produced 10,000,000 tons in 1901.

An industry that was intertwined in many ways with the steel industry and the
electric industry was the chemical industry. More than any other industry, the chemi-
cal industry typified how the second phase of the Industrial Revolution operated. In
1856, a young student from the Royal College of Chemistry in London acted on the
advice of his professor and attempted the synthesis of quinine. Quinine was used to
combat the effects of malaria, and the British had an empire scattered all over the
world, including the tropics. To attempt this synthesis, the student, William Henry
Perkin, worked with compounds from coal tar. Coal tar is a byproduct of the steel
industry produced when coal is converted to coke. The synthesis did not work, but
Perkin produced a good yield of a purple dye. Perkin immediately realized that he
had a great opportunity because at that time, purple dye was very expensive. Purple
was the color of royalty because its only source was a Mediterranean mollusk, and
producing the dye took a very large number of mollusks. Perkin left school and,
with the support of his father, went into business for himself. Thus, the chemical dye
industry was born. In the dye industry, science was used to systematically search
for more and more dyes. The more dyes available, the greater the profits; therefore,
chemical science and the chemical industry became linked forever. This partnership
spilled over into fertilizers, explosives, drugs, and plastics, to name a few areas.

The influence of the steel industry on the chemical industry can be illustrated
by some events around the beginning of the 20th century. In 1898, William Crookes
observed that the vast deposit of nitrates in Chile was being rapidly depleted. Nitrates
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Figure 1.1 Fritz Haber.

were one of the important components of fertilizer, and many of the advances in agri-
culture depended on it. In 1904, a German chemist named Fritz Haber (see Figure 1.1)
began work on this problem and developed a process for the production of ammonia.
Ammonia could be converted to nitrates and used for manufacturing fertilizer. By
1913, with the help of Carl Bosch of the Badische Anilin und Soda Fabrik (BASF),
an industrial plant was in operation based on this process (now generally referred
to as the Haber process but also known as the Haber—Bosch process). This process
requires considerable heat and pressure. The reactants must be heated to 1000°F
(550°C) and put under 150-200 times normal atmospheric pressure. The equipment
necessary to carry out such a reaction can only be made of steel. This reaction is one
of the most important industrial chemical processes ever devised, and it would not
have been possible without steel.

The life of Fritz Haber also illustrates how the advances of science and technol-
ogy can be used for good as well as bad. As it turns out, nitrates are a key ingredient
of not only fertilizers but also conventional explosives. During World War I, the
Germans were cut off from their usual sources of nitrates, and the Haber process was
important in supplying the explosives for their munitions during the conflict. Haber
was a very patriotic German who did not stop with explosives. A key proponent of the
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use of poisonous gases on the battlefield during World War I, Haber went to the front
and personally supervised the use of these lethal chemicals. After the war, Haber was
involved in several projects to support Germany during what was a difficult time for
the country. With the rise of the Nazis, however, Haber, who was Jewish by birth,
was forced into exile in 1933.

The connection between chemicals and electricity can be seen in the alumi-
num industry. Before 1886, aluminum was considered a rare and expensive novelty,
despite the fact that aluminum was a plentiful component in the Earth’s crust. A bar
of aluminum was displayed in 1855 at the Paris Exposition next to the Crown jewels.
The price of aluminum in 1859 was about $17 per pound, which was about the same
price as silver. In 1886, a chemistry student at Oberlin College in Ohio, Charles
Martin Hall, experimented with methods of extracting aluminum from its ore. The
method that this young man developed involved melting the ore and then passing
electricity through it. About the same time, a Frenchman named Paul Héroult inde-
pendently developed basically the same process. This basic method, known as the
Hall-Héroult process, is still used today. Such a procedure is not possible without
the availability of large quantities of electricity; therefore, commercial production of
aluminum and development of the electric industry go hand in hand. Charles Hall
founded the Aluminum Corporation of America (ALCOA) and became a multimil-
lionaire. Héroult became quite wealthy as well and was involved in many ventures
in addition to the production of aluminum. Both men died in 1914, within 8 days of
each other.

Another hallmark of the second phase of the Industrial Revolution was the
tremendous increase in energy consumption. Before the Industrial Revolution, energy
consumption was modest and for the most part involved animal, human, or water
power. Coal and wood were used mainly for heating. The first phase brought the need
to provide fuel for steam engines and iron works. Energy consumption increased
even more dramatically in the second phase of the revolution, as everything was
done on a massive scale. Energy-intensive steel production began to increase rapidly.
The chemical industry churned out all kinds of products that had not been produced
before, and most of them required energy for their production. Electricity supplied
power easily to all types of functions, some of which either had been done by hand in
the past or had not been done at all.

The key locations of the second phase of the Industrial Revolution were also dif-
ferent from the earlier phase. The Industrial Revolution began in England, but the
second phase occurred in Germany and the United States, as well as England. These
countries became the great powers during the second phase. Before 1860, many of
the things that are taken for granted now did not even exist. Some of these items
include aspirin (1900), mechanical refrigeration (1861), transportation of frozen meat
(1879), the tractor (1898), the airplane (1903), the internal combustion engine (1882),
and the diesel engine (1892). The effect of these developments on our lives has been
overwhelming.

We now assume that certain conveniences will always be available to us. We
expect to have cars, jet planes, dishwashers, clothes washers, air conditioners,
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packaged food, microwave ovens, and various electric appliances. All of these items
consume natural resources, require energy, or produce wastes. Some of them do all
three, whereas all of them do at least one of the three. Natural resource consumption,
energy consumption, and waste production lead us to the following key questions: “Is
our lifestyle sustainable? Can we live this way for a long time?”

1.7 SCIENCE AND THE SCIENTIFIC METHOD

Much of what has been described so far could be described as the history of tech-
nology. Contrary to popular belief, science and technology are not the same and in
fact have not always been closely related. First, science will be dealt with and then
technology. Science as we know it is a fairly recent development, which only began to
evolve in the 17th century. Originally known as natural philosophy, science took form
as scholars began to suggest that theories about nature should be subjected to experi-
mental testing. As will be seen in Chapter 2, when this approach began to be used
the resulting insights very quickly led to the reexamination of many long-held ideas.

Science is built around what has come to be known as the scientific method. The
scientific method comes from the concept that ideas about how the universe func-
tions should be able to be tested to see if the universe actually operates in this way.
The scientific method is, in fact, a continuous cycle, and as a result, the method has
no beginning and no end. Step 1 is usually given as defining the problem for which
one wishes to find an understanding. The problem must be of the type that one would
expect to understand it better as a result of well-designed experiments. Step 2 is to
make a guess about how things function in this problem. This guess is referred to as
a hypothesis and may be described in some cases as a model. Step 3 involves design-
ing and carrying out an experiment to see if the hypothesis is correct. The results of
this experiment can lead to one of the three outcomes: The experiment might suggest
that the hypothesis is correct, that the hypothesis is totally wrong, or that the hypoth-
esis is partly wrong and requires modification. These observations will take us back
to step 2, where we keep our hypothesis, abandon it, or modify it. Once the status
of our hypothesis is decided, it will again have to be tested by experiment. This is a
never-ending process because testing and revision of the hypothesis continue. Even if
the experiment agrees with the hypothesis, the process does not end because the next
experiment might show that it is incorrect. If a hypothesis is confirmed for the most
part repeatedly, then at some point, it may come to be known as a theory.

To illustrate how the scientific method works, consider the issue of how smog devel-
ops in southern California, a problem discussed further in Chapter 10. Historically,
there were several ideas about how the smog was formed. If all of the materials that are
found in the polluted air over Los Angeles are put into a box, a toxic mix is obtained,
but this mix does not have the same properties as the smog. The problem, then, is,
“Why do the gases being put into southern California air not produce the smog usu-
ally found in the air when they are put in a box?” Someone eventually surmised that
perhaps light is needed to convert the gases to smog. This statement would become the
hypothesis. The experiment would be to shine light on a transparent container of the
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gases. If smog is produced as a result of adding light, then the hypothesis is verified.
If smog is not produced, then the hypothesis would be refuted. If the gases change
in the presence of light but do not produce something identical to the smog, then the
hypothesis may have to be modified. Maybe light and something else are required. A
new or revised hypothesis requires more experimentation. Ultimately, this process of
questioning, experimenting, answering, and questioning can go on indefinitely.

There are many situations in which one cannot run an experiment in the classi-
cal sense but can still apply the logic of the scientific method. Generally, these are
fields of study concerning reconstructing the past, experimenting on systems that are
so complex as to not be able to be directly tested, or testing systems in which direct
experimentation would be considered unethical. In these situations, one tries to state
the hypothesis in such a way that data can be collected from current or past situa-
tions that occur naturally. Some examples are archaeological findings, ancient gases
trapped in polar ice cores, natural occurrences of disease rates under various existing
circumstances, and political polling data.

The scientific method cannot be applied everywhere, nor should it be. Some fields
of study are based on an approach that is very different from the scientific method.
Mathematics, for example, is based on deductive logic. In mathematics, one makes
a series of assumptions and then logically deduces whatever follows from those
assumptions. Mathematics is not based on the input of empirical data of any kind.
Many other fields of study may use empirical data from time to time but not in a sys-
tematic manner; that is, they are not data driven. Other issues such as style, reflection
on the great thinkers in the field, statements of faith, analysis of the works of others,
and argument based on opinion may be somewhat more important than in the study
of science. These areas of study are not less valid than science but rather are different
ways of knowing. Some fields of study where application of the scientific method is
not generally valuable include religion, history, literature, and language studies.

Fields that are data driven and rely on the scientific method are known as the
sciences. Based on earlier discussion, science can be defined as the pursuit of knowl-
edge by observation and testing. Fields of study often included in the sciences are
physics, chemistry, biology, psychology, sociology, and political science. This list is
not exhaustive but mentions some of the major fields.

Usually when we think of science, it is often about natural science. Natural sci-
ence deals with the natural world around us, including biological species; the water,
air, and all of the materials of the Earth; the planets of the solar system and their
moons; the sun and stars; and the far reaches of space. Most commonly this group of
studies includes biology, chemistry, and physics.

1.8 SCIENCE AND TECHNOLOGY

Science and technology are closely related in today’s society. This chapter has so
far discussed science, but now the emphasis will be on technology. Technology dates
back to antiquity. Early tools such as the garden hoe are examples of technology.
Other examples include cooking, making pottery, extracting metals from their ores,
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making beer and wine, and extracting drugs from plants. All of these things were
carried out before the artisans or practitioners were able to comprehend the scientific
principles behind these activities. One excellent definition of technology was given
by Hill (1992): “Technology is the sum total of processes by which humans modify
the materials of nature to better satisfy their needs and wants.”

Although science began to emerge in the 17th century, it was not until the 19th
century that humans began seriously to apply science to technology. Since then, inven-
tors and businesspersons have understood the value of applying scientific discoveries
to the development of new and better products for humanity (and perhaps their profit
margins). Such activities have come to be known as applied science. Technology
using applied science has developed new drugs, lighter aircraft, hybrid plants, and
many other products. Not all of these advances have been in a positive direction, how-
ever, as can be seen from the story of Fritz Haber earlier in this chapter. Also, science
and technology can be applied, for example, to making chemical warfare weapons
and atomic bombs. The problem is that by the middle of the 20th century, the close
connection between science and technology had become so commonplace that many
people easily confused the two. The distinction between the two fields began to blur.
This book focuses on the study of the science of chemistry as it pertains to the envi-
ronment, but chemical technology is also an important part of this picture.

1.9 SCIENCE AND THE ENVIRONMENT

The environment, broadly, can be construed to include nearly everything on the
Earth, both living and nonliving. Biology (which is the study of living things) has
always been a focal point of environmental studies because it is the living things and
their interactions that define much of the nature of the environment. However, living
organisms, whose physical forms are made up of chemicals which must obey the laws
of nature, are affected by other substances in the environment, and all substances are
chemicals of some type or the other. Additionally, all organisms are themselves made
up of chemicals. Clearly, there is a chemical dimension to what goes on in the envi-
ronment, and it is this aspect of the environment that will be studied.

As we study the chemistry of the environment, we must be aware that science can
only tell us certain things. Science can inform us about relationships. Scientists can
note that certain chemicals and dead fish in a stream usually occur together. Perhaps
science can demonstrate that these chemicals cause the death of fish. Science may
be able to suggest ways of keeping the chemicals out of the stream or keeping the
fish alive in some other way. What science cannot do is render value judgments. The
value of fish, the scenic beauty of the wilderness, a microwave oven, a car, a deer,
our life, or someone else’s life is a judgment made based on our ethical, moral, and
religious assumptions. These assumptions are distinct from the science presented
here. It is not our intention to make this book totally devoid of personal philosophy,
but it is hoped that the scientific facts or theories will be clearly differentiated from
personal value judgments.
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1.10 ENVIRONMENT AND PUBLIC POLICY

Clearly, as a society, we constantly make value judgments about the environ-
ment. We collectively build dams, protect certain species, create national parks, and
pass laws against air pollution. Such activities bring environmental studies into the
area of public policy, but why does public policy have to intrude itself into environ-
mental issues? In 1968, Garrett Hardin published an article in Science entitled “The
Tragedy of the Commons.” The title of this article is based on a parable introduced
in an 1833 pamphlet written by William Lloyd. In the pamphlet, Lloyd discussed
the relationship between pastureland that is held in common by everyone (“the com-
mons”) and individual herdsmen. Obviously, it was in the best interest of any indi-
vidual herdsman to graze his livestock on the commons as much as possible, but if
everyone did this, then eventually the commons would be overgrazed and would be
useless to all. Such a parable is an extremely good paradigm for our times. Many
environmental issues can be viewed in this way. The commons can be saved for
long-term benefit only if the individuals take their fair share at a fair rate, and it
works in the same way with the common resources of the environment. There is
often a conflict between the short-term welfare of a few and the long-term welfare
of society as a whole. Because most of us do not graze cattle on the commons or
anywhere else for that matter, then what are the commons of today? The commons
are common resources. These include air, which we all breathe; water, which we all
need; and living beings upon which we all depend, such as trees, algae, and fish. It is
through public policy that society protects the commons from destruction by selfish
individuals. The debate, of course, centers around what exactly should be included
as part of the commons, and how it should be protected. Many of the topics in this
book lead to such discussions.

Public policy is usually carried out by the authority of the government; however,
educational factors, social pressures, economic pressures, and social protests can
have an effect. The government usually uses either incentives or penalties. Incentives
include encouragements such as tax cuts and payments of money. Such an approach
costs the government money, which is often in short supply; therefore, governments
usually resort to penalties to stop undesirable activities. These penalties include taxes
and fines. There are some other restrictions under which we all operate, but these
have nothing to do with the government. These restrictions are the inviolate laws of
nature, which are discussed in Chapter 2.

DISCUSSION QUESTIONS

1. At what point did humans cease to be part of “nature” and become separate from
their natural surroundings? Must humans have an effect on “nature” just because
of their presence or can humans just remain in a natural setting and leave it
unaffected?

2. Describe the lives of people who are hunter—gatherers. Also, describe the lives of those
engaged in horticulture and agriculture. Compare these three groups with one another.
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10.

11.

12.

13.

14.
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. Ancient cities were different from modern cities in many ways but also had some

similarities. In what ways were ancient cities similar to modern cities? In what way
were they different?

. Ancient cities were smaller and, therefore, should have had less impact on their

environment. Given modern advances in sewage treatment, waste disposal, and
other related issues, do modern cities have a greater or smaller impact on the envi-
ronment than ancient cities? Explain.

. Compare and contrast life in developed countries of the 21st century with life in

Europe before the Industrial Revolution.

. How were developments in iron production, textile manufacture, and the invention

of the steam engine related?

. In what significant ways did the first phase of the Industrial Revolution differ from the

second?

. Is the term “Industrial Revolution” an appropriate name? Were the changes that

occurred more a revolution or an evolution? Why?

. How does the life of Fritz Haber illustrate some of the moral ambiguities associated

with the use of science and technology?

Consider this statement: “Today’s modern conveniences are detrimental to the well-
being of our society.” Make an argument supporting this statement. Make an argu-
ment opposing this statement.

Outline the scientific method and give some of its limitations. Can any subject be
studied using the scientific method if one wishes to do so?

Explain the difference between science and technology, and suggest why it is that
we tend to confuse them in the modern world.

What is meant by the “Tragedy of the Commons,” and how does it apply to societal
issues in our culture?

What are some of the measures that governments can take to control the environ-
mentally harmful activities of its citizens? Which ones are used most often and why?

LEARNING OUTCOMES

. Describe the causes of the replacement of the nomadic lifestyle by farming.
. State the difference between horticulture and agriculture.
. Explain the difference between town and cities, and why the latter were generally

built near water.

. Describe the changes brought by Phase I and Phase II of the Industrial Revolution

and the roles of key scientists in these developments.

. Define the scientific method, listing and explaining the steps in the process.
. Differentiate between science and technology.
. State the meaning of “The Tragedy of the Commons” and its impact on environ-

mental policy.

GROUP WORK

. With the class divided into groups of four, prepare to debate discussion question 10

above. Two in your group will argue the affirmative side and two the negative.
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2. How much preparation should citizens make for possible shortages such as occurred
in the COVID-19 pandemic? What is the difference between preparation and hoard-
ing? How can this be done sustainably (with care for our planet)?

3. Is development in your neighborhood reducing native plants and threatening wild-
life? If so, what can/should be done about it? Share your opinions within your group
and report back to the class.

4. Think about what you hope to get out of this course. Write down your conclusions
and share with your group.
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