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Environmental Engineering : Principles and Practice is written
for an advanced undergraduate course or a first-semester
graduate course in environmental engineering. The target
audience is students pursuing the civil and/or environmental
engineering curriculum. However, the text may be used by
students in chemical and mechanical engineering where several
environmental concepts are of interest; especially those on
water and wastewater treatment, air pollution, and
sustainability. The text is a good resource for practicing
engineers, since it covers the major environmental topics and
provides numerous, step-by-step examples to facilitate learning
and problem solving.

The text was written to provide a clear and concise
understanding of the major topic areas facing environmental
professionals. For each topic, the theoretical principles are
introduced, followed by numerous examples illustrating the
proper process design approach. This approach is thought by
the author to be an effective educational method. It was desired
that this text be more practical, methodical, and functional for
students - providing knowledge and background, as well as
opportunities for application, through problems and examples
that would facilitate understanding. Another motivation for
writing the text evolved from the frustration of using texts that
students do not read because of their complexity and emphasis
on the theoretical aspects, while providing insufficient detail in
the example problems for students to follow.

Several items unique to our text include:

Problem Solving Scheme: Chapter 1 provides a reliable
problem solving scheme for students along with introducing
them to statistical analysis. Proper analysis and
communication of data are incorporated into the chapter.
From our experience, many upper-level engineering students
are still struggling with these concepts. Also, graduate
students often find this type of material most beneficial. We
are not aware of another environmental engineering
textbook that introduces these critical tools to students.

Example Problems with both US and SI Units: The text is
enriched by a multitude of example problems that

incorporate both SI and the more customary English unit
systems. We feel that many texts fall short in both these areas
by not providing students with examples that help explain
difficult technical concepts, and by only focusing on one
system of units only. More importantly, our text provides
step-by-step procedures for solving the difficult concepts,
where other texts skip several steps before arriving at the
final answer.

Water and Wastewater Design Chapters: Substantial
material is presented on the selection and design of unit
operations and processes used to treat drinking water and
domestic wastewater. Numerous step-by-step examples lead
the novice or the seasoned practitioner through the process.

Sustainability: A complete chapter has been devoted to
sustainability, which is currently a hot topic. Special
emphasis is placed on the causes and consequences of global
climate change. Ecological Footprint is defined, and
alternative energies, including solar power, wind energy, and
geothermal energy, are presented. Carbon sequestration is
explained, along with the capture, compression, transport,
and storage of carbon dioxide. An example illustrating the
Ecological Footprint and Life Cycle Assessment procedure is
provided.

Public Health Chapter: Many environmental engineering
text books omit public health topics. We provide an
expansive view of this topic in a chapter entitled
“Environmental Health”. Toxicological pathways relevant to
chemical exposures are described, in addition to pertinent
organ and cellular systems involved in the ingestion,
inhalation, dermal absorption, and placental transfer of toxic
substances. Utilization of potency factors and chronic daily
intake values for lifetime risk, and LOAEL, NOAEL, and RfD
values are discussed. The epidemiology triangle, to describe
the dissemination of an infectious disease, is discussed along
with the thirteen factors responsible for disease
dissemination that affect emergence and reemergence.

Salient points of each chapter are presented below:

Introduction to Environmental Engineering and
Problem Solving: Chapter 1 provides the historical context
of environmental engineering. A six-step problem-solving
method is introduced. Analyzing experimental error and
calculating error estimates is presented. Most importantly,
statistical analyses using linear-regression, correlation
coeflicient, coefficient of determination, and application of
the Student’s t-test and one-way Analysis of Variance is
presented.
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Preface

Essential Chemistry Concepts: A review of essential
chemical concepts, along with thermodynamic principles
and the kinetics of reactions, is discussed. Numerous
examples are provided so that the novice and practitioner
can apply the appropriate chemistry to various
environmental applications.

Water and Wastewater Characteristics: Conventional
physical, chemical, and biological characteristics of water
and wastewater are described. A brief presentation of the
analytical procedures for measuring traditional water
quality parameters is presented. Numerous tables
comparing the characteristics of ground water, surface
water, wastewater, and stormwater are provided.

Essential Biology Concepts: Chapter 4 provides the
background material necessary for understanding the role
of organisms, and especially how microorganisms are used
for treating wastewater, sludges, contaminated ground
waters, and soils. A brief discussion of prokaryotic and
eukaryotic cells is presented, followed by a presentation of
the relationship between energy and synthesis reactions
involving heterotrophic and autotrophic organisms.
Ecological topics are addressed with particular emphasis on
the carbon, nitrogen, phosphorus, and sulfur cycles, and
their role in biology. The Streeter-Phelps dissolved oxygen
model, along with limnological terms such as
eutrophication, stratification, and turnover, are discussed.

Environmental Systems: Modeling and Reactor Design:
This chapter serves as the foundation for modeling and
designing reactor systems for treating water and
wastewater. The chapter begins with a discussion of
material balances and the application of the Law of
Conservation of Matter. This is followed by how one
determines the rate and order of reaction. Particular
emphasis is placed on the design of batch, complete-mix,
and plug flow reactors containing reactive and non-reactive
contaminants. The chapter ends with the application of the
Law of Conservation of Energy, which is essential in
performing energy balances.

Design of Water Treatment Systems: Chapter 6 provides
detailed information on the objectives of water treatment
and proper selection of appropriate unit operations and
processes necessary to meet primary and secondary
drinking water standards. Numerous examples are
presented for designing conventional and advanced water
treatment systems, along with systems for handling water
treatment residuals. A discussion of various disinfectants
and what to consider when selecting the appropriate
disinfectant is presented.

Design of Wastewater Treatment Systems: Analogous to
the water treatment systems chapter, Chapter 7 deals with
the design of conventional and advanced systems used for
treating municipal wastewater. This chapter focuses on the
use of biological wastewater systems, such as trickling
filters, rotating biological contactors (RBCs), activated
sludge processes, sequencing batch reactors (SBRs), and
single-sludge biological nutrient removal (BNR) processes

for removing nitrogen and phosphorus from wastewater.
Sludge volume and mass relationships are discussed, along
with various sludge thickening, dewatering, and stabilizing
processes. The characteristics and use of indicator
organisms as surrogate parameters for pathogens is
presented, along with a guide to selecting the appropriate
chemicals for disinfecting wastewater effluent.

Municipal Solid Waste Management: Chapter 8 identifies
and describes the primary regulations for solid waste
disposal in the United States. Solid waste generation and
disposal trends along with the composition of generated,
disposed, and recycled solid waste streams in the US are
described. Examples showing how to calculate the
composition of a generated waste, the moisture content of
MSW, the energy content of a waste, and how to size a
landfill are presented. The chapter concludes with the
procedure for determining the volume and rate of landfill
gas production.

Air Pollution: The types, sources, and effects of air
pollutants, including local and global impacts is presented
in Chapter 9. Meteorological fundamentals and impact on
the evaluation of air pollutant emissions and basis for
atmospheric dispersion modeling are discussed. Various
examples illustrating the basic design and function of
various types of air pollution control technologies for
gaseous and particulate air pollutants are provided.

Environmental Sustainability: Chapter 10 provides an
overview on sustainability. The causes and consequences of
global climate change are presented, along with the
detrimental effects of rapid human development.
Estimating ecological footprints and evaluation of
alternative forms of renewable energy are addressed.
Carbon sequestration is explained. An example of using
Ecological Footprint and Life Cycle Assessment method is
presented.

Environmental Public Health: Toxicological pathways
relevant to chemical exposures are described, in addition to
pertinent organ and cellular systems involved in the
ingestion, inhalation, dermal absorption, and placental
transfer of toxic substances. Disease, epidemiology, and
toxicology are defined. Acute and chronic exposures are
compared and contrasted. Utilization of potency factors
and chronic daily intake values for lifetime risk and
LOAEL, NOAEL, and RfD values are discussed. The
epidemiology triangle to describe the dissemination of an
infectious disease is discussed, along with the thirteen
factors responsible for disease dissemination that affect
emergence and reemergence.

Hazardous Waste Management: Chapter 12 presents an
overview of what constitutes a hazardous compound or
hazardous waste. Common groups of hazardous wastes are
presented, in addition to important physical and chemical
characteristics of a contaminant that determine its fate,
treatment options available, and the likely risk and
pathways for exposure. Henry’s law, the octanol-water
partition coefficient, and Darcy’s law are discussed, as well
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as how they relate to hazardous waste management. Various
remediation and treatment methods, along with what
considerations are relevant for deciding on an appropriate
treatment option. Advantages and disadvantages of in situ
and ex situ treatment are delineated.

The following resources will be available to instructors on the
book website:

Solutions Manual - Complete solutions for end of chapter
problems will be provided to instructors who require the
text for their course. It will be provided on the book website

as PDF files.
We will provide guidance, describing how a faculty member Image Gallery- Images from the text in electronic form,
might use the text for an upper-level undergraduate course and suitable for use in lecture slides. This includes all figures and

as a first-semester graduate course. all tables from the book.
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Introduction to environmental
engineering and problem

solving
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Learning Objectives

After reading this chapter; you should be able to:

o appreciate the historical context of environmental
engineering;

o discuss significant national and international environmental
concerns;

e outline prominent environmental statutes;

o apply a six-step problem-solving method to engineering
problems;

o effectively communicate analysis results in tables and
figures;

o analyze experimental data;

o estimate experimental error;

o apply the concepts of variance and standard deviation to
describe the uncertainty in experimental data;

o calculate error estimates associated with experimental
data;

o use linear-regression analysis to describe the strength of

relationship between two variables;

o quantify the magnitude of the relationship between two
variables using the sample correlation coefficient and the
coefficient of determination;

o apply the Student’s t-test and the one-way Analysis of
Variance (ANOVA) to determine if sample groups are
statistically different.

I.1 History of environmental
engineering

The civilizations of our ancient history were deeply and
innately connected to the realm of religion and spirituality.
Profoundly influenced by the natural world, there is no

religion left untouched by our spiritual connection to the
environment. Since the beginning of time, humans have sought
comfort and healing in the earth. It is where we find sustenance,
protection and beauty - but we struggle to live in harmony
with it.

Our reverence for the world around us is exemplified by the
prophets of our oldest religions and their desire to seek and
renew their connection to the Divine through retreating into
nature. Moses, Jesus, Buddha, and Muhammad all
independently retreated to nature for renewal. Similarly, while
living in the forest, the Hindu sages wrote the Vedic scriptures
that fueled today’s democratic pluralistic Indian civilization.
Finally, three to five thousand years ago, Taoism and
Confucianism encouraged their followers to mimic the patterns
of nature, while Aristotle taught that one could understand life
through imitating nature.

Further evidence of our storied relationship with the
environment is in our sacred scriptures. For instance,
the Old Testament of the Bible teaches that God expects
humans to be the stewards of nature, and that we can learn
from it:

The land is mine and you are but aliens and my tenants.
Throughout the country that you hold as a possession, you
must provide for the redemption of the land

(Lev. 25:23-24).
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But ask the animals, and they will teach you, or the birds in
the sky, and they will tell you, or speak to the earth, and it
will teach you, or let the fish in the sea inform you

(Job 12: 7-8).

Islam’s Holy book, the Qur’an, stresses balance and
proportion and challenges the rights of man to change this
balance and destroy Allah’s creation:

And produced therein all kinds of things in due balance
(Surah 15, verse 19).

Verily, all things have We created in proportion and
measure

(Surah 54, verse 49).

Buddhist scripture suggests how humans should treat the
natural world, and the result of living selfishly in light of
communion with it:

Rajah Koravya had a king banyan tree called Steadfast, and
the shade of its widespread branches was cool and lovely.
Its shelter broadened to twelve leagues ... None guarded its
fruit, and none hurt another for its fruit. Now there came
a man who ate his fill of fruit, broke down a branch, and
went his way. Thought the spirit dwelling in that tree, “How
amazing, how astonishing it is, that a man should be so
evil as to break off a branch of the tree, after eating his fill.
Suppose the tree were to bear no more fruit.” And the tree
bore no more fruit.

(Anguttara Nikaya iii.368).

Confucianism also stresses care for the environment,
encouraging its followers to pursue a better way of living, not
just for the earth but for the rest of their community:

If you do not allow nets with too fine a mesh to be used
in large ponds, then there will be more fish and turtles than
they can eat; if hatchets and axes are permitted in the forests
on the hills only in the proper seasons, then there will be
more timber than they can use ... This is the first step along
the kingly way.

(Mencius I.A.3)

As might be expected, the bulk of this book is focused on:

the basic science and math principles required to describe
and analyze the environment, and

the design and application of traditional unit operations and
processes that are commonly used by environmental
engineers to protect human health and the environment.

Before we learn to design the future, however, let us recall
and learn from our past. We must recognize that modern
civilizations were not the first to encounter and search for
solutions to environmental problems or to embrace
environmental activism. We start this discussion by providing a
brief overview of environmental history in an effort to add
perspective to our current state, in the hope that one day the

relationship between humans and the environment will no
longer prove to be one of continued turmoil, but one of unity
and wholeness.

The backbone of this historical discussion has been built
from the work of Mark Neuzil and William Kovarik and their
book entitled Mass Media and Environmental Conflict. If this
brief snapshot of environmental history peaks your interest,
you are encouraged to begin further exploration through this
excellent resource. An overview of the environmental history
timeline from the book can be accessed online at
http://www.runet.edu/~wkovarik/envhist/.

From the beginning of human history, humans have aimed
to rise above and separate themselves from their animal
counterparts. No longer content living at the mercy of nature,
we sought to harness the ground in order to provide
dependable nourishment for ourselves and our family. This
new-found agricultural consistency soon blossomed into
communities and cities, each with their own language, culture
and religion. However, as these groups grew, it quickly became
obvious that humankind had a responsibility to reconcile our
lifestyle within a healthy, thriving earth; otherwise, we could
face a lack of clean air, water, and other natural resources
necessary for life. We needed to find ways to engineer the
environment so the earth could continue to support our need
to create, control and expand.

The following sections of this chapter outline humankind’s
pursuit of a better earth throughout written history, up to our
present day regulations and standards.

Early civilization experienced many scientific and social
developments that continue to fascinate modern-day engineers
and experts — creations like Stonehenge and the Great Pyramid,
the development of agriculture, written language, and
mathematics. These advancements marked the rise of culture
and structured society. Humans were no longer simply
coexisting with the earth - rather, we were reaching out to
conquer and control our environment.

I1.1.1.1 Solid Waste Management

One of the earliest issues surrounding mankind and the
environment is garbage and its disposal. When humans lived as
nomadic hunter-gatherers, they could leave their solid waste
wherever was most convenient for them, often buried. Since the
hunter-gatherer lifestyle prompted continual movement,
rodents, insects, and natural processes had time and
opportunity to degrade the waste and return it to the soil. As we
abandoned the nomadic lifestyle in favor of permanent
settlement, however, the disposal practices followed for
generations before were no longer appropriate. Leaving waste
from food and fuel outside the home would invite vectors to
thrive and breed among the urban developments, encouraging
disease and destruction of food stored by the community.

1.1.1.2 Sustainability and Public Health
As civilization developed, resource conservation also became a
growing need, with a focus on encouraging sustainable
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lifestyles for the people inhabiting certain areas. If they were
careless, whole communities could lose access to resources
staple to their development, health, and economy. As early as
6000 BCE, deforestation was blamed for the rise and fall of
communities in southern Israel and, in 2700 BCE, it factored
into the demise of Sumeria (now southern Iraq). Large-scale
commercial timbering continued with the Phoenicians (2600
BCE), the Minoans (1450 BCE) and within the ancient
city-state of Troy (1200 BCE).

1.1.1.3 Water Management

Clean, fresh water for drinking, bathing, and agriculture is vital
for the support of a healthy, growing community. While most
areas depended on surface water for their needs (a great
example would be those who settled between the Tigris and
Euphrates Rivers in the area known as the Fertile Crescent), the
Chinese were using wells as deep as 1,500 ft to obtain drinking
water for centuries before the modern era, and possibly used
alum to clarify their water (Symons, 2001).

There is evidence that the Romans built dams, sometimes as
high as 15 m, to create drinking water reservoirs. Ancient Rome
is well known for its elaborate network of sewers and
aqueducts, which, although built c. 500 BCE, provided a new
standard of public health that was unmatched until the
mid-18th century. Roman ruins show the use of open channels
to carry human excreta from public baths and palaces.
Disinfection of surface water was also exhibited in ancient
times by the Egyptians, as they were using some form of
chlorine for disinfection as early as 3000 BCE.

1.1.1.4 Air Quality

Air pollution from natural sources, such as volcanic eruption
and forest fires caused by lightning, occurred long before
communal living. However, it is important to note that when
humans harnessed fire, anthropogenic activity became a major
contributor to indoor and outdoor air pollution. Air pollution
was complicated further as humans began to pursue
metalworking, smelting lead, silver and copper to make coins,
jewelry and tools.

Mineral deposits are typically harvested as sulfides (Cu,S,
PbS, ZnS). The smelting process produces primary ore, sulfur
dioxide and other pollutants. For example, the smelting process
for lead begins by pulverizing and heating such that:

2PbS + 30, — 2PbO + 250,

The ore is further reduced by heating with carbon:

PbO +C — Pb+ CO

The end products, metallic lead and carbon monoxide, are
toxic. Additionally, air pollution resulted from burning wood,
tanning, and from decaying trash.

Rome’s poor air quality led Emperor Nero’s tutor and
self-proclaimed Socratic philosopher, Seneca, to state in 61 CE:

“As soon as I escaped from the oppressive atmosphere of the
city, and from that awful odor of reeking kitchens which,
when in use, pour forth a ruinous mess of steam and soot,
I perceived at once that my health was mending.”

The Middle Ages gave rise to such great things as algebra, the
printing press, the clock, and the Magna Carta (an article that
heavily influenced the United States Constitution and the Bill of
Rights). Despite these contributions, this time period is one of
the more somber for western culture. The Middle Ages were
marked by a dramatic increase in urban population, due to
feudalism and, thus, an influx of poor people who owned no
land. Subsequently, any problems with waste, water, and air
pollution rose exponentially and, coupled with several famines
and a widespread series of pestilences, it became obvious that
drastic change was required in order to provide for the health
and welfare of these communities.

1.1.2.1 Solid Waste Management

The heavy influx of people into cities posed a tremendous solid
waste problem. There was little room to dispose of garbage,
which was either burned, buried, or left in the streets —
practices that encouraged poor air quality and served as a
breeding ground for pests and vermin, bringing with them filth
and disease. In light of the Black Death - a pandemic that
destroyed 30-60% of the European population during that
time — it was time to start rethinking what practices should be
permitted for the sake of public and occupational health. By
1366, the city of Paris required butchers to dispose of animal
carcasses outside the city instead of in the streets.

1.1.2.2 Water Management
Along with the fall of Rome came the fall of support for its
extensive system that provided water to the public.
Communities had to revert to wells and surface water, which
were often contaminated due to overuse and overpopulation.
Much of this contamination resulted from human excreta,
which were not disposed of in a sanitary fashion. In fact, a
common practice of the 13th and 14th centuries was to empty
chamber pots from upstairs windows into the street gutters
below.

Sewage covered the streets of Europe during the Middle
Ages, often contaminating water supplies. Improvements
began in 1589, when Sir John Harrington invented the water
closet in England and published a book entitled The
Metamorphosis of Ajax, in which he provided a complete
description. While Parliament had passed an act in 1388
forbidding the throwing of filth and garbage into ditches, rivers,
and waterways, there was still a lack of proper sewerage, and
his invention was largely ignored. It was not until the 1690s that
Paris became the first European city to build an extensive sewer
system and such tools as the water closet became more practical
in everyday life.

1.1.2.3 Air Quality

Burning wood, coal and garbage was common practice on the
streets and in homes during this time, which exacerbated the
poor air quality. From 1560 to 1600, England was rapidly
becoming industrialized, and wood shortages led to an
increased burning of sea-coal. Sea-coal has a high sulfur
content and, when burned, produces air pollutants such as
sulfur dioxide, carbon monoxide, carbon dioxide, nitrogen
oxides, soot, and particulate matter. In 1661, John Evelyn
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proposed a solution to London’s air pollution through his
pamphlet Fumifugium, or the Inconvenience of the Aer and
Smoake of London Dissipated. Evelyn wrote several notable
passages, including:

The immoderate use of, and indulgence to, sea-coale in the
city of London exposes it to one of the fowlest inconve-
niences and reproaches that can possibly befall so noble and
otherwise incomparable City ... Whilst they are belching it
forth their sooty jaws, the City of London resembles the face
rather of Mount Aetna, the Court of Vulcan ... or the sub-
urbs of Hell [rather] than an assembly of rational creatures.

Later, in 1684, he wrote that the smoke was so severe that
“hardly could one see across the street, and this filling lungs with
its gross particles exceedingly obstructed the breast, so as one
would scarce breathe.”

The situation was more hopeful when James I succeeded
Queen Elizabeth and demanded that harder, cleaner-burning
coal from Scotland be used within his household, but it would
be decades before air pollution was addressed as a public health
issue.

1.1.2.4 Public Health

While modern solid waste management practices were
unavailable, legislation like the aforementioned restrictions on
dumping waste marked a greater government involvement in
the health of its citizens. Also, during this time period, the
growing development of industry began to muster some
concerns about the health impacts of common occupational
practices. In 1473, Ulrich Ellenbog wrote the first pamphlet on
occupational disease and injuries among goldsmiths. Ellenbog’s
pamphlet was followed by a similar treatise in 1556 by Agricola
(Georgius Bauer), which further outlined the techniques and
occupational hazards of assaying, mining, and smelting a
variety of metals.

The Age of Enlightenment gave rise to a new era of

scientific, philosophical, and humanitarian study. During this
time, the United States achieved independence from Britain,
Leibniz and Newton invented calculus, we lent our ear to the
musical stylings of Beethoven, Mozart, and Bach and
investigated the writings of John Locke, Immanuel Kant, and
Voltaire. The newfound pursuit of reason yielded many familiar
names into the world of science, like Fahrenheit, Celsius,
Bernoulli, Kepler, and Venturi, to name a few. This quest for
knowledge also marked the beginning of better public health,
as humanitarians felt it was necessary to spread the recent
discoveries in science and medicine to provide good health and
hygiene to everyone.

1.1.3.1 Solid Waste Management

During this time period, populations within urban
environments continued to blossom, further encouraging
illness and disease despite past regulations and development.
Public health laws were inconsistent from state to state and city

to city, so people continued to live in the manner that they felt
best. These practices varied immensely, depending on the values
and lifestyles of the citizens in the region. For example, while
Benjamin Franklin led a group in Philadelphia in an attempt to
regulate waste disposal and water pollution, Jonathan Swift
noted the despicable contents within London’s gutters,
“sweeping from butchers’ stalls, dung, guts, and blood ... ”

1.1.3.2 Sustainability

As the world was developing new scientific and technological
discoveries, many people were beginning to use this
knowledge to enhance the health and sustainability of our
environment. By 1762, Jared Eliot was promoting soil
conservation in his Essays on Field Husbandry in New England.
History even recalls men and women of the Bishnoi faith
protesting the demolition of a grove of khejri trees at the hands
of an Indian maharaja, even forfeiting their lives to stop the
destruction. The villagers who died that day in 1730 knew of
the immense value of the khejri tree, which they used for
medicine, firewood, and food, among many other beneficial
uses. The maharaja halted the demolition, but not before 363
people lost their lives. Conservation was also alive and well in
the Western world, evidenced by Benjamin Franklin’s plea to
France and Germany in 1784, urging them to switch from
wood to coal in an attempt to save their forests.

1.1.3.3 Water Management

The Age of Enlightenment provided a few great advances in the
realm of water quality. Filtration became a more viable
treatment technique, with Frenchman Joseph Army creating a
filter out of a perforated box filled with sponges in 1746 (The
Quest for Pure Water, 1981). In 1791, an upflow sand filter with
a downflow washing system was invented by James Peacock. In
1744, a limited distribution public water supply was started in
New York City. In 1772, Providence, RI also began distributing
a public water supply within the city. Public water became even
more readily available as London installed the first modern
municipal sewers in 1800.

1.1.3.4 Air Quality

By the 1700s, sea coal importation to London had grown
dramatically, and similar developments occurred in cities
worldwide as business prepared for the Industrial Revolution.
In 1804, Presley Neville wrote regarding Pittsburgh: “the
general dissatisfaction which prevails and the frequent
complaints which are exhibited, in consequence of the Coal
Smoke from many buildings in the Borough, particularly from
smithies and blacksmith shops ... ” The smoke affected the
“comfort, health and ... peace and harmony” of the new city. At
this time, the best remedy was to build higher chimneys.

1.1.3.5 Public Health

The push for intellectual advancement in the 18th century
helped to provide insight into the causes and effects of illness in
humans. In 1723, the lead in alcohol stills was shown to cause
serious abdominal pains. In 1775, English scientist Percival
Potts noted that chimney sweeps had an unusually high
incidence of cancer. Further attempts at monitoring
occupational health were reflected as Sir Thomas Percival
formed the Manchester Board of Health to supervise textile
mills and recommended hours and working conditions.
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The Industrial Revolution, while not a revolution in the sense of
an immediate overhaul of the traditional way of doing things,
did indeed, quietly and consistently, transform and shape the
way business and the world look today. Major developments
included mechanizing the textile industry, creation of the steam
engine, and an overhaul and increase in the field of metallurgy.
The 19th century introduced many great names in the fields of
science and technology; Thomas Edison, Charles Darwin,
Alexander Graham Bell, and Nikola Tesla provided us with
many great ideas and developments that we still follow today.
Indeed, it could even be argued that the field of environmental
engineering began during this time, marked by the initiation of
the American Society of Civil Engineers, as well as the
contributions by people like John Snow (the father of modern
epidemiology) and Henri-Philibert-Gaspard Darcy.

1.1.4.1 Air Quality

One of the greatest environmental issues resulting from the
Industrial Revolution was the immense burden placed on the
atmosphere due to a dramatic increase in the amount of goods
available for human consumption, which implied a
proportional increase in the burning of coal and other fuels.
William Wordsworth wrote about the Industrial Revolution in
1770, commenting that it was an “outrage done to nature”, and
he was angered that the common people were no longer
“breathing fresh air.” In 1859, Svante August Arrhenius
predicted global warming from fossil fuel induced carbon
dioxide build-up. In 1880, a temperature inversion led to an air
pollution episode in London, killing 700.

Drastic measures had to be taken in order to prevent
industry from harming the public. In 1881, Chicago became the
first American city to create a local smoke ordinance regulating
smoke discharge, but it would be decades before federal
mandates would even begin to address air quality concerns
adequately.

1.1.4.2 Sustainability

Despite the marked increase in resource consumption, many
voices arose in protest during the Industrial Revolution,
seeking to preserve the world in light of the seemingly mindless
destruction of thousands of square miles of natural resources.

People like Thoreau and Emerson pushed the public,
encouraging a more sustainable way of life. As a result, the idea
of National Parks was proposed by George Caitlin in 1832, and
a bill was passed in 1864 to protect trees in the Yosemite Valley.
Developments were even made in sustainable power creation,
as the first hydroelectric plant began operation in 1882 in
Appleton, Wisconsin.

1.1.4.3 Water Management

Sanitation and water supply systems developed rapidly

during the 19th century, as the delivery of pure drinking

water became important in fighting typhoid and cholera
epidemics. During this time, sewers for transporting human
waste and storm runoff were constructed in Brooklyn, Chicago,
and Jersey City (Tarr, 1985). By 1905, all US towns with a
population of over 4,000 had city sewers. In that same year,
Henri-Philibert-Gaspard Darcy published his observations
about the field of public water supply. He also proposed Darcy’s
Law, that describes flow through porous medium, as well as the
design of a relatively modern rapid sand filter. Also of note
during this time period is the fact that the city of Lenox,
Massachusetts began using combined surface and subsurface
irrigation to treat sewage and the use of sedimentation for
water treatment became common practice.

In 1841, Thomas Henry patented the process to remove
hardness from water through the addition of lime resulting in
the precipitation of calcium carbonate (Merrill, 1962). Two
years later, coagulation before filtration was proposed by James
Simpson to treat river water in England (The Quest for Pure
Water, 1981). The forerunner of the modern filter - a
self-cleaning slow sand filter using upward flow for
washing — made its debut during the early 19th century in
Greenock, Scotland. In 1885, British scientists discovered the
benefits of filtering drinking water through sand filters to
reduce bacteria. Soon after this development, Hiram Mills
designed intermittent sand filters in response to typhoid fever
epidemics in 1890 and 1891, which were used to treat water
from the Merrimack River, and removed 98 percent of the
bacteria from the polluted river water (MSBH, 1894). In the
early 1900s, sand filters were being used in several US cities and
copper sulfate, chlorine, and ozone were known as treatments
to kill typhoid and cholera bacteria. The first continuous
chlorination system was put into place in 1908 in Jersey City.

Data from Tarr ef al. (1980) were used to develop Table 1.1,
which shows the enormous growth of water treatment and
distribution and wastewater treatment from 1880 through

Growth of water distribution, wastewater sewerages and treatment in the USA from 1880

through 1900.

Population in
cities treatment

Urban Total US
Year population population sewage
1880 14,129,735 50,155,783 5,000
1890 22,106,265 62,947,710 100,000
1900 30,159,921 75,994,575 1,000,000

Source: Data from Tarr et al., 1980.

Population
Population served supplied with
by sewerage treated drinking

systems water
9,500,000 30,000
16,100,000 310,000

24,500,000 1,860,000
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Miles of sewers and death rates for selected US cities in 1880, 1890, and 1900.

1880 1890 1900
Miles of Deaths per Miles of Deaths per Miles of Deaths per

City sewers 100,000 people sewers 100,000 people sewers 100,000 people
Atlanta 66.8 24 72 74.6
Chicago 337 339 525 72.2 1,453 AN
Louisville, KY 41 65.7 52 75.7 97 64.0
Nashville 133.7 24 64 49.5
Newark, NJ 47 52.7 87 99.5 180 211
Philadelphia 200 58.7 376 73.6 887 372
Pittsburgh 225 134.9 87 127.4 275 144.3
Richmond 61.3 35 6l 104.6
Rochester, NY 234 138 39.6 172

Salt Lake City 5 392

San Francisco 126 534 193 555 307 30.3
Spokane 3 459
Toledo 359 6l 36 156 41.0
Trenton [7.1 4 16 327
Wiashington, DC 169 534 266 86.8 405 79.7

Source: Data from Tarr et al,, 1980.

1900. Table 1.2 also uses data from Tarr et al. to show the
relationship between sewerage disposal practices and death
rates from typhoid fever. Death rates from typhoid fever did not
drop as drastically as expected from the installation of sewer
systems but, rather, death rates declined as cities began to use
chlorination in treating drinking water.

1.1.4.4 Public Health

In 1851, the first international health conference was held in
Paris to address the arrival and spread of cholera and other
pestilent diseases. Shortly after the conference, in 1854, John
Snow conducted the first epidemiological study of a waterborne
disease. By conducting interviews with local residents, he
traced the source of a cholera epidemic to a contaminated water
pump on Broad Street in London’s Soho district, providing
insight that water pollution carried disease. Between 1860 and
1880, Louis Pasteur’s theory of disease revolutionized the
theories associated with public health and, in 1882, tuberculosis
and cholera were isolated by German physician Robert Koch.

The Progressive Era marked the beginning of the period known
as the Machine Age. Disgusted by the developments and
concessions made by the government and big business during

the Industrial Revolution, middle-class Americans began to
speak up, demanding reformation in all areas of

life - politically, socially, economically, and morally.
Contemporary environmental engineering principles began to
take root during this time, which served as further evidence of
progressive ideologies.

1.1.5.1 Sustainability

One of the greatest examples of the need for conservation
during this period was the wild buffalo (bison) population,
which dropped from 30 million to less than 40 animals in less
than a century. Unfortunately, the buffalo were not the only
species endangered due to our overindulgent lifestyle. It soon
became obvious to most that government intervention was
required in order to keep American wildlife alive.

In 1891, the Forest Reserve Act was passed, and 17.5 million
acres were set aside. In 1902, Congress established the Bureau
of Reclamation and George Washington Carver wrote How to
Build Up Worn Out Soils. Also during this time, Charles Van
Hise wrote The Conservation of Natural Resources (1909),
urging business to be careful with its use of oil, metals, lumber,
and land. We can also see, during this period, the use of the law
to protect and preserve the environment. For example, the state
of Missouri sued the state of Illinois for polluting the
Mississippi River, and the state of Georgia sued the Tennessee
Copper Co. in an effort to limit the amount of noxious fumes
they would be permitted to discharge.
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1.1.5.2 Water Management

In 1893, the first trickling filter for wastewater treatment was
developed by Joseph Corbett in Salford, England. Biological
treatment of wastewater was being developed aggressively
during the mid-1890s by engineers in England and at the
Lawrence Experiment Station in Massachusetts. As a result of
sewage cleanup in the Thames River, some fish species returned
in 1895, providing hope for the redemption of wasteful human
living.

1.1.5.3 Air Quality

While the Progressives pushed for a better life, industry
continued to have a huge impact on the lives of the people
living in the cities where manufacturing occurred. In 1892,
1,000 Londoners died in a smog-related episode and, in 1909,
winter-time atmospheric inversions caused smoke
accumulations, killing over 1,000 more citizens. Not only could
air pollution harm humans in the short term, evidence was also
presented during this time that emphasized the danger of air
pollution to future generations. In 1896, the Swedish chemist
Svante August Arrhenius projected the effect of carbon dioxide
in the atmosphere. In his article, published in the Philosophical
Magazine and Journal of Science, entitled “On the influence of
Carbonic Acid in the Air upon the Temperature of the
Ground”, he predicted a global temperature increase of 8-9° F
for a doubling of carbon dioxide in the atmosphere (available
online at http://www.globalwarmingart.com/images/
1/18/Arrhenius.pdf).

1.1.5.4 Public Health

The last serious European cholera outbreak occurred in
Hamburg, Germany in 1892, and killed 8,600 people. This
event, while destructive, paled in comparison to other cholera
pandemics in past history, which often claimed anywhere
between 50,000-250,000 lives within the course of a few years.
This improvement could be attributed to the development of
sewage and water treatment systems. In 1904, lead poisoning in
children was first linked to lead-based paints, prompting
France, Belgium, and Austria to ban white-lead interior paint.
The League of Nations — an international organization formed
following World War I, with the goals of preserving the peace
through collective action and promoting international
cooperation in economic and social affairs — would go on to
ban white-lead based paint in 1922.

The second half of the American Machine Age was wrought
with a whirlwind of change and turmoil. The fall of the global
economy and, subsequently, the American stock market, had
many devastating effects on its citizens. Soon afterwards, the
United States plunged into World War II, seeking to promote
peace to all the world, but ultimately dropping atomic bombs
on the Japanese cities of Hiroshima and Nagasaki in August of
1945. With so much upheaval and a focus on wartime efforts
taking precedence over personal and social needs, it is no
surprise that environmental efforts were put on the
back-burner during this time in history.

1.1.6.1 Sustainability

By 1941, over 25,000 solar water heaters were being used
primarily in Florida and California. The Soil Conservation
Society was formed in 1944 by Hugh Bennett.

1.1.6.2 Air Quality

The first large-scale air pollution study was conducted in Salt
Lake City in 1926. In 1930, A three-day inversion in the Meuse
River Valley in Belgium caused an air pollution episode that
killed 63 persons and made 6,000 ill. The term “greenhouse
effect” was coined by Glen Thomas Trewartha in his book
entitled An Introduction to Weather and Climate. St Louis
suffered from a smog episode in 1939, where it was reported
that the smog was so thick that lanterns were needed during
daylight hours for a week.

1.1.6.3 Public Health

In 1922, the League of Nations banned white-lead interior
paint, but the US did not adopt the measure. In 1923, leaded
gasoline first went on sale in Dayton, Ohio. The Oil Pollution
Act was passed in 1924. By 1932, the British Medical Journal had
reported that leaded gasoline was dangerous to human health.

After a relatively quick transition between the tension of war
and a time of peace, the years after World War II provided a
growth in the economy, resulting in a more affluent lifestyle for
many Americans. Many of today’s modern comforts were
created in this time — vacuum cleaners, toasters, televisions, and
central heat and air. Society was on the upswing; we raced to the
Moon and enjoyed discovering the full benefits of technology.

Prior to 1945, public health or nuisance laws were legislated,
controlled, and poorly coordinated and enforced by state and
local governments. Congress only acted when a public health
problem was particularly visible or obvious. In subsequent
years, however, the federal government began to take a more
dedicated interest in public and environmental health, passing
some of the first legislation influential to the field of
environmental engineering — the Federal Water Pollution
Control Act (passed over President Nixon’s veto), Coastal Zone
Management Act, Ocean Dumping Act, Marine Mammal
Protection Act, the Federal Insecticide, Fungide, Rodenticide
Act (FIFRA), and the Toxic Substance Control Act (TSCA), to
name a few.

1.1.7.1 Solid Waste Management

In 1976, Congress passed the Resource Conservation and
Recovery Act (RCRA) to regulate hazardous waste and
municipal solid waste. In 1978, Lois Gibbs initiated a
community battle against local, state, and federal governments,
claiming that the land she and her neighbors lived on in
Niagara Falls, NY, was causing health problems for their
children. Their neighborhood - eventually dubbed Love

Canal - was built on top of a leaking chemical waste dump
previously owned by Hooker Chemicals and Plastics Corp. Her
efforts led to the cleanup of the Love Canal and was
instrumental to the creation of The Comprehensive
Environmental Response, Compensation and Liability Act
(CERCLA), also known as Superfund, created by the EPA in
1980 to cleanup abandoned toxic waste sites.
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1.1.7.2 Sustainability

Following the War era, a greater emphasis was placed on the
conservation of our natural resources. The books, Silent Spring
and The Silent World, by Rachel Carson and Jacques Cousteau,
respectively, encouraged greater concern for the environment.
Carson’s book, in particular, is often credited as launching the
modern environmental movement. In addition to RCRA and
CERCLA, Congress also passed the Federal Land Management
Act and the Whale Conservation and Protective Study Act in
1976. Two years later, they also approved the National Energy
Act, the Endangered American Wilderness Act, and the
Antarctic Conservation Act. The United States was not the only
nation seeking to preserve our natural resources, however. In
1991, an international treaty was signed that prohibited mining,
protected wildlife, and limited pollution in Antarctica.

1.1.7.3 Water Management

Congress first addressed water pollution in 1948 by enacting
the Federal Water Pollution Control Act, in order to “enhance
the quality and value of our water resources and to establish a
national policy for the prevention, control and abatement of
water pollution.” Congress further granted the federal
government a greater responsibility for the public’s drinking
water through passing the Safe Drinking Water Act in 1972.
The Safe Drinking Water Act was amended to set standards for
an additional 83 contaminants and ban the use of lead pipes
and solder in new drinking water systems.

1.1.7.4 Air Quality

Several air pollution episodes occurred in both London and in
the US during the post-war era. Most notable would be the
1948 episode in Donora, PA, where 20 people died and more
than 7,000 were hospitalized due to severe air pollution. Other
notable episodes are summarized in Table 1.3. In response, the
Air Pollution Control Act was passed by Congress in 1955. In
1963, the Clean Air Act was passed, and the Environmental
Protection Agency (EPA) was created in 1970, which were
significant milestones in our efforts to reduce smog and air
pollution by promulgating federal standards.

In 1950, Dr. Arie Haagen-Smit discovered that smog was
caused by reactions between hydrocarbons and nitrogen oxides.
E Sherwood Rowland and Mario J. Molina reported that
chloroflorocarbons (CFCs) are instrumental in depleting the
stratospheric ozone layer in 1974. In 1985, Joe Farman
discovered the hole in the ozone layer over Antarctica. The
Montreal Protocol was approved by 24 countries in 1987, and
provided an international agreement to phase out the use of
ozone-depleting chemicals. In 1988, DuPont announced an end
to CFC production. In December of 1997, the Kyoto Protocol
was adopted by the USA and 121 other nations in an effort to
reduce carbon dioxide emission. In 2001, the US opted out of
participation in the Kyoto Protocol.

1.1.7.5 Public Health

A recollection of recent history regarding environmental and
public health concerns would be remiss without mentioning
the incidents at Three Mile Island, Bhopal, and

Chernobyl - events that have colored public perception of
technology and government standards for occupational health.
In 1979, the Three Mile Island nuclear power plant partially
melted down after losing coolant. While no lives were lost and

there were no (confirmed) illnesses due to the radiation
emitted, it is considered the most significant accident in the
history of the American nuclear power industry. In the 1984
Bhopal disaster, a Union Carbide fertilizer plant located in
Bhopal, India leaked methyl isocyanate, resulting in over 2,000
deaths and over 100,000 injuries. As a result of this incident, the
Emergency Planning and Community Right to Know Act was
passed in 1986, requiring manufacturers to report releases of
toxic chemicals. Also in 1986, the Chernobyl nuclear reactor
exploded, causing 31 deaths immediately. It is estimated that
over 4,200 deaths occurred as a result of this disaster, with
anywhere between 10,000- 50,000 cases of cancer occurring as
a result of radiation.

By the advent of the 21st century, Environmental Engineering
had become a well-defined discipline, with over 50 ABET, Inc.
accredited degree programs within the US. Environmental
engineering remains inherently multidisciplinary. As a result,
we tend frequently to work in teams having members from the
other engineering disciplines and also from the applied and
social sciences. As our work naturally interfaces between the
environment (natural systems) and engineering systems, it
follows that environmental engineers work hand-in-hand with
biologists, environmental toxicologists, and chemists to unravel
multifaceted environmental problems in an effort to secure
solutions.

The environmental engineer must also be aware of the social
implications resulting from historical and current
environmental regulatory practices. In many instances, the
environmental engineer must work in consultation with social
psychologists, lawyers, and politicians. For example, consider
the implications of siting a nuclear waste repository, an
incinerator, a wind farm, or an airport. The Not In My Back
Yard (NIMBY) acronym describes the community resistance
and backlash often associated with many newly proposed
neighborhood projects, even when it is recognized that the
project may be good for the masses. Regretfully, literature on
environmental racism indicates a disproportionate balance
between pollution exposure and environmental benefits for
people of color.

The environmental engineer may work on a broad range of
application-oriented projects that are often dependent on the
targeted media (air, soil, surface water, etc). Other projects
require a more macroscopic approach. For example, a
sustainability or risk assessment task may naturally encompass
work conducted in a variety of specific media. The work of an
environmental engineer may be focused on local, regional,
national, or even global environmental problems.

As an example, the environmental engineering consultant
may work directly with a local textile industry to study the
impact of perfluorooctanoic acid (PFOA, a surfactant) on the
surrounding surface and ground waters. After quantifying the
environmental impact related to the emissions, the
environmental engineer may then develop, design, and test a
mitigation system. This type of project would encompass a
broad spectrum of talented people, ranging from other
engineering disciplines, scientists, community leaders, and state
and federal regulators. Equally fascinating, an environmental
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Summary of air pollution episodes.

Air pollution
episode

London, UK

Meuse Valley,
Belgium

St. Louis, USA

Los Angeles, USA

Donora, USA

Pozarica, Mexico

London, UK

London, UK

New York, USA

Date

1892

December 1930

1939

1943 -7

October 1948

1950

December 1952

1962

1966

Cause

SO, and particulate matter
from coal combustion/
temperature inversion.

High concentrations of SO,,

H,SO,, fluorinated
compounds, particulates
from factories/temperature
inversion.

Coal combustion/
temperature inversion.

Uncontrolled industrial
emissions, /temperature
inversion and fog.

Industrial accident releasing
hydrogen
sulfide/temperature
inversion.

SO, and particulate matter
from coal combustion/
subsidence temperature
inversion.

Temperature inversion.

Consequences

1,000 deaths from smog
incident.

Death of 63 people, lethal
damage to cattle, birds, and
vegetation, thousands of
persons sick.

Thick smog and a reduction
of visibility

42.7% of the population
suffered from the incident,
which killed 20 people and
many animals.

22 persons dead and many
animals, hundreds of people
suffered from acute topic
poisoning.

~4,000 deaths

Resulted in the deaths of
|68 persons.

Additional reading

Schwartz, |, Marcus, A.
(1990). Mortality and air
pollution in London: a time
series analysis. Am | Epidemiol
131, 185-94.

Nemery, B., Hoet, PH.M,,
Nemmar; A. (2001). The
Meuse Valley fog of 1930: an
air pollution disaster. The
Lancet 357(9257), 704-708.
http://whglibdoc.who.int/
monograph/WHO_MONO_
46_(p159).pdf

http://whglibdoc.who.int/
monograph/WHO_MONO_
46_(p159).pdf

Ciocco, A, Thompson, D).
(1961). A Follow Up on
Donora Ten Years After:
Methodology and Findings. Am
| Public Health Nations Health
51(2), 155—164.
http://whglibdoc.who.int/
monograph/WHO_MONO_
46_(p159).pdf

http://whglibdoc.who.int/
monograph/WHO_MONO_
46_(p159).pdf

Bell, M.L,, Davis, D.L. (2001).
Reassessment of the Lethal
London Fog of 1952: Novel
Indicators of Acute and
Chronic Consequences of
Acute Exposure to Air
Pollution, Environmental Health
Perspectives 109(3).
http://whglibdoc.who.int/
monograph/WHO_MONO_
46_(p159).pdf

Schwartz, J., Marcus, A.
(1990). Mortality and air
pollution in London: a time
series analysis. Am | Epidemiol
131, 185-94.
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engineer may be focused globally on technology development
to capture and sequester carbon emissions from a coal-fired
power plant that may be transported thousands of miles to
another nation.

Significant national and
international environmental
concerns

In a world replete with great wealth and resources, it is hard to
imagine that the majority of the Earth’s population suffers from
a lack of even the basics essential to good health. It is estimated
that nearly 20% of the world’s population does not have access
to potable water, 40% lacks adequate sanitation, and adequate
housing is not available to 20%. Considering these staggering
statistics, the role of environmental engineers in securing our
future cannot be overstated. Now consider that during the next
two decades, the world’s population is projected to increase by
two billion, with 95% of the growth occurring in
underdeveloped countries. This growth will create unparalleled
demands for energy, food, water, transportation, waste disposal,
health care, environmental cleanup, and infrastructure.

The American Society of Civil Engineers (ASCE)
periodically evaluates and grades the infrastructure quality in
the US. In 2013, America’s overall infrastructure was awarded a
grade of D+, with a total required investment of $3.6 trillion by
2020. The infrastructure reviewed and its associated grades
include aviation (D), bridges (C+), dams (D), drinking water
(D), energy (D+), hazardous waste (D), inland waterways
(D-), public parks and recreation (C-), rail (C+), roads (D),
schools (D), solid waste (B), transit (D), and
wastewater (D).

Since the passage of the Clean Water Act in 1972, the US
government has invested $72 billion to construct publicly
owned sewage treatment works (POTWs). Unfortunately, the
physical condition of many of the systems is poor, due to
inadequate investment in treatment plant maintenance,
updated equipment, and capital improvements. Many of the
16,000 treatment plants have reached the end of their design
lives and are plagued with chronic overflow problems during
heavy snowmelt and rainstorms that result in raw sewage being
discharged into surface waters. The EPA estimates that, to meet
increasing demands, $390 billion should be spent over the next
20 years to upgrade and replace existing systems and to build
new systems. The case for federal investment is compelling to
ensure public and environment health.

There are approximately 54,000 drinking water systems in
the US. The investment shortfall to replace aging facilities and
to comply with federal water regulations is estimated as $11
billion. This estimate assumes that there will be no increased
demand for safe drinking water over the next 20 years, which is
likely erroneous. In 2001, the EPA estimated that funding for

POTW infrastructure needs over the next 20 years is $151
billion. The Congressional Budget Office (CBO) concluded in
2003 that the current funding for the nation’s drinking water
infrastructure was inadequate.

In 1980, President Jimmy Carter signed into law the
Comprehensive Environmental Response, Compensation, and
Liability Act of 1980 (CERLA, or “Superfund”). The resulting
program allowed for the federal government to manage and
clean up the nation’s uncontrolled hazardous waste sites. Over
the following 25 years, the EPA funded the development of
innovative cleanup technologies, completed cleanup
construction programs at 966 sites and has been working
actively at an additional 422 sites. Also during this time period,
the EPA enforcement program secured approximately $24
billion dollars for cleanup activities from parties responsible for
the contamination. Despite the progress, one in four Americans
lives within four miles of a potentially hazardous Superfund site
(www.epa.gov/superfund), and the quantity of hazardous waste
generated in 2007 was reported as 46,693,284 tons.

In 2007, the average American generated 4.6 pounds per
day of municipal solid waste, resulting in about 254 million
tons of trash produced during that year. Of the trash generated,
85 million tons (33.4%) of the material was either recycled or
composted. On average, Americans recycle or compost 1.5
pounds of our individual waste generation per person per day
(US EPA, 2008).

According to the count conducted by the EPA, there were
7,683 municipal solid waste landfills in the United States in
1986. In 1991, stringent new regulations were imposed on
landfill design and operation by the EPA. As a result, a decline
in landfills was noted by the agency and, in 2001, ten years after
regulations were imposed, only 1,858 landfills were
operational - a drop of 78%. Although capacity remains nearly
constant, the decline in facilities that accept solid waste has
contributed to the increase in shipping municipal solid waste
across state lines for disposal. The decline has also prompted
experimentation with bioreactor landfills designed to increase
the rate of waste degradation and stabilization.

Prominent federal
environmental statues —
an overview

Historically, population growth and technological advancement
are known to have been two key anthropogenic causative agents
of environmental concerns. The uncertainties of cumulative
risk and of cause and effect, and of the potential for
catastrophic effects, are additional important drivers for
contemporary environmental concerns. Modern efforts geared
toward technical solutions of environmental problems have had
beneficial effects. Our initial efforts were focused on solving
some of the easier problems to identify; for example, burning
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rivers (Stradling and Stradling, 2008), Love Canal, and strip
mining. Engineers and scientists continue to uncover new
problems and to seek solutions that meet our national health
standard goals.

Due to widespread agreement on the importance of good
stewardship, the environment has been labeled a consensual
issue. Critics of environmental policy argue that although some
environmental goals have been realized, it has come at too high
a cost, and also that it has ignored some significant issues. As
environmental policy matures, discussion revolves around a
more holistic approach, on long-term environmental threats,
and on cost, as well as the benefits of the environmental
regulations being considered.

Federal environmental laws are intended to protect human
health and the environment. Laws originate when a group of
citizens, a business, or a government agency contacts a
congressperson with a highlighted concern. This concern may
lead to a Bill, which is then passed by Congress and signed into
law by the President. The Environmental Protection Agency
(EPA) is then tasked with developing the associated regulations
and the technical and operational procedures required to
implement the law.

Regulation development begins through the formation of a
workgroup that identifies what data are needed, the anticipated
costs, and the required expertise. The workgroup then identifies
appropriate options through the evaluation of current
environmental practices and technologies and incentives. If the
workgroup decides that a regulation is needed, a proposal is
drafted and published in the Federal Register for public
comment. After review of the public comments, a final
regulation is issued. Figure 1.1 provides an overview of the
environmental regulatory process, while Figure 1.2 shows a
timeline of many environmental laws and executive orders.

A selection of major environmental laws that protect the
environment and public health are discussed.

1.3.1.1 The Toxic Substances Control Act (TSCA)
In an effort to respond to public concern over the use and
disposal practices of several dangerous chemicals (including

Congress passes Environmental Bill
and
President signs bill into law

!

Environmental Protection Agency creates draft regulation

!

Proposed regulation published in federal register
Receives public comment

!

Final regulation published in Federal Register

The regulatory process.

vinyl chloride, mercury, lead, PCBs, propellants, and
fluorocarbons), congress enacted the Toxic Substance Control
Act (TSCA; pronounced TAHS-ka) in 1976. The Act granted
the EPA authority to create a regulatory structure to evaluate
and control the risks associated with chemicals, and to set
standards that are applicable during any period of a chemical’s
life cycle.

The Act provides an outline of intent for TSCA policies that
include:

Data adequate to describe an effect on health and the
environment of a chemical or chemical mixture must be
developed. The manufacturer and other users are charged
with providing these data.

Chemical substances and mixtures that present an
unreasonable risk of injury to health or the environment
should be adequately regulated.

Regulatory authority of chemical substances and mixtures
should not create unnecessary economic barriers to
technological innovation.

TSCA Section 4 requires rules and testing for
manufacturers, importers, and processors of new or existing
chemical substances and mixtures regarding their effect on
human health and the environment. Section 5 allows TSCA to
regulate new chemicals prior to their manufacture, import,
processing, or distribution, and regulates existing chemicals
substances for significant new uses.

An inventory of chemical substances has been developed
under Section 5. If a chemical is not already on the inventory,
and has not already obtained exclusion by TSCA, a
premanufacture notice (PMN) must be submitted to the EPA
prior to manufacture or import. The PMN must identify the
compound and provide health and environmental effects. If the
data are inadequate to evaluate the chemical’s effect, restrictions
may be imposed until additional information on its health and
environmental effects can be assessed. Section 6 of TSCA
allows for regulating the manufacture or distribution of a
chemical that EPA has determined to pose an unreasonable risk
to human health or the environment. Chemicals currently
regulated under Section 6 include asbestos,
chlorofluorocarbons, polychlorinated biphenyls (PCBs), and
lead (Bergeson, 2000).

1.3.1.2 The Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA)

In 1910, the first pesticide law was passed. It focused on
protecting consumers from ineffective products and deceptive
labeling. When The Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA; pronounced fif’-rah) was enacted in
1947, its impetus was to establish registration and labeling
procedures for pesticides with the US Department of
Agriculture. Pesticide efficacy, not use, was the primary focus of
the law. FIFRA was rewritten in 1972, and the new legislation
provided EPA the authority to promulgate a regulatory
framework for targeted chemicals (this provision was woefully
absent from the original law). Since that time, the law has been
amended numerous times by the Federal Environmental
Pesticide Control Act (FEPCA) and the Food Quality
Protection Act (FQPA).
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Figure 1.2 Laws and Executive Orders that Influenced Environmental Progress. Source: www.epa.gov.

The FIFRA now provides a framework for the regulation,
sale, distribution, and use of pesticides in the US. FIFRA
authorizes the EPA to ban or suspend a registered product if
new information shows that continued use would pose
unreasonable risk, enforce compliance against banned and
unregistered products, and register pesticides for specified uses.
Additional key requirements imposed by FIFRA include that
each manufacturer must register each pesticide and its label
with EPA before it can be manufactured, transported, or sold
for commercial use. Manufacturers intending to produce
pesticides are required to submit a registration application, a
proposed label that can be easily understood, a statement of all
claims, directions for use, the chemical formula, and testing
protocol that substantiates the manufacturer’s claims. The
distribution of an unregistered or improperly labeled pesticide
is prohibited through this regulation.

1.3.1.3 The Occupational Safety and Health Act
(OSH) Act
The Occupational Safety and Health Act of 1970 was enacted to
impose workplace safety regulations. Authority was given to
create the Occupational Safety and Health Administration
(OSHA), which was tasked to ensure that employers provide
their workers a work environment free from safety and health
hazards. Standards were imposed on exposure to toxic
chemicals, excessive noise levels, mechanical dangers, heat or
cold stress, or unsanitary conditions. In some instances,
standards imposed are very detailed about the way a specific
job must be done to avoid an injury, while a general duty clause
is provided as a catch-all in those situations for which no
standard exists.

The Act was controversial because it removed much of the
workplace regulatory authority from individual states. In

addition, the law authorized federal compliance officers from
the US Department of Labor to make surprise inspections of
workplaces. It also resulted in recommendations to upgrade
worker protection, provide higher disability benefits, and
unlimited medical care with rehabilitation. An OSHA research
institute called The National Institute for Occupational Safety
and Health (NIOSH) was also created by the Act. The primary
responsibility of NIOSH is to establish workplace health and
safety standards. The US Department of Labor is tasked to
oversee OSHA actions. Compliance to OSH A standards
requires detailed record keeping. Incidents must generally be
reported and the agency may impose fines if safe and healthful
working conditions are not maintained.

I1.3.2 Regulation of discharges to air,
water, and soil

1.3.2.1 Clean Air Act (CAA)
Smog advisories and concerns of diminished visibility caused
by particulate emissions prompted the congress to promulgate a
major environmental law in 1963 - The Clean Air Act (CAA).
The Act gives and defines the EPA responsibility for protecting
and improving the nation’s air quality and the stratospheric
ozone layer. As a result, federal programs were developed that
established air quality goals and set end-of-pipe pollution
control technology requirements on new and existing
stationary sources. Since it was first enacted, major revisions to
the Act have been passed by Congress in 1970, 1977 and 1990.
The Clean Air Act is detailed in the United States Code as Title
42, Chapter 85.

Provisions of the CAA allow the EPA to establish national
ambient air quality standards (NAAQS) intended to protect
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public health and welfare. Through the Act, the EPA has
established a variety of emissions limitations for air pollutants
for both stationary and mobile sources. For example, the EPA
has promulgated primary and secondary NAAQS for a set of
criteria pollutants. The primary standards are intended to
protect public health while secondary standards are in place to
protect against environmental and property damage. Currently,
there are six criteria pollutants: nitrogen oxides, sulfur oxides,
particulate matter, ozone, carbon monoxide, and lead.

Compliance to NAAQS is federally mandated, yet states are
tasked with developing strategies for achieving and maintaining
compliance. Regions within states that meet the NAAQS are
deemed attainment areas, while those exceeding the limitations
of one or more of the criteria pollutants are deemed
non-attainment areas. States are required to prepare a State
Implementation Plan (SIP) that describes how each region will
achieve or maintain the NAAQS. Federal highway funds are
often withheld until an appropriate SIP is prepared.

New Source Performance Standards (NSPS) have also been
developed as a result of the CAA. The NSPS regulations ensure
that federally-mandated, pollution-control technology is used
on new sources or modified stationary sources that result in an
increase in emissions, regardless of their location. NSPS have
been established for over 70 point source categories, including
the air emissions from wastewater treatment plants, petroleum
refineries, boilers, and landfills.

National Emission Standards for Hazardous Air Pollutants
(NESHAPS) have been developed for 188 hazardous air
pollutants (HAPs) emitted from a variety of industries. HAPs
include tetrachloroethylene, a compound commonly used in
the dry-cleaning industry, toluene (a constituent in gasoline),
and heavy metals such as mercury and chromium. Major
sources of these pollutants are subject to federally-mandated
emission control standards based on Maximum Achievable
Control Technologies (MACT).

The CAA is a complex law. In addition to those items
already discussed, it also contains programs that focus on
motor vehicle emissions, acid rain precursors, Title V
permitting, stratospheric ozone layer, and noise pollution.

1.3.2.2 Clean Water Act (CWA)

The principal law governing pollution of the nation’s surface
waters and adjoining shorelines is the Federal Water
Pollution Control Act, or Clean Water Act (CWA). Originally
enacted in 1948, it was totally revised by amendments

in 1972 that gave the act its current form. The objective of the
CWA was to create ambitious programs “to restore and
maintain the chemical, physical, and biological integrity

of the Nation’s waters” (§ 101(a)). Goals concerning the health
of US waters were established in support of this objective that
include a complete elimination of pollutants discharged into
navigable waters, the ban of noxious pollutants in toxic
amounts, and the control of both point and nonpoint source
pollution (§ 101(a)). Congress further revised the law in 1977,
1981, and 1987.

Through federally mandated standards, states are
responsible for implementing and enforcing day-to-day
activities. This Act has focused on regulatory requirements for
industrial and municipal dischargers. Historically, emphasis
was placed on controlling discharges of conventional pollutants
such as suspended solids and biochemical oxygen demand.

More recently, emphasis has been placed on controlling the
release of toxic substances into navigable waters. As a result of
the permitting requirements promulgated by the Act, the
release of point source pollutants into our nation’s waters has
been significantly reduced. Permits stipulate that the water
released from industrial or municipal point sources must meet
both EPA and state-established criteria for maintaining water
quality sufficient for designated public uses. In general, waters
must be fit for fishing and swimming as a minimum
requirement. Permitting requirements are influenced by the
technological feasibility of abatement and the economic
demands placed on the emitting industry.

The permitting requirements placed on industries are
thought to have controlled point source discharges from pipes
and outfalls reasonably well. Unfortunately nonpoint source
pollution derived from stormwater runoff from agricultural
lands, forests, construction sites, and urban areas continue to be
a major source of water pollution. Title VI of the Act provides
financial assistance for the construction of new municipal
sewage treatment plants. The law has civil, criminal, and
administrative enforcement provisions.

1.3.2.3 Resource Conservation and Recovery Act (RCRA)
The Resource Conservation and Recovery Act (RCRA;
pronounced “rick-rah” or “wreck-rah”) was enacted in 1976 to
protect human health and the environment from the potential
hazards associated with waste disposal. As a result of the Act, a
regulatory structure for the classification, transportation,
storage, and disposal of solid and hazardous wastes was
developed. RCRA provides for two main categories of solid
waste management, which are commonly differentiated
through the names ‘subtitle C’, which deals with hazardous
waste, and ‘subtitle D’, which handles municipal solid waste.

RCRA subtitle C provides for the identification and listing
of hazardous wastes and establishes a “cradle to grave” tracking
system. RCRA hazardous wastes are defined as either a listed
waste or by waste characteristic. Listed wastes include F
(non-specific source wastes from common manufacturing and
industrial processes), K (source-specific wastes from 17
different industries), P (acutely hazardous chemicals), and U
(acutely toxic) wastes that are specifically listed in RCRA.

As defined by RCRA, the four characteristics of hazardous
waste include toxicity, reactivity, ignitability, and corrosivity
(TRIC). The Act requires a permitting system for hazardous
waste generators and transporters, as well as Treatment,
Storage, and Disposal Facilities (TSDFs). Hazardous wastes are
tracked from the point of generation to the point of disposal
and generators are required to be registered and obtain a
generator identification number. A six-part manifest is used to
track hazardous wastes. The manifest is originated by the
generator and is transferred to the transporters and then to the
TSDE. Copies of the manifest are provided to the Department
of Toxic Substances Control by both the generator and the
TSDE. The generator is also required to provide a biennial
report regarding the generation of hazardous waste.

RCRA Subtitle D provides guidance for state solid waste
programs. This title instituted a ban on creating new open
dumps and developed federal criteria for Municipal Solid Waste
Landfills (MSWLFs). Open dumping was prohibited except at
sanitary landfills, and the EPA must provide minimum
regulatory standards for MSWLFs. The Hazardous and Solid
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Waste Amendments of 1984 (HSWA) provide regulations for
landfills, which require landfill lining, leachate collection
systems, and landfill closure plans that ensure it will not fail. It
also banned land disposal of hazardous waste for which
alternatives are available. Measures for corrective action were
also identified in the HSWA. Subtitle I was also added in 1984,
and this focused on underground storage tanks (UST). The
number of leaking underground storage tanks (LUST) is
estimated to be 1.4 million. New regulations stipulate design,
installation, operation requirements, and closure for USTs.

1.3.3.1 The Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA)

The Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA) is commonly referred to as
Superfund. The Act was passed in 1980 in response to the
growing awareness of our improper disposal practices of
hazardous waste materials, and is highlighted by the Love Canal
incident that first prompted Congress to act. Initially, the Act
was designed to be a five-year program. Its goals included
identifying and establishing prohibitions and requirements for
closed and abandoned hazardous waste sites, site remedy, and
providing for strict, joint, and several liability of parties
responsible for the release of hazardous waste, resulting in the
responsible parties paying for the cleanup action. Potentially
Responsible Parties (PRPs) include the current facility owner or
operator, the owner or operator when the site was
contaminated, transporters of waste to the facility, and
generators of wastes. PRPs may include individuals, corporate
officers, corporations, and landlords. PRPs may be pursued by
the government and other PRPs, and may be subject to citizen
suits. In addition, the Act established a trust fund to support
cleanup actions when the responsible party could not be
identified.

The Superfund Reauthorization and Amendments (SARA)
Act was established in 1986 to increase the total fund allotment
to $8.5 billion and to create more stringent cleanup
requirements. In summary, the Acts allowed the EPA to clean
up, order abatement, and to recover the costs of cleanup.

Two types of response actions were authorized by the law:
short-term removal and long-term remedial response actions.
Short-term removal actions were established to address
immediate threats triggered by a release of a hazardous
substance into the environment. For instance, removal actions
would address a tanker truck accident or a spill from a damaged
drum. These actions are designed to address emergencies and
their scope is limited in cost (less than $2 million) and duration
(less than 12 months). A CERCLA remedial action is designed
to provide a permanent solution for contaminated sites that
pose no immediate threat to human health and the
environment; these tend to be longer-term and more costly
than short-term removal actions, and are only conducted at
sites listed on EPA’s National Priorities List (NPL).

The Hazardous Ranking System (HRS) is used to determine
if a site qualifies as a Superfund site under federal jurisdiction.
The HRS system assigns a numerical value to three variables

that are relative to the risk associated with the conditions at the
site. The three variable categories are:

The probability that a site has released or will release
hazardous substances into the environment;

The characteristics of the waste;

The population and environment affected by a release.

Four pathways of release are considered in the HRS
determination:

Migration of groundwater affecting drinking water;

Migration of surface water affecting potential drinking water
sources and sensitive environments;

Exposure from soil by resident populations;

Population affected by air migration.

Scores for each pathway are calculated and used to
determine the overall score. An electronic scoring tool that can
be used to determine the HRS, called Quickscore, is available
through the EPA website. Figure 1.3 provides an overview of
the steps involved in a remedial action.

Additional provisions of CERCLA include the National Oil
and Hazardous Substances Pollution Contingency Plan,
commonly called the National Contingency Plan (NCP). The
NCP was developed in response to the 1967 Torrey Canyon oil
tanker spill that occurred off the coast of England. The
provision provided the first plan developed within the US to
ensure a coordinated approach to responding to both oil spills
and hazardous substance releases. The initial plan provided for
a system of accident reporting, spill containment, and cleanup.
The NCP also established National and Regional Response
Teams. The EPA has recommended revisions to the NCP based
on the Deepwater Horizon oil spill in April 2010.

1.3.3.2 The Emergency Planning and Community Right

to Know Act (EPCRA - part of SARA)

The Emergency Planning and Community Right to Know Act
(EPCRA) was established as Title III of SARA in 1986 (42 USC
11001-11050). The creation of EPCRA was motivated by the
1984 disaster at the Union Carbide pesticide production facility
in Bhopal, India. The incident resulted in the loss of thousands
of lives, and countless additional related injuries were caused by
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v
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design "| action

Overview of CERCLA Remedial Action Process.
Source: United States Environmental Protection Agency.
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a sudden, unexpected release of over 20 tons of methyl
isocyanate — a toxic gas. Subtitle A of EPCRA provided the EPA
authority to require local government officials and businesses to
develop and implement response procedures in the event of a
release of a harmful compound, an explosion, or a fire. Local
businesses are required to inform responsible government
officials of specific hazardous chemicals used or stored and to
alert them quickly in the event of an accident. The release of a
hazardous substance must also be reported to the National
Response Center governed by CERCLA.

Reporting requirements for facilities using or handling
hazardous materials are established under Subtitle B of EPCRA.
Industries must report annually a summary of their hazardous
chemical inventory to local emergency planning committees
(LEPCs) and their local fire departments. The report must
include an estimate of:

the maximum amount of targeted chemicals present during
the preceding year;

average material present daily; and

the general location of the chemicals within the facility.

Each facility using, manufacturing, or processing hazardous
chemicals must report annually to the EPA the amount of
chemicals either transported offsite or released to the
environment (air, land, or water). The EPA is mandated to
develop the Toxic Release Inventory (TRI) that summarizes the
release of toxic chemicals by reporting facilities. The TRI is
annually distributed nationwide by the EPA.

1.3.3.3 Pollution Prevention Act (PPA) of 1990
The Pollution Prevention Act (PPA) was promulgated in 1990
to address the millions of tons of pollution produced annually
in the United States (42 USC 13101). The Act mandated the
EPA to establish an Office of Pollution Prevention and also
offered a unique way to begin considering processes and the
resulting pollution. It was recognized that the traditional
end-of-pipe technologies developed and implemented as a
result of current regulations successfully reduced targeted
emissions and allowed environmental sectors damaged from
historical emissions to begin the process of repair. In contrast,
the PPA encourages a reduction of pollutant generation from
the source and is focused on specific industries instead of
specific pollutants.

Source reduction or pollution prevention (P2) is defined as
any practice which:

reduces the amount of waste entering the environment prior
to being recycled, treated, or disposed; and

reduces the hazards to public health and the environment
that are associated with the release of pollutants.

In an effort to promote source reduction, the EPA is
required to develop, test, and disseminate source reduction
procedures for broad spectrum applications, to encourage
research, and to broadly disseminate information regarding
source reduction through a clearing house. The PPA requires
industries to include in their EPCRA reports information
regarding the facility’s efforts to incorporate source reduction

and recycling into their activities. For example, facilities must
report the P2 practices implemented, techniques used to
identify source reduction opportunities, and the quantity of
toxic substances recycled on- or off-site.

An approach to problem
solving: a six-step method

The goal of this section is to present a consistent approach to
problem solving. This method can be used to solve typical
engineering problems and should be used when solving
homework problems. The problem solving method consists of
six steps. As you proceed through the steps, remember that
your work should be presented in a legible, easy-to-follow,
logical fashion.

Step |. Problem identification Clearly define the problem
in language you can understand. For homework problems, this
will require reading, thinking, and understanding the system
described. Identify what is to be determined (for example, find
pressure (Pa) and the volumetric flowrate (m?/s) at the pipe
exit).

Step 2. Accumulate relevant data and sketch system
Gather all pertinent information, verify accuracy, and take care
to include compatible units. A clear, simple sketch of the system
with appropriate labels is almost always useful.

Step 3. Select appropriate theory and document all
relevant equations Write appropriate theory or principle in
equation form, if applicable. Identify each symbol used,
indicate units, and specify any constraints.

Step 4. Make necessary simplifications and
assumptions For many engineering problems, perfect
solutions are impossible to achieve. Simplifications are often
necessary and any missing data may force you to make certain
assumptions. Note that any simplifications and assumptions
must be made with care in order to stay within acceptable
bounds of accuracy.

An empirical equation is observation-based and requires no
relationship with theory. In situations where this type of
equation is used, the units may not cancel properly, so therefore
it is essential that the appropriate units are substituted for each
parameter. The Hazen-Williams formula is an empirical
equation in which the proper units must be substituted for each
parameter. One form of the Hazen-Williams equation is used to
calculate the volumetric flow rate of water in a pipe. Using
English units, the Hazen-Williams equation is expressed as
follows:

Q= 0279 Cy, D424 (1.1

where:

Q = volumetric flow rate, millions of gallons per day (MGD)

Cyyyy =Hazen-Williams roughness coeflicient depending on
pipe material, dimensionless
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D = pipe diameter, ft
S =slope of energy grade line, feet per foot of length (ft/ft).

The units do not cancel properly. The correct answer for
flow rate can only be determined by substituting the pipe
diameter with units of feet and slope in terms of feet per foot to
yield the appropriate flow rate in million gallons per day.

Step 5. Solve problem Use the identified theory and data
to solve the problem. Attach proper units to all numerical values
and double-check that all units cancel properly and that signs
have been considered. Common solution techniques include
mathematical models, graphical techniques, and trial and error.
It is particularly important in an academic setting to show all
the steps used to obtain a solution, as the audience of your work
is assigning a grade in relation to your understanding of the
theory. When using software such as Excel or Mathcad to solve
problems, be sure to show your work. Example hand
calculations should be provided, and a well-documented table
or figure should summarize your results.

Step 6. Validate solution and communicate results
Double-check that your results make physical sense. If your
answer does not make sense, you may need to revisit the theory.
Consider the units and conversions used when solving the
problem. Make it a habit to check your results; verification
might be accomplished by:

I making simplifying assumptions and estimating the answer;
comparing your solution to literature results;

2

3 repeating the calculation;

4 working the problem backwards; or
5

asking a more seasoned engineer if they concur with your
theory and the assumptions used to solve the problem.

Finally, a clearly communicated result may simply refer to
underlining or boxing your answer(s), or you may choose to

Problem identification

v

Problem summary

-
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Select theory “
E Potential Iteration
Solve - Paths

-

Validate results M-

v

Communicate results

Figure 1.4 Six-step problem solving approach showing potential
iteration paths.

present your result visually, using a figure or table. Section 1.5.2
provides guidelines on how to clearly present solutions to
engineering problems using tables and figures.

Although it would be comfortable if all problem solutions
were obtained linearly by following steps 1 through 6 in
sequence, this is not always the case. Learning often occurs
during both problem solving and as we evaluate solutions,
causing the progression of problem solving to proceed in an
iterative fashion, as illustrated in Figure 1.4.

Example I.1 Use the six-step method
to solve the following problem

As energy demands continue to rise, coupled with
concerns of carbon dioxide emissions contributing to
global climate change, clean and efficient (and when
possible, renewable) energy resources are in demand. For
example, coal combustion processes release approximately
1kg of CO, per kilowatt-hour of power generated, while
nuclear, hydroelectric, and wind power produce
approximately 0.004 kg CO, per kilowatt-hour

(Andrews & Jelley, 2007).

Hydroelectric power is often used during peak demand
periods. Figures 1.5a and 1.5b show schematics outlining
how power is produced at a hydroelectric dam and at
pumped-storage plants. In both instances, water (and
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Figure 1.5 (a) Schematic of a hydroelectric dam. (b) Schematic
of a pumped-storage hydroelectric plant. Source: Tennessee Valley
Authority.
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therefore potential energy) is held in a reservoir and, when
released, the water spins turbine blades which rotate a shaft
inside an electromagnetic coil, generating electricity. The
Tennessee Valley Authority (TVA) operates the Raccoon
Mountain pump-storage facility in Chattanooga,
Tennessee. During low demand periods such as nights and
weekends, energy is stored by pumping water from the
lower to the upper reservoir.

The reservoir at the top of the mountain has 528 acres
of water surface. The dam at Raccoon Mountain’s upper
reservoir is 230 feet high and 8,500 feet long. The water
drops 990 feet to the turbine and then flows into the lower
reservoir. When the upper reservoir is full, the
pumped-storage plant can provide 22 hours of continuous
power generation by using half of the water stored in the
reservoir.

Assuming a generation efficiency of 80%, estimate the
power output from the facility.

Identify and summarize the problem:

Use a schematic of the pump-storage facility to help
identify and summarize the problem.

Determine:

the Power Output (MW) for the generating facility.

Known values:
Water drops 990 ft
Upper dam height = 230 ft
Upper dam length = 8500 ft
Working capacity = 50% of the reservoir volume
Surface area of upper reservoir = 528 ac
Generation efficiency = = 80%
Time of operation = t = 22 hours

Water density = p = 15 = 1000S
mL m3

Gravitation acceleration constant = g = 9.81 m/s?

Upper reservoir
Surface area = 528 ac

X 3 Dam length = 8500 ft
230 ft
v

990 ft

Turbine and
generator
Lower reservoir

Assumptions:
Banks of the reservoir are vertical (i.e., not sloped)

Constant head of 990 ft
Recall that:

MW = 1000 KW = 10° W

_kg-m?
==

W=IJ—; )
S

Theory and Relevant Equations:

Power output from hydroelectric generation depends on
the potential energy of the stored water. The gravitational
potential energy (PE) is based on a material’s mass () and
height (h) from some reference point. In this example, we
are concerned with the vertical distance between the
turbine and the upper reservoir water surface. This height
is often referred to as the head. The PE can be calculated as
follows:

PE =mgh

where g is the gravitational constant. Power generation (P)
depends on the period of time () over which the water is
discharged through the known head such that:

h
p PE_msn
t t

The mass of the water can be expressed as a volume
(V), knowing the fluid density (p).

m = pV

Power can now be expressed in terms of mass flow
(i = m/t) or volumetric flow (Q = V/t) such that:

P=rmgh=pgQh

The typical efficiencies (1) for hydroelectric power
facilities transforming potential energy into electricity
range between 80% and 85%. Our problem stipulated that
the efficiency of conversion is 80%. Our final equation
describing power generation for the pump-storage facility
is as follows:

P=nmgh=npgQh
Solve:

Begin by estimating the available working volume of water
stored in the upper reservoir. It is assumed that the water
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available for power generation is one half of that
stored.

Viater = 5 X surface area of reservoir
X depth of reservoir
2
Vovater = l(528 ac) 43,5601t (230ft)
2 I 'ac

=264x% 107 f

The volumetric flow rate of the water can be
determined: Q = %

Vigsiier 2.64 % 107 f? I'h | min
== _< 22h <6Omin)<603>
y 7.48 gal 3.785L I m?
fi3 gal 1000 L

3
Q=9441"
S

Estimate the power generation:

P=mnpgQh

P = (0.80) <|ooo%> (081 sz)
x <944m;) (990 m( 335%)

k 2
p=22x10°2
g kg - mz/s

x (V) Z20x 100w
I1/s
Communicate Final Answer:

| MW
10° W

P=2.2x|o9w< >=2200MW

Validate:

According to online resources, the generating capacity of
Raccoon Mountain is about 1,600 megawatts of electricity
(www.tva.gov). Our answer corresponds reasonably well
with the TVA published generating value, but perhaps we
overestimated the volume of water available in the upper
reservoir or the efficiency of the turbine and generator
system. We may also need to reevaluate our assumption
that the reservoir banks were vertical, and that it was
appropriate to model this system with a constant head of
990 ft.

When considering various sources of power, you will
find it convenient to know that a large coal-fired or nuclear
power plant has an output of about 1,000 MW. By
comparison, the Raccoon Mountain facility output is
substantial.

Data collection, analysis,
interpretation, and
communication

The importance of understanding data collection, followed by
proper analysis and clear communication of results, cannot be
overstated. Analysis for engineering design and problem
solving involves identifying the motivation for the posed
problem and defining the question. Mathematical modeling is
often used to predict results. The engineer is responsible for
analyzing the consequences of the model results and the
communication of sound, supported decisions.

Each analysis should consider the reason and appropriate
technical questions, stated assumptions with relevant
mathematical model, the solution or simulation that predicts
the result, a presentation of the results using both a written
explanation and appropriate graphs and tables, a discussion of
the meaning, limitations, and impact of the results, and provide
a conclusion/decision that describes the final implications of
the analysis.

The communication of the work accomplished is critical.
The assumptions and model used to analyze the problem must
be concisely presented. Briefly explaining supporting equations
adds clarity to your work. Explaining the steps used in problem
solving adds credibility to your work and value to your written
deliverable. The following section provides guidelines for
presenting, interpreting, and communicating data and analysis
solutions.

There are seventeen known species of penguins. This is
obviously an exact measurement or numerical statement.
Regrettably, measurements obtained from laboratory
experiments or from field studies do not lend themselves to an
exact nature and therefore present some degree of uncertainty.
In an attempt to find an exact quantity or measurement, we
compensate by taking multiple measurements with the same or
varying instruments. It is common to report a range of values
that are believed to include the true measurement. Proper units
are required in Equation (1.2).

measurement = (measured value + uncertainty) (1.2)

There are two types of errors — random and systematic.
Random error is the scatter observed from repeated
measurements and is, by definition, unpredictable and
bidirectional, such that it changes from one measurement to
the next. In this context, error does not imply a mistake.
Random error can be caused by unsteady-state experimental
conditions, inherent randomness or fluctuations in the
measuring instrument, unobserved external influences on the
measurement, or by operator error. Operator error is easily
understood. Consider two students conducting a series of
titrations; each student would invariably visually interpolate the
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incremented pipette scale differently, resulting in a random
error.

Systematic errors occur to the same degree each time the
measurement is made — they are unidirectional. Calibration
error, or the offset of the measurement device, is a very
common form of systematic error. Systematic errors may also
result from a change in environmental conditions, such as
temperature or pressure. For example, suppose a scale had been
improperly tared. Each subsequent measure would be oft by the
inconsistent magnitude of the tare. If many measurements are
made, they will all be off by the systematic error. Such errors are
difficult to detect and very difficult to estimate in hindsight.
However, if detected early, systematic errors are relatively easy
to manage. Multiple measurements are used to average out or
reduce random error, but this strategy will not affect systematic
error. In this way, systematic error is a form of statistical bias.

It is also important to understand the concepts of accuracy
and precision. Accuracy relates to how close the measurement
is to the correct or true value. Inaccuracy is the amount of
measurement error; the deviation of the measurement from the
true value. Precision relates to the repeatability of the
measurement or to how close independent measurements of
the same quantity are to each other (note that reproducibility
does not relate to or indicate the true value). Precision relates
the reliability or reproducibility of the results. Measurements
taken that are characterized by small random errors provide
high precision results. Measurements obtained with a
systematic error are characterized with low accuracy.
Measurements obtained with a small systematic error and small

random error are quite precise. Unfortunately, measurements
obtained with a relatively large systematic error and a small
random error are precise, yet inaccurate.

Error associated with experimental observations should
always be considered when decisions are made based on
experimental results. Those reviewing your conclusion from
your experimental work should have the opportunity to
consider experimental error when deciding to agree or disagree
with your conclusions. When no error estimate is presented,
the implication is that the data are perfect — and this is rarely, if
ever, the case. How we deal with and communicate
experimental error is dependent on how often a parameter is
measured. Figure 1.6 shows that if a field or laboratory
parameter is measured only once, then the error is estimated
and reported as a relative uncertainty. If multiple measurements
were made of the parameter, statistics can be used to interpret
and present data. Finally, if your desired result is a function of
more than one measured parameter, error should be calculated
by propagation techniques.

1.5.1.1 Standard error estimate — for a single
measurement
After collection of data, it is important to properly characterize
and report results. This section describes common techniques
that engineers use to present results using a single number
called the central tendency, as well as the variation or
distribution in the data.

The measurement of a quantity should include both the
measured value and its uncertainty, and this is commonly

Process for error
determination.

s the parameter
measured more
than once?

First
step

Error estimate
Relative Uncertainly
-Scale divisions,
-Instrument accuracy

Error estimate
Statistics

-Mean

-Standard deviation
-etc.

Is the desired result a
function of multiple
measured parameters?

Second
step

Use propagation analysis to
estimate error from each
parameter identified in the
first step

Error explained
using step one
analysis
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presented in the form x = X, .o, req £ AX. Here, X ocured
represents our best estimate of the true value and Ax is an
estimate of the relative uncertainty. For example, the pH of a
solution may be presented as pH = 7.0 = 0.2 (Note the
awareness of proper use of significant figures). The fractional or
relative uncertainty provides information regarding the
precision of the measurement.

uncertaint
Relative Uncertainty = Ax = ey (1.3)

Xrmeasured

Consider an example: many pipettes used for performing
titrations are graduated in 1 mL increments. The uncertainty of
any measurement instrument is about half of its smallest scale
division. So, for our example, the uncertainty associated with
reading the pipette is 0.5 mL. If the total volume of titrant used
was 20 mL, then the precision of this measurement is reported
as a relative uncertainty of:

uncertainty
Ax =

_‘0.5 mL

=1 50mL ' =0.025=2.5%

Xrmeasured

As shown above, the relative uncertainty can also be
represented as a percentage. The relative error is often used to
quantify accuracy.

(Xmeasureq — ©xpected value) (14)

expected value

Relative Error =

If titration results were expected to yield 18.5 mL of titrant
used, experimental accuracy is reported as:

(Xmeasureq — €xpected value)

expected value
_ (20-18.5) mL
©185mL

Relative Error =

=0.081 =8.1%

1.5.1.2 Estimating and Reporting Uncertainty — Repeated
Measurements
Before we proceed further, we must introduce two important
concepts in basic statistical analysis: population and sample. A
population is a very large set of N observations. For example, if
you were interested in determining the average January
temperature in Macon, Georgia, then you would need to know
the 31 daily January temperatures from the current year, the
corresponding values from last year, etc,. all the way back to the
beginning of time. If we had access to all those data, then we
could calculate a true average (or mean) January temperature,
as well as the associated true uncertainty (or spread). By
convention, the true mean value of a population is denoted by
the Greek symbol y (mu), and the true spread (or standard
deviation) is likewise denoted by the Greek symbol ¢ (sigma).
These two values (u and o) are known as population
parameters, and can be regarded as fixed, numerical
characteristics of the population.

In most cases, the population (e.g., January temperatures,
heights of Brazilian teenagers, IQs of private school dropouts,

etc.) is so large and unwieldy that the parameters cannot be
determined. We get around this by taking samples. A sample is
a subset of the population that contains n < N observations.
The arithmetic mean of a sample is denoted as X, and the
sample standard deviation is denoted as s,. If well-chosen, a
sample allows us to make appropriate inferences about a
population. The values X and s, are known as sample statistics.

Returning to our discussion of instrument variability, we
understand that, due to inherent random errors in our
measurement technique, repeated measured values of x will
vary. If the laboratory or field test system allows for repeated
measurements of a value, it is recommended to take multiple
measurements and average the results in an effort to obtain the
best estimate of the true population parameter. The precision of
the measurement is improved with increased measurement
repetitions. What this means is, as n approaches N, x will
approach .

The average (or sample mean) value of measurements of x
can be determined as:

;:%Zx‘ (1.5)

where:

X = sample average value of x

x; = the value of the ith measurement of x, and
n = number of measurements of x taken.

As mentioned previously, the sample standard deviation (s, )
provides an estimate of the uncertainty associated with your
best estimate (the average) of x. In other words, it provides an
indication of how close your measured values are to the true
average value. A related measure of spread (called the sample
variance) is the square of the sample standard deviation and is
denoted as s2. The sample variance and sample standard
deviation of x are defined as:

n

2 (x; — %)

= variance = ’—I (1.6)
n—

2

Sy =

and

s, = standard deviation =

Fortunately, many hand-held calculators and spreadsheet
software packages can easily compute this tedious calculation.
Note that the units for the sample variance are the square of the
units for the x; values, while the units for the sample standard
deviation are precisely the same as those for the x; values.

For this reason, s, is somewhat easier to interpret and is used
more often in engineering discussions.

Repeated laboratory measurements of a given property will
produce different values. When reporting the measurement, the
mean is provided, along with some type of uncertainty estimate.
Frequently, in science and engineering, the distribution of
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34.1%

Figure 1.7 A normal or Gaussian
distribution has approximately 95% of its
distribution within + 2 standard deviations of
the mean.

measured values around the mean is characterized as a
Gaussian distribution (common synonyms include normal
distribution and bell-shaped curve). For a set of measurements,
the Gaussian distribution is mathematically given by:

_(Xi - ;)2

2
|625X

P(x) =

o\ 2x

As shown in Figure 1.7, the resulting curve is peaked at and
is symmetric about x. Using this theory, we often talk about a
measurement being a certain number of standard deviations
from the population mean. For this Gaussian distribution,
approximately 68.2% of the measured values lie within one
standard deviation (1c) from the mean; 95.4% lie with two
standard deviations (2¢), and 99.7% lie within three standard
deviations (35).

The standard deviation is related to the error associated with
each measurement. However, we may be more interested in the
error associated with our best estimate or the average of x. If the
errors in the measurements of x are random and independent,
and are not influenced by systematic errors, then the error in
our best estimate of x is less than s. In this instance, the
standard error of the mean (also commonly referred to as the
standard deviation of the mean) is a function of the standard
deviation of the individual measurements and the total number

of measurements.
s
Sy = = (18)
N
where:
sy = is the standard deviation of the mean
n = is the number of individual results averaged to obtain s,.

The value s, is called the standard error, and is \/E times
smaller than the standard deviation s, . In essence, if we are

interested in how a given sample x; value is distributed about a
true population mean (u), then we assess the variability with s_.
If, however, we want to know how a particular sample mean X is
distributed about y, then we assess the variability with s,
which is smaller than s,. This result is a statement of the Central
Limit Theorem.

Example 1.2 Standard Deviation

In an attempt to determine the gas flow rate produced
from an aquarium pump inexpensively, students devised a
simple laboratory scheme that included a water-filled
bucket, a 2 L graduated cylinder and a stop watch. As
shown in Figure 1.8, the air from the pump was collected
into an inverted, water-filled graduated cylinder whose
opening was held under the water surface in a bucket.

Il

o

Q0

[e}

Figure 1.8 Schematic for Example 1.2.

Assuming that the head created by the column of water
negligibly affects the pump performance, the rate at which
the air displaces the water from the cylinder provides
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sufficient information to determine the volumetric flow
rate (obviously, a more accurate measurement could be
obtained with a gas flowmeter). The simple experiment
was repeated ten times in an effort to increase accuracy;
each trial was allowed to run for one minute. The volume
(mL) of water displaced per run was 98, 103, 105, 97, 99,
102, 99, 100, 97, and 101. Determine the average value of
water displaced in one minute, the standard deviation, the
standard error of the mean, and the air volumetric flow
rate provided by the pump.

Solution

Use Equation (1.5) to find the mean or average volume of
water displaced in a minute.

n
[
=
n
i

X

5= 98+ 103+ 1054+974+99+1024+99+100+97+ 101
10

x = 100.1 mL

Prepare a table to assist in the calculation of the
standard deviation. Referring to Equation (1.6), the
following table was made in an Excel spreadsheet to assist
with data manipulation.

Displaced fluid, mL (%, - %)?
98 4.41
103 8.41
105 24.01
97 9.61
99 1.21
102 3.61
99 1.21
100 0.01
97 9.61
101 0.81

X =100.1mL Y, — %)% =629

Now the standard deviation is easily obtained as
follows:

—= =2.6mL

Use Equation (1.8) to find the standard error of the
mean.

s 2.6mL

TTVR VI

The laboratory result would be displayed in the form:

=0.8mL

water displaced (mL) = X + Ax = (100.1 + 0.8)mL

In this example, x = 100.1 mL is the best estimate of
what we believe the true volume of water displaced by the
air pump in 1 minute and x = 0.8 mL is the absolute error
or uncertainty. This indicates that the measured value lies
in the range from (x - s.,) to (x + s,,,) with a probability of
approximately 68%.

An estimate of the volumetric flow, Q, produced by the
aquatic pump can now be found by dividing the volume of
water displaced by the time.

o= Yo 1000ml _ o mb

t [ min min

The following discussion will provide insight on how to
include uncertainty when using a measured value to
determine an indirect quantity.

1.5.1.3 Calculation Error Estimates — Propagation

of Independent Errors

Laboratory measurements are often used to find the quantity of
interest (the indirect measurement). However, as you now
know, laboratory measurements are not exact and have errors
associated with them. Using the estimated uncertainties of the
measured quantities, this section provides guidance for
determining the uncertainty of the calculated result. This is
often referred to as the propagation of direct measurement
errors.

In the discussion, y will represent the quantity to be
determined (indirect quantity), which depends on several
variables named x;, x,, ... , x;. We can determine the error
associated with y if we measure x,, x,, ... with errors of Ax;,
Ax,, ... The Ax values are dependent on circumstances and are
either standard deviations, standard errors, or the absolute
uncertainty (measurement error).

The general equation for the propagation of error is given by
(Andraos, 1996):

(19)

The equation allows for the determination of uncertainty in
the function Ay if the error or uncertainty (Ax;) is known for
each variable (x;) in the function.

For example, consider the addition or subtraction of two
mutually independent quantities such as the function y = x; +
x,. Allow the uncertainty in x, and x, to be Ax; and Ax,.
Consider Equation (1.9); the partial derivative with respect to
each variable gives: ;— =1land ay = 1. Substituting these
results into Equation ( 1.9) gives the uncertainty in y as:

Ay = +\/(|)2(Ax‘ )2+ (D2(AX,)? = £4/(Ax))? + (Ax,)?

(1.10)

The result is the same when y = x; - x,.
Now consider the function y = x; X x, (the result is the
same for y = x,/x,). Again make the assumption that the error
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Summary of error propagation techniques.
Function

Addition and subtraction
YEX| +X =X
Function with a constant
y =@y

Product or quotient
Y =X XX,/

Exponential function (assuming no uncertainty in a)

y=x

Logarithmic function
y = Getbx,

y = aln(xbx,)

Ay = the uncertainty in the result of calculating the function y
y = result of the calculation

Uncertainty

Ay = £/ + B + (Bx)

Ay? = a? AX%

A Ax \2  [A\E A\
e CORCORED
Y X Xy G
A Ax
_y:G<_,>

X!

x; = real variables obtained experimentally that are used to calculate y

Ax; = the uncertainty in numbers (x;) used for calculation of y
a, b = constants having no uncertainty
Source: Data from Andraos, J. 1996.

associated with x, and x, is Ax, and Ax,. Taking the partial
derivative with respect to each variable gives: 2 x, and

ax,
;Ty = x,. Substitution into Equation (1.9) gives:
2

Ay = +1/(x,)2(Ax))? + (x))%(Ax,)2. Dividing this result by y =
X, X x, provides results in the form that is most commonly

presented:
A A\ (A
s
Y X %)
A summary of techniques used to determine how error

propagates through an experimental procedure is provided in
Table 1.4.

D)

Example 1.3 Error Propagation

Consider the experiment outlined in Example 1.2. The
uncertainty of the experimental time was assumed to be

1 second (1/60 min). Use the rules for error propagation to
determine the uncertainty in Q, where Q = % with

V = (100.1 + 0.8)mL and t = (1 + %) min.

Solution

Use Equation (1.11) to solve for the uncertainty in Q.
YR
Y X| Xy Q
(5) + (%)
V t

Il
H

Il
I3

y

ﬂ:abA)q

Y
Ax,

Ay=07
AQ=#Qx (7V>2+<A7t>2
(o 2 (22 (L2
AQ = 1.9 ml/min

The volumetric flow rate, Q, obtained from these
experimental results should be expressed as:

_ (1001 £ 1.9)mL
B min

Q

Example 1.4 Error Propagation

A wide variety of manufacturers, including the textile,
food, paper and cosmetic industries, utilize azo dyes in
their production processes. As a result, color-laden
industrial wastewater is frequently discharged into the
environment and produces an obnoxious appearance that
is not favorably perceived by regulators or the public. In
general, azo dyes are not considered hazardous, but are
often considered recalcitrant in traditional wastewater
treatment processes. In the United States, color is
federally regulated by a secondary maximum
contaminant level under the Drinking Water Act (40 CFR
143.2), while some states mandate an additional level of
compliance.
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As a result of regulatory and public relation problems,
industries discharging color have recently begun focusing
on novel decolorization processes such as ozonation,
catalytic oxidation, adsorption, and hybrid technologies
that combine ozonation with biological treatment
schemes. Acid yellow 17 dye (C,,H,,Cl,N,O,S,-2Na;
MW = 551.29) is a common additive found in ordinary
household products such as shampoo, bubble bath, shower
gel, liquid soap, multipurpose cleanser, dishwashing liquid
and alcohol-based perfumes. As regulations associated
with dyestuff are tightened, associated industries are faced
with finding economically viable water treatment
solutions.

During laboratory experiments with dye-laden
wastewater, the concentration of dye required routine
measurement. A calibration curve that related absorbance
to concentration was used. The dye concentration was
measured, using a device called a spectrophotometer, at a
wavelength of 400 nm, and a standard curve was prepared,
showing the absorbance versus concentration of acid
yellow 17 dye. From the calibration curve, the
concentration of the dye in the wastewater sample was
found to be 250 + 5 mg/L. The solution was prepared by
dissolving 0.0625 g of the dye into 250.0 + 0.5 mL of water.
Find the uncertainty of the dye weight that was actually
added to make the stock solution.

Solution

Use Equation (1.10) to find the uncertainty of this
weight:

Ay (Ax>2 <sz>2 AW
y X| 5 0.00625

AW = +0.0001 g

The weight of the unknown is 0.0063 + 0.0001 g

One final comment regarding uncertainty calculations:
the calculated uncertainty should not be stated with too
much precision. For example, if titration results provide an
answer of 14.28 mL with an uncertainty of 0.1 mL, then the
result should be presented as 14.3 & 0.1 mL. Similarly, if
the uncertainty is 1 mL, then the result should be
presented as 14 + 1 mL. Note that the answer and the
uncertainty have the same order of magnitude and are
presented with the same decimal position. When more
than one experimental variable is used to find the result,
the accuracy of the answer is limited by the least accurate
measurement. With this in mind, an overview of “rules”

for working with significant figures is shown in
Table 1.5.

Overview of significant figures for
experimental measurements.

Guidelines for assigning

significant figures Example

Rule I: All nonzero digits are  103°C has three significant
significant. figures. 0.67 has two
significant figures.

Rule 2: All digits are significant  0.0025 has two significant

between and including the
first non-zero digit from the
left, through the last digit.
Zeros are significant except

figures. 0.55 has two
significant figures. 2.17 has
three significant figures.
0.0030 has two significant

when they are used to locate figures.
the decimal point.

Rule 3: Zeros between [.05 has three significant
nonzero digits are significant.  figures. 1005 has four
significant figures.

Rule 4: For numbers that end 1400 as written here could
with a zero to the left of the  have 2, 3, or 4 significant
decimal point, zeros may or ~ figures. 1.4 x 107 clearly
may not be significant. Use shows two significant
scientific notation to clearly  figures. .40 x 10% shows
express the number of three significant figures.
significant figures.

Tables and figures can be used as powerful tools to analyze and
to communicate the physical context of your results. When
using these visual communication tools, the honest
documentation of your results is crucial. Avoid the dangers
associated with forcing your data to fit your anticipated results.
Report them as simply and honestly as possible. Both tables and
figures should be located on the page they are called and
discussed, or on the following page of text, and both should be
numbered consecutively. Graphs and figures are labeled and
captioned at the bottom. Conversely, the caption and label for
tables is always placed at the top. Although reported data
within a figure or a table provides an excellent visual summary,
it does not substitute for the complete discussion of your
results; showing results in a table or a figure only is inadequate.
Discussion of your findings as presented in the figure is still
necessary.

Table 1.6 provides an example of the type of data that are
easily communicated in tabular form. The table provides a list
of polycyclic aromatic hydrocarbons (PAHs) having
environmental interest in relation to their molecular weight,
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Characteristics of polycyclic aromatic hydrocarbons
with environmental significance.

Molecular Soil-water

weight Solubility partition
Hydrocarbon (g/mol)  (mglL) coefficient
Benzene 78.11 1780 97
Toluene 92.1 500 242
o-xylene 106.17 170 363
Ethyl benzene 106.17 150 622
Naphthalene 128.16 31.7 1300
Acenophthene 154.21 393 2580
Acenaphthylene 152.2 393 3814
Fluorene 166.2 1.98 5835
Fluoranthene 202 0.275 19000
Phenanthrene 17823 1.29 23000
Anthracene 17823 0.073 26000
Pyrene 202.26 0.135 63000
Benzo(a)anthracene 228 0.014 125719
Benzo(a)pyrene 2523 0.0038 282185
Chrysene 2282 0.006 420108
Benzo(b)fluoranthe 252 0.0012 [ 148497
Benzo(gh,i)perylene 276 0.00026 1488389
Dibenz(a,h)anthracene 278.35 0.00249 1668800
Benzo(k)fluoranthene 252 0.00055 2020971

Source: Public Domain: Fetter, C.W., Contaminant Hydrology, 2nd edition,
Prentice Hall, Upper Saddle River, NJ, 1999.

solubility, and soil-water partition coeflicient. Polycyclic

aromatic hydrocarbons are comprised of fused benzene rings,

are found in gasoline, are prevalent in the environment as a
result of incomplete combustion of fossil fuels, and are

characteristic of the hydrocarbons found in coal tar. Important

factors that may influence the environmental fate of a PAH

compound include the compound’s aqueous solubility, its vapor
pressure, and its soil-water partition coefficient. It is clear from

the tabulated data that, as the molecular weight of PAH

increases, the solubility decreases while the soil-water partition

coefficient increases.

Within a saturated soil system, the soil-water partition
coeflicient quantifies the ratio of the organic compound
absorbed or adsorbed in the solid soil phase to the

concentration of the dissolved organic in the aqueous phase. In
general, as the compound molecular weight increases, the more
likely it is to absorb or adsorb to the solid phase, thus
characterized by an increasing partition coeflicient.

¢ 245 mg/LL = 174 mg/L. » 65 mg/L

1000
3 *
Eo 100 1-¢
~ *
g 104t
E "o
g A [ *
g ! 1 )
S 10+ 20 30 %)
2 0.1 "
A
0.01
Time (min)

Example figure illustration that shows how dye
concentration is changing as ozonation time increases.

Observe that Table 1.6 is properly labeled with a caption at the
top of the table and that columns are labeled logically and
legibly. Note that compounds are listed in order of increasing
molecular weight. This helps the reader note relationships
between molecular weight, solubility, and the soil-water
partition coefficient.

Engineers often use x-y graphs or scatterplots to
communicate the strength of relationship between two
variables. Pie and bar charts may also be useful given the nature
of the data. When making a chart, maximize the effectiveness
by incorporating as much related data as possible on a given
figure without compromising clarity. For example, data in
Figure 1.9 describe how acid yellow 17 dye concentration
changes with respect to treatment time with ozone. Results are
presented from three different experiments on this one figure to
allow for comparison. Displaying data in this matter also allows
for a visual representation of the relationship between variables.

A review of Figure 1.9 provides some guidelines for
effectively plotting experimental results. Note that the figure is
clearly labeled at the bottom of the caption. The plot is
descriptive, yet simple, and the x-and y-axes are clearly labeled
and have associated numerical values with units. Since multiple
data sets are presented, a legend is provided. Notice that
different data markers are used for each data set.

Scatterplots (x-y graphs) are useful to view the form, direction,
and strength of relationship between two variables. Often, the
relationship is linear. The correlation coefficient can be used to
quantify both the direction and strength of the observed linear
relationship, and it serves as a “goodness of fit” measure. The
equation for a linear regression line has the form:

y=mx+b (1.12)
where:

y = the dependent variable (the variable to be predicted)

x = independent variable
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Absorbance

The least-squares regression line of dye
concentration on absorbance is the line that minimizes the sum of
squared errors.

m = the slope of the linear regression line
b = the intercept, the value of y when x = 0.

The least-squares method is commonly used for fitting a
regression line. Using this method, the best fit line for the data
is determined by minimizing the sum of the squares of the
vertical deviations from each data point to the line (i.e.,
minimizing the sum of the residuals). Figure 1.10 shows a
visual representation of the residuals as the dotted line between
the observed data points and the corresponding predicted
values. The vertical distance is zero when a point lies directly on
a line. As the deviations are squared prior to the summation,
the positive and negative deviations do not negate or cancel out
their values.

Using this method, the slope and the y-intercept for the best
fit regression line can be determined as follows:

D=0 =)

m=—m—— (1.13)
Y -%)?
|
Sy
m=\= (1.14)
SX
b=y—-mxXx (1.15)
where:

b = the constant in the regression equation that
represents the y-intercept when the independent
variable, x, is equal to zero

X = the value of x of observation i

x = the mean of x

y = the mean of y

m = slope of the regression line that explains how y
changes for a unit change in x

r = the correlation between x and y (Pearson’s r)

syand s, = the standard deviation of y and x, respectively.

Once m and b are known, they can be substituted into
Equation (1.12) to describe the linear regression line. To make a

prediction for an unmeasured x, just substitute in to the
developed equation and solve for y. From Equation (1.15), note
that the least-squares regression line always passes through the
point (%, y).

The sample correlation coefficient, r, quantifies the direction
and the magnitude of the relationship between two variables.
Correlation coefficient values range from —1 to 1. A positive
correlation indicates that as one variable increases, the other
variable also increases. A negative correlation suggests that as
one variable increases, the other decreases. The greater the
absolute value of the coefficient, the stronger the linear
relationship. Note that if the correlation coefficient was zero,
this only indicates that there is no linear relationship, but does
not indicate that there is no relationship between the variables.
The strongest linear relationship is indicated from values of —1
and 1. In both instances, all of the observed data fall directly on
the regression line. From Equation (1.14), note that the change
of 1 standard deviation in x corresponds to a change of r
standard deviations in y. The sample correlation coefficient can
be calculated as follows:

_ | - X\_; )/‘_)_/
r_n_ll;( 5 >< 5 > (1.16)

Computer or calculator software packages often provide the
coefficient of determination (R?) as an output from regression
analysis. The R? value is the square of the correlation coefficient
and represents the fraction of the variation in the values of y
that is explained by the least squares regression of y on x; this
value is a measure of how successfully the regression explains
the observed response. The coefficient ranges from 0 to 1. An
R? of zero indicates that the dependent variable cannot be
predicted from the independent variable, while an R? of 1
means the dependent variable can be predicted without error
from the independent variable. The coefficient of determination
for a linear regression model with one independent variable is:

(D - o

Fortunately, there exists a variety of software programs and
calculators that make these regression calculations very simple.
In the example below, we show how to determine m, b, and R?
by hand and by using an Excel spreadsheet.

Example 1.5 Least-squares Linear
Regression

Many wastewater treatment plants use microbiological
processes to degrade the organic contaminants commonly
associated with municipal wastewater. Two measurements
often used by municipalities and regulators to characterize
the organic content in the wastewater include the
biochemical oxygen demand (BOD) and the chemical
oxygen demand (COD) parameters. The BOD;
measurement quantifies how much oxygen the aerobic
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microbes within the treatment system require to oxidize
the degradable organics in the water during a five-day
reaction period. The COD measures the amount of oxygen
required to oxidize chemically all of the organic material in
the wastewater. A more detailed description of these two
important parameters will be covered in Chapter 3. At this
juncture, you should observe the correlations between
these parameters in this example problem].

Given the data in Table 1.7 to describe the relationship
between the influent COD and BOD; for the wastewater
treatment plant; use the data to calculate means, standard
deviations for BOD; and COD, correlation r, coefficient of
determination R?, slope m, intercept b, and the equation of
the least-squares line for this case.

Table 1.7 Monthly BOD; and COD averages from
a wastewater treatment plant located in Atlanta, GA.

BOD, average COD average

Month (mg/L) (mgl/L)
January 2282 674.0
February 198.7 448.0
March 200.2 583.0
April 179.0 5750
May 190.8 486.0
June 175.6 420.0
July 176.8 459.0
August 1774 382.0
September 175.0 382.0
October 1823 391.0
November 2192 596.0
December 239.9 608.0
Solution

Use Equation (1.5) to find the mean for both the BOD and
COD data. For the BOD data:

n
|
BOD. = - ) BOD
5 n Z 5,i
228.2 4+ 198.7+200.2 + 179.0 + 190.8
+175.6+ 1768+ 177.44+ 175.0
+182.3+219.2+239.9
BOD, =

12
BODs = 195.3mg/L

In similar fashion, the COD mean was found to be
COD = 500.3mg/L.

Referring to Equation (1.7), prepare a calculation table
to assist in the determination of the standard deviation of
COD.

COD, mg/L (COD, — COD)?
674 30171.7
448 2735.3
583 6839.3
575 5580.1
486 2045
420 6448.1
459 1705.7
382 13994.9
382 13994.9
391 11946.5
596 9158.5
608 11599.3

COD =500.3mg/L Y (COD, — COD)? = 114378.7

Now the standard deviation is easily obtained as
follows:

n
Y (COD,-COD)?

S, =
coD P

_ /] I4|3|78.7 = 102mg/L

Similarly, the standard deviation for BOD was
determined as sy = 22.6 mg/L.

Use Equation (1.16) and an associated calculation table
to find the sample correlation coefficient, .

COD;-COD
Scop

COD  BOD,

Month (mg/L) (mg/L) <C0;)i‘m> <B°D5.A*WD5) <B°Ds.i *m>
COD SBOD5 SBOD;
Jan 674 228.2 1.70 1.462 2.49
Feb 448 198.7 —0.513 0.151 —0.077
Mar 583 200.2 0.811 0.218 0.177
Apr 575 179.0 0.732 —0.724 —0.531
May 486 190.8 —0.140 -0.2 0.028
Jun 420 175.6 —0.787 —0.876 0.689
Jul 459 176.8 —0.405 —0.822 0.333
Aug 382 177.4 —1.160 —0.796 0.923
Sep 382 175.0 —1.160 —0.902 1.046
Oct 391 182.3 —1.072 —0.578 0.619
Nov 596 219.2 0.938 1.062 0.997
Dec 608 239.9 1.056 1.982 2.093
average 500.3  195.3
std dev 102 225 Sum = 8.79

| < <CODi = COD) (BODSJ — BOD5>
r= >
m= 12

Scop SBOD;
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Calculating the coefficient of determination is now very
simple if we recognize that R? = r* as shown in Equation

(1.17):
| < X A\
2 _ X —X Yi—VY _ 2
R_n—li_2< Sy >< S, )} =

R* = 0.64

This result indicates that 64% of the variance in BOD;
is predictable from the COD.

Complete this example by plotting the data as shown in
Figure 1.11 and by using Equations (1.12) through (1.14)
to characterize the least-squares regression line for the
BOD; and COD data.

300
250
~ BOD; =0.177  COD + 107 .
é‘) 200 RE=064 P
b oo’ o
8 150
m
S 100
=
E
50
0 T T T
0 200 400 600 800

Influent COD (mg/L)

Figure 1.1l Scatterplot of monthly influent COD and
BODS averages for an Atlanta, GA wastewater treatment
plant. A least-squared regression analysis was performed to find
the characteristic linear relationship between the parameters.

Using Equation (1.14), the slope of the regression line is
determined to be 0.177.

s 2.6
=r2 080228 —0.177
M= 102

X

Now use Equation (1.15) to determine the y-intercept
of the linear regression line.

b=y—-mxXx=BOD; —mxCOD
b=1953—(0.177 x 500.3) = 107
These results lead to the least-squares linear regression
line that describes the COD versus BODj relationship for

this particular wastewater influent. This is shown in the
form of y = mx + b as follows:

BODy = 0.177 x COD + 107

Interestingly, literature suggests an approximate ratio
for COD and BOD; of settled, municipal wastewater
(Mara & Horan, 2003):

coD _
BOD;

This indicates that there are about twice as many
non-biodegradable organics in the wastewater compared
to those that are susceptible to microbial degradation.
With a COD of 500 mg/L, our regression line predicts
BOD; =0.177 X 500 + 107 = 195.5 mg/L. So our predicted

LOD atio is:
BOD; :

COD _ 500 _,
BOD, 1955

showing that our regression result reasonably supports
this well-established trend.

With our example problem solution in mind, we provide
some final thoughts associated with linear regression:

o The goal of linear regression is to find an equation (slope and
y-intercept) that best fits the measured experimental values.

o Least-squares regression analysis is the most common
method used to fit a line to scatterplot data.

o The equation developed can be used to predict the value of y
for any value of x by substituting x into the equation. For
our case, the expected influent BOD; can be estimated by
substituting a measured COD value into the regression
equation.

o Extrapolating beyond the range of x values used to develop
the regression equation to predict y values is risky. In
Example 1.5, the lowest observed average influent COD was
382 mg/L. In this instance, it is inadvisable to extrapolate
extensively beyond this value.

o The intercept, b, has no statistical value unless x can actually
take values near zero.

o The goal of correlation analysis is to see whether the
variability in x and y values is predictive, and to measure the
strength of any relationship between the variables. The
results of correlation are often expressed as an r-value
(correlation coefficient) or an R? value (coefficient of
determination).

o The concepts of regression and correlation are directly
connected.

1.5.4 Interpreting linear, power,
and exponential equations

Many simple nonlinear functions can be algebraically
manipulated into linear form. For example, the decolorization
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of dye in a batch system by ozonation may be well modeled
using kinetics. According to first-order kinetic theory, the dye
concentration at any time during the ozonation process can be
determined from the following equation:

C, = Cpe™ (1.18)
where:

C = dye concentration at time, ¢, mg/L

C, = dye concentration at ¢ = 0, mg/L

t = reaction time, min

k = first-order kinetic coefficient, min™?!.

If, during experimentation, the time of ozonation and the
dye concentration is periodically recorded, the first-order rate
constant that characterizes the system can be easily estimated
by recognizing that the defining equation can be linearized. The
linear result, as shown in Equation (1.19), can be obtained from
Equation (1.18) as a result of algebraic manipulation.

In(C) = In(Cy) — kt

y =b+mx

(1.19)

where:
y = dependent variable

b = y-axis intercept
m = slope
x = independent variable.

Equation (1.19) can also be written as a base-10 logarithm.
The conversion between a base-10 logarithm and the natural
logarithm is readily identified by the ratio:

log IO_ |

In 10 2.303

(120)

To convert a natural logarithm to a base-10 logarithm,
divide by the conversion factor 2.303. Rewriting Equation
(1.19) using base-10 logarithms gives:

2.303 x log(C,) = 2.203 X log(Cy) — k t (r2rn)

There are many additional systems encountered by
environmental engineers that are described using nonlinear
models that can be easily manipulated into a linear format. For
example, the Monod model (Monod, 1949), used to predict the
state of a continuous flow bioreactor or chemostat, is described
using two variables: the specific growth rate of the microbes (u)
and the growth-limiting substrate (S).

”maXS
= 1.22
H= K ts (1.22)
where:
u = specific growth rate, h~!
Hinex = Maximum specific growth rate, h™!
K, = half-saturation constant, g/L

S = limiting substrate concentration, g/L.

When Equation (1.22) is linearized, y,,,, and K, can be
estimated from experimental results. Consider the simple
algebraic manipulation of Equation (1.22):

”maxs

K +S

U=

Cross-multiply and obtain:

[ Ky S
+
B hed  Fosd

With further algebraic simplification:

b (1)

:umax :umax

y=mx+b (123)

Figure 1.12 shows that by using a double reciprocal plot of
the specific growth rate (dependent variable) with the limiting
substrate concentration (independent variable), both . and
K, can be determined using linear regression analysis. With the
determination of system constants, the dependence of growth
rate on the limiting substrate concentration is described.

Other examples of nonlinear models that lend to simple
linear manipulation include Deacon’s Power Law, which relates
wind velocity to altitude, the Arrhenius equation that correlates
a rate of a reaction and its temperature, the Langmuir and
Freundlich isotherms that describe adsorption processes, and
the Michaelis-Menten model that is used to estimate enzyme
kinetics. Although these physical systems are not described
linearly, model parameters can be determined from the
linearization of experimental data. Table 1.8 provides a
generalized summary of several common functions that are
routinely evaluated in their linear form.

Sl K,
ope =
T

Tl

1

Intercept on y-axis =
Mmax >

1
S

Double reciprocal plot used to find the biokinetic
coefficients for the Monod model of microbial growth kinetics.

Generic linearized functions having the form
y=mx+b.

F(z) = linear function y m X b

az* = In(f(2)) = cIn(@) + In(a)  In[f(2)] c In In(a)

az :.L”(L)Jrs L | <
| +cz f(2 z a f(2) z a

z a

Qln
|

2o 1l ] L
c+z f(z)_a z a f@
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Example 1.6 Linear Manipulation of
Non-linear Models

A semi-batch bubble column was used to test the affect of
ozone on a synthetically prepared wastewater that
contained acid yellow 17 dye. The carrier gas flow rate was
maintained at a constant flow, resulting in uniform ozone
introduction to the system. The gas feed was sparged
through three stainless steel filters that entered the side of
the reactor near the bottom of the column. Figure 1.13
provides a schematic of the laboratory test equipment.
Color concentration was measured spectrophotometrically
using a Spectronic 20D+ at a wavelength of 400 nm.

Experimental results showing the removal of color
from the wastewater are shown in the table below.

Experimental Results

Ozonation time, min  Dye concentration, mg/L

0.5 247.2
2 200.3
5 90.0
10 24.5
15 12.2
20 6.7
30 0.5
40 0.1

Ozone generator

Figure 1.13  Schematic of experimental apparatus used to collect data for Example 1.6.

Using the data provided and the equation shown
below (assume the data are well modeled using first order
kinetics), find the first-order rate constant, k, which
characterizes the decolorization of the wastewater, and
estimate the initial dye concentration.

C, = Coe™ !

where:

C, = is the dye concentration at some time, ¢
C, = represents the initial dye concentration
k is the first-order rate constant.

Solution

Algebraically manipulate the first-order rate equation into
a linear format by taking the natural log of both sides.

Ct — Coe—kt
In(C) = In(Cy) — kt
y =b+ (—mx)

Use a spreadsheet to quickly derive this calculation
table.
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Dye concentration

Ozonation time, min  (C,), mg/L In (C,)
0.5 247.2 5.51
2 200.3 5.30
5 90.0 4.50
10 24.5 3.20
15 12.2 2.50
20 6.7 1.90
30 0.5 —0.69
40 0.1 -2.30

Plot time versus the natural log of the dye
concentration, as shown in Figure 1.14. Use linear
regression analysis to determine the slope and y-intercept
of the line that best fits the data. The resulting regression
line is y = —0.20 x + 5.54, with an R? value of 0.994.

7.0
y=—0.20x + 5.54
%e R’=0.994
5.0
30 ¢
o
et *
5
1.0
-1.0 ¢ \
—30 T T T T
0 10 20 30 40 50

Ozonation Time, min

Figure |.14 Manipulate the first-order rate equation and
use experimental results to determine the rate coefficient, k.

Interpreting these results gives:

In(C,) = —=0.20t + 5.54

Algebraically manipulate this result back into the
original format shown for first order kinetics.

In(C,) = =0.20t+ 5.54

Q@) — =020t | 554

+e
Ct — )55 e—OAZOt

From this, we know that the first-order rate constant, k is:

k = 0.20 min

and the estimated concentration of dye at time zero is C, =
255 mg/L.

Low variability

Moderate variability

/- High variability

Figure .15 Three groups of Gaussian or bell-shaped curves are
presented. The difference between the means for the grouped data
is the horizontal distance between the vertical lines. In each case,
the means are exactly the same. Note that for the case
characterized with low variability or spread, it is easy to conclude
that the two groups of means are different.

1.5.5 Student’s t-test

The Student’s two-tailed t-test! is used to compare the means of
two sample groups by determining if the two groups are
statistically different from each other. The ¢-test assumes that
the measurements within the two groups are normally
distributed and that the variances in the two groups are equal.

Figure 1.15 shows three very different scenarios, but the
difference between the means is the same for all situations
depicted. The top example shows two sets of data characterized
by low variability. The second set of data indicates moderate
variability within each group, while the bottom case is an
example of high variability.

From visual inspection of the overlapping regions within the
three examples, it is reasonable to conclude that average scores
of the low-variability case appear to be most distinct. In this
case, minimal overlap occurs between the data. In the high
variability case, however; the difference between the means
appears less evident because the two normal-distribution
curves exhibit appreciable overlap. With this physical
representation in mind, let us explore how the #-test statistic is
used to compare the means of two samples.

To conduct the ¢-test analysis, and most other statistical tests
of this type, do the following four steps:

| Establish the hypotheses. Two hypotheses are typically
identified; the null (H,)) and alternative (H,) hypotheses.

! “Student” was a pen name used by William Gosset in the early 1900s.

During this time, Gosset was employed by the Guinness brewery; they
did not allow their scientists to publish proprietary information and did
not want their competitors to know that they were using statistics to
facilitate quality control in the brewing of beer. In 1908, Student (William
Sealy Gosset) published The Probable Error of a Mean in Biometrika
Vol 6, No. 1.
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The null hypothesis states that the difference between the
control (or accepted) and treatment samples is zero (i.e., the
means of the two samples are the same). The alternative
hypothesis states that the difference between the control and
treatment sample means is not zero.

Set the significance or « level. The alpha level represents
the significance of the results. For example, for an alpha
level of 0.05, the probability that the results are due to
chance is only five in a hundred. The lower the significance
level, the stronger the evidence.

Calculate the t-statistic. The knowledge required to
calculate the ¢-statistic includes four items:
The average of the control sample or other known value
(expected value)
The average of the treatment sample, x, (Equation (1.5))
The standard deviation of the averages, s, (Equation (1.7))
The number of observations, n.

Compare the calculated ¢ value, t-statistic to the tabulated

t value, t-critical. Find t-critical () by using Table 1.9,

which provides tabulated ¢-values as a function of signifi-

cance level (a) and the number of degrees of freedom (df =

n—1). The a value measures the probability of exceeding

t..- Compare t-statistic (¢.,.) to the appropriate t_;,. If ;.

>t reject the null hypothesis in favor of the alternative

hypothesis. If t_;, > t_,;., we fail to reject the null hypothesis
and are forced to accept that the means of the two samples

are indistinguishable. Referring to Table 1.9 for & = 0.05 (a

95% confidence limit), a one-sided test and df = 6, we find

tq = 1.94.

The t-test can be used to compare a sample mean to an
accepted value such as a population mean or a legislated value
produced by a governing body such as the EPA; or it can be
used to compare the means of two sample sets. When
comparing one sample with a population mean or a known
value, Equation (1.25) is used. When comparing two samples
for significance of difference, Equation (1.26) is used. Notice
that in both formulae, the numerator is the difference between
the means and the denominator is the standard error of the
difference in the means.

Recall from Equation (1.8), that the standard error is a
function of the standard deviation of the data. In Equations
(1.25) and (1.26), the t-test statistic, ¢, increases as the
difference between the means increases. As the sample standard
deviation decreases or the sample size increases, the standard
error of the difference of the means (the denominator) gets
smaller. As a result, ¢, gets larger as the means get farther
apart, the variances get smaller, and/or the sample sizes
increase.

When comparing one sample with a sample mean for
significance of difference:

. 1.25
s (125)

When comparing two samples for significance of difference:

¢ _ I;t_;c| _ |)_<t_;c|

calc St B

C

G YRR

(1.26)

Distribution of Critical t values, t_, shown with
significance level @ and degrees of freedom, df.

Significance level (a)
One-sided 005 0025 0005 0.0005
Two-sided 0.1 0.05 0.0l 0.001
Degrees of freedom, df

1 631 1271 63.66 63662

2 292 4.3 993 316
3 235 3.18 5.84 12,92
4 213 278 4.6 8.6
5 202 257 4.03 6.87
6 194 245 371 596
7 1.89 237 35 541
8 .86 23l 336 5.04
9 .83 226 325 4.78
10 [.81 2.23 3.7 4.59
| 1.8 22 3.1 4.44
12 .78 218 3.06 4.32
13 .77 216 301 4.22
14 .76 214 298 4.14
15 .75 213 295 4.07
16 .75 212 292 4.02
17 .74 211 29 397
18 1.73 2. 2.88 392
19 .73 209 2.86 3.88
20 .72 209 2.85 3.85
21 .72 208 2.83 382
22 .72 207 2.82 379
23 171 2.07 2.82 377
24 [.71 2.06 28 375
25 171 2.06 279 373
26 171 2.06 2.78 371
27 1.7 2.05 2.77 3.69
28 1.7 2.05 2.76 3.67
29 1.7 2.05 2.76 3.66
30 1.7 2.04 2.75 3.65
40 .68 202 27 3.55
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(continued)
Significance level (@)
60 1.67 2 2.66 346
120 .66 198 262 337
infinity [.65 196 258 329

Source: The National Institute of Standards and Technology, US Depart-
ment of Commerce.

where:

= mean for the treatment data

x. = mean for the control group or an accepted value

s, = standard deviation of the treatment sample

s. = standard deviation of the control group

n, = number of data points in the treatment group, and
n, = number of data point in the control group.

Example 1.7 One-sided t-test

Monthly lead concentrations measured in a lake are
presented in the table below. Use the one-sample t-test to
compare the average lead concentration in the lake with
the EPA guideline for lead in drinking water. For drinking
water, the EPA guidelines state that lead concentrations
should be < 15 pg/L (www.epa.gov).

Monthly averages for lake lead concentrations, pg/L

17 12 18 19 20 15 8 23 19 22 17 15 11 12 15 22 20

Solution

Step 1. Begin the solution by stating the null hypothesis
(H,) and the alternative hypothesis (H,). The null
hypothesis states that there is no difference between the
means. The alternative hypothesis is adopted if the null
hypothesis is shown to be untrue. A one-sided hypothesis,
as shown below, claims that a parameter is either larger or
smaller than the value given by the null hypothesis.

Null hypothesis ~ H: Lake lead concentration = EPA guideline
H,: Lake lead concentration = 15 pg/L
H,: Lake lead concentration > EPA guideline
H,: Lake lead concentration > 15 pg/L

Alternative
hypothesis

Step 2. Set the significance or « level. For this example, we
assume an alpha level of 0.05. a = 0.05.

Step 3. Calculate the appropriate value of t. For this case,
use the one-tailed hypothesis. Use Equation (1.25) to

determine t_..

X=X Xp— X¢

S St/\/g

Use Equation (1.5) to find the mean lead concentration.

n
%, = nlzxi = 1684

Prepare a calculation table to assist in the computation
of the standard deviation. Referring to Equation (1.6), the
following table was made in an Excel spreadsheet to assist
with data manipulation.

Lead concentration, pg/L (x; — x)?
17 0.06
12 22.70
18 1.53
19 5.00
20 10.47
15 3.11
8 76.82
23 38.88
19 5.00
22 27.41
17 0.06
15 3.11
11 33.23
12 22.70
15 3.11
22 27.41
20 10.47
X = 16.8% Y (-0 =2911

Find the standard deviation:

910 Hg
B |7—|_4'3L

The standard error of the mean is found by using
Equation (1.7).

43pg/L
S Bt g,be

S = — =
YRRV L
Calculate ¢-statistic:

i — X .

e Sy 104

t

calc

Step 4. Evaluate t_,.

Use Table 1.9 to determine the ¢_; value for the
specified . Select the column with the desired probability.
For this example, @ = 0.05 for a one-sided ¢-test. Select the
appropriate row for degrees of freedom, df. For a one-sided
t-test, the degree of freedom is df = n — 1. For this example,

df=n-1=17-1=16.
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Step 5. Compare the value found in the table (t
value calculated (t_,,) to reject or fail to reject the null
hypothesis. If £ ;. > t,,;;, then the null hypothesis is
rejected and the alternate hypothesis is accepted. From
Table 1.9, a level of significance of 0.05 and a one-sided
t-test with 16 degrees of freedom gives a5 | = 1.75. For
our example, ¢, = 1.73 < t_;, = 1.75, so we fail to reject
the null hypothesis and we conclude that our sample mean
is not statistically larger than the accepted limit of 15 pg/L.

i) with the

Example 1.8 Two-sided t-test

A pulp and paper mill wastewater treatment plant
(WWTP) consists of primary settling for solids removal,
anaerobic treatment, followed by an aerated basin and a
settling pond. Wastewater from the paper mill is
characterized by low volume (2 MGD) and high organic
loading. During typical operation of the WW'TP, the
anaerobic system removes approximately 70% of the COD
load, with the balance being treated by the aeration basin.

During operation, the paper mill inadvertently
discharged toxic materials to the WWTP, which killed the
anaerobic system. While the anaerobic system was off-line,
an on-site biofermentation process was used to increase
and maintain sufficient microbes in the aerobic basin to
prevent the WWTP COD effluent from increasing, and to
maintain NPDES compliance (http://www.waste-water
.com). Refer to Figure 1.16 for WWTP process diagrams
that describe the flow before and after failure of the
anaerobic system.

WWTP
Influent

Typical Operation of the WWTP

v

Solids Settling Anaerobic Treatment|

Aerobic Treatment

Two sets of effluent COD data from the WWTP are
provided below. The first column provides COD
concentrations from the plant during proper operation of
the anaerobic treatment system. This scenario is called the
“control.” The second column provides effluent COD data
for the period of time after the anaerobic system had been
killed and taken oft-line. During this time period, the
biofermentation process was used to supplement the
aerobic treatment, and these data are referred to as the
“treatment.” Compare the means of the two sample groups
and determine if the effluent COD concentrations are
statistically different from each other.

Control effluent  Treatment effluent

COD, mg/L COD, mg/L
354 404
307 406
255 345
266 394
356 399
380 343
401 368
319 307
334 335
407 441
315 557
354 542
335 465
289 470
834

638

440

569

WWTP Figure |.16  Schematic for Example |.8.

Effluent

Solids Settling

WWTP

Influent after the failure of the anaerobic unit

Operation of the WWTP with the Biofermenter

Anaerobic Treatment

Solids Settling

Aerobic Treatment

Biofermentor

WWTP
Effluent

Solids Settling
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Solution

Step 1. Begin the solution by stating the null hypothesis
(H,) and the alternative hypothesis (H,). The null
hypothesis states that there is no difference between the
means. The alternative hypothesis is adopted if the null
hypothesis is shown to be untrue. When the two-tailed
t-statistic is used, the alternate hypothesis is simply the
opposite of the null hypothesis.

Null hypothesis:
Alternative hypothesis:

H,: Effluent COD_ = Effluent COD,
H,: Effluent COD_ # Effluent COD,

Step 2. Set the significance level, & = 0.5.
Step 3. Calculate the appropriate value of ¢_,,.. For this
case, use the two-tailed hypothesis and Equation (1.26) to
determine the ¢ value. An Excel spreadsheet table is used to

assist in the calculations.

Control Treatment
effluent effluent Excel
COD, mg/L COD, mg/L function

354 404

307 406

255 345

266 394

356 399

380 343

401 368

319 307

334 335

407 441

315 557

354 542

335 465

289 470

834

638

440

569
Sample number, n n. =18 n =14 COUNT
Sample average, x X, =3974 x,=412.6 AVERAGE
Standard deviation, s 5. = 146.3 s, =753 STDEV
t t.,.. =204 TINV

crit crit

Use the Excel COUNT function to determine the

sample number, n, for both the treatment and control data.

«__»

To enter a formula in Excel, begin by using the “=" sign in
the desired cell. After the = sign, any formula or function
can be entered. When using the COUNT function, Excel
expects a range of cells to be entered. It is easy to insert a
column by highlighting the desired cells. It is also easy to
highlight a single cell for use in an equation. Or, a single
cell or a range of cells may be used, by calling a single cell,
(e.g., B4) or a range such as C4:C30.

Use the Excel function AVERAGE to calculate both
sample means. The STDEV function was used to

determine the sample standard deviations of both data
sets. Determine ¢-statistic using Equation (1.26).

. =Xl =%l _ ]412.6-3974]
W sgezy L, % 753 1463
VRV VIV ERVIT.

=0.278

Use Table 1.9 or the Excel function TINV to find
t-critical for n—2 (df = 14 + 18 - 2 = 30) degrees of
freedom. Since t,,;. = 0.278 < t_,;, = 2.04, then we fail to
reject the null hypothesis. We conclude that when the
anaerobic system went off-line and treatment was
supplemented using the biofermentor process, the WWTP
effluent COD did not significantly change and the effluent
COD, = effluent COD,.

1.5.6 One-way analysis of variance
(ANOVA)

The One-way Analysis of Variance (ANOVA) is a commonly
used statistical method employed to detect differences of three
or more means of grouped data. Like the Student #-test, the
ANOVA method is used to test the equality of the means rather
than to predict new values of a dependent variable (regression
analysis is often used for this type of analysis). There are various
kinds of ANOVA that match with different experimental
designs, but only the one-way ANOVA is described here.
Although the ANOVA equations are not mathematically
challenging, the calculations should be routinely done using
spreadsheet or statistical software. The procedure for
conducting an ANOVA is presented below, followed by an
example problem.

Consider that the groundwater at a nearby Department of
Defense facility is contaminated with the chlorinated solvent,
trichloroethylene (TCE). Your boss has requested that you
determine whether the groundwater aqueous-phase TCE
concentration is the same at a variety of different sampling
wells. Assume that there are S sampling wells and that each well
has D, data points or TCE concentrations each. Allow d;; to
represent the sample for the ith well and the jth data point.
Prior to beginning the statistical analysis, ensure that three
assumptions for the one-way ANOVA are met:

| 'The sample populations are normally distributed,
2 'The samples are independent, and

3 The variances of the populations are equal.

Step 1. State the null hypothesis, H,, which indicates that all
population means are equal.

Step 2. Determine the grand mean of all the samples or
concentrations, X ;. The grand mean is calculated by
summing all the data values and dividing by the total sample
size.
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Xom =

where:
D, = is the number of data points for the ith well
S = is the number of treatments, (wells, in this case)

N = is the total number of observations.

(127)

(1.28)

Step 3. Now find the sum of the squares between treatment

means and the grand mean.

S
SSp = SSyels = Z Di(D; - XGM)2

i=1

where D, is the mean of the ith group:

The corresponding degrees of freedom dfy, =S - 1.
Step 4. Compute the total sum of the squares, SS,.

D,

S
S5, = 2 Z (dij - >_<GM)2

=l j=I

with corresponding degrees of freedom: df, = N - 1.

Step 5. Determine the sum of squares for within each
treatment, SS.

D,

i

S =

=l j=I

(d; - D,

with corresponding degrees of freedom: df,, = N - S.

Typical ANOVA table summary.

Variation Source

Between treatments

s D
Error (within treatments)  SS,, = 2 Z (e
=l j=I

s D

(1.29)

(1.30)

(1.31)

Sum of squares, SS

S
$S, = ) DD, — X
i=1

D)?

Total SS, = Z Z (d; - >_<GM)2

=l j=I

The SS,, is a measure of the variability within the
treatments. By definition, the total degrees of freedom df, and
the total sum of squares SS, is:

df, = df, + df,,

SS, =SS, + S5,

Step 6. Test the null hypothesis of equal means between all
treatments by determining the F, or Fisher, statistic.

_ MsS,
~MSS,,

(132)

In this equation, MSS, is the between treatments mean
square variance, and MSS,, is the within treatment mean square
variance, such that:

ss, ss,,
MSSb = d—fb,al’]d MSSW = ?

When F > 1, this suggests that there are differences between
class (well) means, which provides us with sufficient statistical
evidence to reject the null hypothesis, H,. To test the hypothesis
of equal means statistically, compare the calculated F value to
the tabulated F,;, with S—1 and N—S degrees of freedom. If F >
F._..;» reject the hypothesis of equal means. However, if F,;, > F,
then conclude that there is no significant difference between
mean concentrations at the S wells. It is customary to summa-

rize ANOVA data in tabular form, as shown in Table 1.10.

Example 1.9 One-way ANOVA

Dissolved oxygen (DO) was measured in lake water using
three common techniques: the Azide-Winkler titration
method, a DO probe and meter, and with a field kit. Use
one-way analysis of variance to determine if there is
sufficient evidence that at least one technique provides
significantly different concentrations from at least one
other method. Each method was used ten times and data
from all three analysis techniques are provided in

Table 1.11.

Degrees of freedom, df Mean squares, MSS F
df, =S~ | Mss, = 222 Fe
o=5- T df, ~MSS,,
df, =N-=S5 MSS 2
w w T dfw
df,=N-—|
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Dissolved oxygen values of lake surface
water measured using three common techniques
(measurements were taken during the month of
August).

Dissolved oxygen concentration (mg/L)

Azide-Winkler DO probe and

Method meter Field kit
7.9 79 6.7
7.8 7.8 7.5
79 7.8 8.0
7.7 7.7 7.8
79 7.8 8.2
6.6 7.8 72
7.9 7.8 7.1
7.8 7.6 6.7
7.8 7.3 69
7.6 7.6 6.5
Solution

Step 1. Begin by stating the null and alternative
hypotheses.
The null hypothesis can be stated as:

H,: There is no significant difference among the dissolved
oxygen concentrations obtained by these three analytical
techniques.

If desired, an alternative hypothesis can be stated:

H,: At least one of these measurement techniques provides
results significantly different from at least one other.

Step 2. Use Equation (1.27) to determine the grand mean
of all the samples. Use the following table to assist in this
calculation.

Azide-Winkler DO probe Field

method and meter kit

7.9 7.9 6.7
7.8 7.8 7.5
7.9 7.8 8.0
7.7 7.7 7.8
7.9 7.8 8.2
6.6 7.8 7.2
7.9 7.8 7.1
7.8 7.6 6.7
7.8 7.3 6.9
7.6 7.6 6.5
Sum =76.9 Sum =771 Sum=72.6
D, =10 D, =10 D, =10
D, = 7.69 D,=771  D,=7.26

O

d.
ij
[
_(76.9+77.1 +72.6) — 755

™

I

I j
N = (10+10+10)

Xam =

Step 3. Find the sum of the squares between treatments
and the grand mean. Use Equation (1.29).

S
SS, = D DD — Xgm)* = 10(7.69 — 7.55)?

i=1
+10(7.71 = 7.55)> + 10(7.26 — 7.55)*
SS, = 1.293

The degrees of freedom between the treatments is df,, =
S-1=3-1=2.

Step 4. Find the total sum of the squares. Use Equation
(1.30).

S D
S, = ) D2(dj = Xgm)* = (7.9 = 7.55)* + (7.8 — 7.55)*
=l j=I

+(7.9=755%+ ... +(6.5—7.55)
S, =6.115

The total degrees of freedom is df, =N -1=30-1=29.

Step 5. Find the within treatment sum of squares. Knowing
the relationship SS, = SSy + SS,, the SS, can be found by:

$S,, =SS, —SS, = 6.115— 1.293 = 4.822

The degrees of freedom with the classes is df,, = N - S =
30-3=27.

Step 6. Test the null hypothesis by determining the F
statistic.

_ MSS,, SSo/f, 133

Fe - = =3.58
MSS, Sy, 8827

Compare to the tabulated F_;, withS-1=2and N-S=
27 degrees of freedom. Referring to Table 1.12, F;, =
3.354.

Since the value calculated for the F statistic exceeds F,,;,
= 3.354, the null hypothesis can be rejected at the 0.05
level of significance. From this, we can conclude that at
least one of the three dissolved oxygen measurement
techniques differs from the others.

The one-way ANOVA results are summarized in
tabular form as shown below:

Sum of Degrees of Mean
squares, freedom, squares,

Variation Source SS df MSS F
Between treatments 1.293 2 0.647 F=3.58
Error (within treatments)  4.822 27 0.181

Total 6.115 29
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ANOVA analysis is relatively simple to conduct in
Microsoft Excel. Begin by entering the data, such that each
group is in a separate column. Label each column
appropriately, as shown below.

Click on Data > Data analysis > Anova: single factor.
Input the desired range of data, including the labels, by
highlighting within the spreadsheet. If the data analysis
option is not available in the Data tab, use the Excel option
feature to add-in the Analysis Toolpak.

EI Microsoft Excel - XI0000000 [Read-Only]

Eﬂ Fle Edit Yiew [nsert Format Tools Data Window Help

HRN=A" NERETIS NN A - RN A A A=

v ~
A B C o | E | F
‘Winkler DO
1 | Method | probe [Field Kit
2 7.9 7.9 6.7
3 7.8 7.8 7.5
4 7.9 7.8 8
5 7.7 7.8
] 7.8 8.2
7 7.8 7.2
8 7.8 7.1
9 7.6 6.7
10 7.3 6.9
11 7.6 7.6 6.5
12
13
14
ar
‘ﬁg d
Home Insert Page Layout Formulas Data Review View
Wt - J ‘
Access Web  Tet Sources~ | C
Get Extemal Data
[ Al - ( L]
LA | 8 S
iWinkler[ DO '
1 i Method| probe |Field Kit}
21 79 79 67 | Toput
s 78 | 78 | 75 Tpus Range:
44 79 78 s Grouped By: @ Columns
51 77 77 78 O Rows
51 79 78 82 | [#] Labels in First Row
70 66 73 72 apha; |0.05
81 :'9 -‘1 3 Qutput options:
£ : S 6 : © Qutput Range: &
KD 69
(3) New Worksheet Fly:
O New Workbaok

Click OK after selecting the data. Excel provides the
following tabulated results.

,bﬁ H9- = Copy of anova [
R |
Home  Insert  Pagelayout  Formulas | Data | Review  View

5 5 —n [ Connections [ &a
e e &5 = B rropemes || 2 .
From From From FromOther  Edsting | Refresh | Z| sot | Filter o
Access Web  Text Sources~ | Connections || Al = Edit Links P A
Get External Data Connections Sort & Filter
‘ Al5 - Jf | Total
B C D E F G H

1 |Anova: Single Factor

2

3 | SUMMARY

4 Groups Count Sum Average | Variance

5 |Winkler Method 10 76.9 7.69) 0.156556

6 DO probe 10 771 7.71 0.029389

7 Field Kit 10 72.6 7.26 0.349333

8

9

10  ANOVA

11| Source of Variation SS8 df MS e P-value Font

12 Between Groups 1.292667 2 0646333 3619038 0.040507 3.354131

13 |Within Groups 4822 27 0.178593

14

15 [Total ] 6114667 29

16

17

18
19

Note the discrepancy, resulting from rounding,
between the computer- and hand-generated F-statics value
(F-statistic determine by Excel is F = 3.61 and F-statistic
from hand calculations was 3.58).

Summary

o The study of environmental engineering aptly began with
the perspective of how man has historically interacted with
the environment.

e Modern day efforts to protect the environment via
legislation were introduced.

o The Environmental Protection Agency was founded in 1970
and, since that time, numerous regulations have been
promulgated to protect human health and the environment.

o Methodically solving engineering problems is important. A
six-step method was introduced in this chapter that
provides a logical scheme for the user. A summary of the
six-step scheme follows:

o Step 1. Problem identification. Clearly define the
problem.

o Step 2. Collect all relevant data and make an appropriate
sketch.

o Step 3. Select applicable theory and document all relevant
equations.

o Step 4. Make appropriate simplifications and
assumptions.

o Step 5. Solve the problem.

o Step 6. Verify solution and clearly communicate results.

o The importance of understanding data collection, followed
by proper analysis and clear communication of results was
discussed.
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Critical values of the F distribution for df , degrees of freedom and df , degrees of freedom with a significance level of 5%.

df \dfy, 1 2 3 4 5 6 7 8 9 10 12 I5 20 24 30 40 60 120 inf

1 [61.4 199.5 2157 2246 2302 2340 2368 2389 2405 2419 2439 2459 2480 249.1 250.1 251.1 252.2 253.3 2543

2 1851 19.00 19.16 19.25 1930 1933 19.35 1937 19.38 1940 1941 1943 1945 1945 1946 1947 1948 1949 19.50
3 [0.13 955 928 9.12 901 894 889 885 88l 879 874 870 866 864 862 859 857 855 853
4 771 694 659 639 626 616 609 604 600 596 591 586 580 577 575 572 569 566 563
5 661 579 541 519 505 495 488 482 477 474 468 462 456 453 450 446 443 440 436
6 599 514 476 453 439 428 421 415 410 406 400 394 387 384 381 377 374 370 3.67
7 559 474 435 412 397 387 379 373 368 364 357 351 344 341 338 334 330 327 323
8 532 446 407 384 369 358 350 344 339 335 328 322 315 3.2 308 304 301 297 293
9 512 426 386 363 348 337 329 323 318 314 307 301 294 290 286 283 279 275 27|

10 496 410 371 348 333 322 314 307 302 298 291 285 277 274 270 266 262 258 254
| 484 398 359 336 320 309 301 295 290 285 279 272 265 261 257 253 249 245 240
12 475 389 349 326 311 300 291 285 280 275 269 262 254 251 247 243 238 234 230
13 467 381 341 3.8 303 292 283 277 271 267 260 253 246 242 238 234 230 225 22|
14 460 374 334 311 296 285 276 270 265 260 253 246 239 235 231 227 222 218 213
15 454 368 329 306 290 279 271 264 259 254 248 240 233 229 225 220 216 21l 207
16 449 363 324 301 285 274 266 259 254 249 242 235 228 224 219 215 211 206 20l
17 445 359 320 296 281 270 261 255 249 245 238 231 223 219 215 210 206 201 196
18 441 355 316 293 277 266 258 251 246 241 234 227 219 215 211 206 202 197 192
19 438 352 313 290 274 263 254 248 242 238 231 223 216 211 207 203 198 193 188
20 435 349 3.0 287 271 260 251 245 239 235 228 220 212 208 204 199 195 190 184
21 432 347 307 284 268 257 249 242 237 232 225 218 210 205 201 196 192 187 |8l
22 430 344 305 282 266 255 246 240 234 230 223 215 207 203 198 194 189 184 178
23 428 342 303 280 264 253 244 237 232 227 220 213 205 201 196 191 186 181 176
24 426 340 301 278 262 251 242 236 230 225 218 211 203 198 194 189 184 179 173
25 424 339 299 276 260 249 240 234 228 224 216 209 201 196 192 187 182 .77 |.7I
26 423 337 298 274 259 247 239 232 227 222 215 207 199 195 190 185 180 175 .69
27 421 335 296 273 257 246 237 231 225 220 213 206 197 193 188 184 179 173 167
28 420 334 295 271 256 245 236 229 224 219 212 204 196 191 187 182 177 171 165
29 418 333 293 270 255 243 235 228 222 218 210 203 194 19 185 181 175 [.70 .64
30 417 332 292 269 253 242 233 227 221 216 209 201 193 189 184 179 174 168 .62
40 408 323 284 261 245 234 225 218 212 208 200 192 184 179 174 169 164 158 15]
60 400 3.5 276 253 237 225 217 210 204 199 192 184 175 170 165 159 153 147 139
120 392 307 268 245 229 217 209 202 196 191 183 175 166 |61 155 150 143 135 125

inf 384 300 260 237 221 210 201 194 188 183 175 167 157 152 146 139 132 122 100

Source: The National Institute of Standards and Technology, US Department of Commerce http://www.itl.nist.gov/div898/handbook/; LWL).
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When considering experimental data, there are two types of
errors — random and systematic.

Random error is the scatter observed from repeated
measurements and is, by definition, unpredictable and
bidirectional, such that it changes from one measurement
to the next.

Systematic errors occur to the same degree each time the
measurement is made — they are unidirectional.

When evaluating experimental data, the average or mean
value of measurements of x, is often reported as x.

The measure of the spread or dispersion of the measured x;
values is often provided by the variance, s?, or the standard
deviation, s.

Least-squares regression analysis is used to determine the
best fit line for two related variables. If the relationship is
linear, the equation for a linear regression line has the form
y = mx + b. In the equation, y = is the dependent variable
(the variable to be predicted), x = independent variable, m
= the slope of the linear regression line, and b = the
intercept (the value of y when x = 0).

The R? value represents the fraction of the variation in the
values of y that is explained by the least squares regression of
y on x; this value is a measure of how successfully the
regression explains the observed response.

The coefficient ranges from 0 to 1. An R? of zero indicates
that the dependent variable cannot be predicted from the
independent variable while an R? of 1 means the
dependent variable can be predicted without error from
the independent variable.

The Student’s t-test is used to compare the difference
between two data sets, or between one set and a “true” value.
When comparing one sample with a sample mean (or “true”
value) for significance of difference:

Xt = Xc

Sm St/ﬁ

The Student’s two-tailed t-test is used to compare the
means of two sample groups by determining if the two
groups are statistically different from each other. When
comparing two samples for significance of difference:
|)_<c_;c| _ |>_<t_;c|

S

st+
Ve Ve

The One-way Analysis of Variance (ANOVA) is similar to
a t-test but it is used to detect differences among multiple
data sets simultaneously. The ANOVA uses the
F-distribution instead of the ¢-distribution.

The assumption is made that all of the data sets have
equal variances.

t

calc

SG-%.)

ABET F-critical propagation of
age of enlighten- FIFRA error
ment great depression random errors
alternative industrial RCRA
hypothesis revolution relative
analysis of linear equations uncertainty
variance linear regression SARA
ANOVA mean six-step method
ASCE middle ages standard
average non-linear deviation
CERCLA models standard error
CERLA null hypothesis Student’s t-test
Clean Air Act one-sided t-test systematic
Clean Water Act OSHA errors
correlation Pollution TINV function
coefficient Prevention TSCA
early civilization Act t-statistic

EPCRA

post-war era

two-sided t-test

exponential power equations uncertainty
equations present day variance
F statistic progressive era World War II
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Determine the efficiency of energy utilization for a
pump. Assume the following efficiencies in the energy
conversions:

Crude oil to fuel oil is 90%.

Fuel to electricity is 40%.

Electricity transmission and distribution is 90%.
Conversion of electrical energy into mechanical
energy of the fluid being pumped is 40%.

Hint: the overall efficiency for the primary energy
source is the product of all the individual conversion
efficiencies.

Replacing automobiles that have internal combustion
engines with electric-powered vehicles is considered by
some as the best solution to urban smog and
tropospheric ozone. Write a short paper (1-2 pages
double-spaced) on the likely effects of this transition on
industrial production of fuels. Assume that the amount
of energy required per mile traveled is roughly the same
for each kind of vehicle. Consider the environmental
impacts of using different kinds of fuel for the electricity

generation to satisfy the demand from electric vehicles.
This analysis does not need to include the loss of power
over the lines/grid.

Visit the Office of Solid Waste and Emergency Response
on the EPA website (www.epa.gov) and determine how
close you live to a designated Superfund site.

You have been tasked with determining the volume of a
rectangular box.
Using Equation (1.8) as a starting place, derive an
equation that describes the minimum uncertainty
expected in the box volume, based solely on the
uncertainties in the measured dimensions.
Assume the box has dimensions of x, y, and z. A
meter stick was used to obtain the following
measurements: x = (10 = 1) cm; y = (20 + 1) cm; and
z=(5 + 1) cm. Find the uncertainty in the volume of
the box.
A caliper was used to measure the dimensions of a
box having dimensions of x, y, and z. The following
measurements were obtained: x = (10 & 0.01) cm; y
= (20 + 0.01) cm; and z = (5 + 0.01) cm. Find the
uncertainty in the volume of the box.

The Manning Equation is an empirical relationship that
relates open-channel flow velocity with channel
characteristics.

2
V= l(é)gsl/l
n\P

where:
V = mean velocity, m/s

n = Manning’s roughness coefficient, dimensionless
S = slope of the energy grade line (m/m)

A = cross-sectional area of the channel, m?

P = wetted perimeter of the flow channel, m.

Assume that the Manning surface roughness, the area,
and the wetted perimeter are uncertain. Using the
standard rules for error propagation, derive an equation
of error for velocity.

Review the data shown in Table 1.6 that describes

several chemical properties of polycyclic aromatic

hydrocarbons.
Use the tabulated data to calculate means, standard
deviations for molecular weight and solubility,
correlation r, coefficient of determination RZ, slope
m, intercept b, and the equation of the least-squares
line for this case. Hint: consider plotting molecular
weight on the abscissa and the logarithm of solubility
on the ordinate.
Use an internet search engine to define the soil-water
partition coefficient. Use the tabulated data to
calculate means, standard deviations for solubility
and the soil-water partition coefficient, correlation r,
coeflicient of determination R?, slope m, intercept b,
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and the equation of the least-squares line for this
case. Hint: consider plotting the logarithm of
solubility on the abscissa and the logarithm of the
soil-water partition coefficient on the ordinate.

Use the tabulated data to calculate means, standard
deviations for molecular weight and the soil-water
partition coefficient, correlation r, coefficient of
determination R?, slope m, intercept b, and the
equation of the least-squares line for this case.

Hint: consider plotting molecular weight on the
abscissa and the logarithm of soil-water partition
coeflicient on the ordinate. It is recommended that a
spreadsheet software such as MS Excel be used to
graph the requested relationships and to perform all
calculations.

Use the TINV function in Excel to generate a table of
critical f values for 95% confidence level.
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After reading this chapter, you should be able to:

understand the commonly used systems of units and the
difference between fundamental and derived units;

explain the difference between dimension and unit;

balance chemical equations and apply stoichiometry to
environmental applications.

define what is meant by oxidation and reduction, and
develop half-reactions for oxidation-reduction reactions;

learn the fundamental concepts of thermodynamics and
apply them to chemical equilibria.

evaluate acid-base systems for determining pH and all
chemical species involved at equilibrium;

comprehend the importance of the carbonate system and
be able to calculate the alkalinity of a water sample;

calculate the solubility product and determine if a solution
is undersaturated, saturated, or supersaturated with
respect to specific chemical species;

use and apply the gas phase laws, with special emphasis
on Henry's Law;

explain the difference between the three major groups of
hydrocarbons and explain the major functional groups of
organic compounds and their importance in
environmental engineering.

Introduction

Environmental engineers and scientists must have a strong
understanding of chemical concepts. Chemicals such as alum,
lime, soda ash, and sodium hydroxide are routinely added to
hard water in order to precipitate calcium and magnesium ions.
Ferrous sulfate, ferric chloride, and lime may be added to
wastewater for removing orthophosphate. Chlorine and ozone
are often used for oxidizing organic compounds and as primary
disinfectants in various environmental applications.

The gas laws are important, since oxygen or nitrogen may be
added to a reactor to enhance biological oxidation or to strip
out unwanted gases. The chemistry and solubility of gases such
as carbon dioxide, oxygen, and ammonia in water affect the rate
at which they can be transferred into or out of solution and the
saturation concentration of each. The formation of smog and
other photochemical species relates to atmospheric chemistry.
As engineers, we are not only concerned about the final or
equilibrium concentrations that can be achieved during a
chemical reaction but, more importantly, the rate of reaction
(i.e., the kinetics of the reaction that will govern the design of
most remediation systems, since contact time or detention time
is often the primary design parameter). These concepts, along
with a brief introduction to organic chemistry, will be presented
in this chapter. Reaction kinetics is discussed in Chapter 5.

Dimensions, units, and
conversions

Engineers work with measurements of physical quantities on a
daily basis. Specifically, physical quantities such as length, time,
temperature, pressure, velocity, and weight are some of the

Environmental Engineering: Principles and Practice, First Edition. Richard O. Mines, Jr.

© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.

43



44

Environmental engineering

Four commonly used systems of units.

System Length Mass

Absolute system (CGS) centimeter  gram

British gravitational system (BG) foot slug

English engineering system (EE) foot pound mass, |b, |
International system (SI) meter kilogram

most widely used measurements. These types of measurements
are used to describe an object or system. Not only is it
important to specify the magnitude or numerical value of the
physical quantity, it is essential that the dimension being
expressed be accompanied by the appropriate set of units. The
units provide the increments necessary to quantify the
dimension; for example, the length of an object is a dimension.
The units used to measure the length of the object could be
expressed in meters, miles, feet, or yards.

The fundamental dimensions are generally considered to be
length (L), mass (m), time (t), and temperature (T). All other
dimensions (i.e., derived dimensions) are developed or derived
from the fundamental dimensions. Examples of some
commonly derived dimensions include velocity, (L/t), volume
(L), density (m/L?), and pressure (F/L?); where force is
denoted by F. Table 2.1 is a list of fundamental dimensions,
derived dimensions, and their associated units for four
commonly used systems. Prefixes that are used to describe
multiples and fractions of SI units are presented in Table 2.2.

A list of conversion factors for energy, length, mass, power,
pressure, temperature, and volume is provided in Table 2.3.

Prefixes for SI units.

Factor by which unit

Prefix Symbol is multiplied
tera T 102
giga G 10°
mega M 106
kilo k 10
hecto h 10?
deka da 10
deci d 10~
centi c 1072
milli m 10-3
micro B 106
nano n 102
pico P 10~'2
femto f lg="*
atto a 10-'8

Energy

joule or calorie
BTU ft-lb

BTU

watt

Multiply by
34128
8.6057 x 10°
[.341

4.184

1055

328l

30

5280

12

10-10
1,609
4536
22

2000
1000
1000
|.34
[.055
737.56
760
14.7
101.37
[.013

1.01325 x 10°

Time Temperature  Force
second K, °C dyne
second °R, °F pound force, Ib;
second °R, °F pound force, Ib;
second K, °C newton
Conversion factors.
Units To convert from To
Energy kWh BTU
Energy kWh calorie, cal
Energy kWh hp-hr
Energy calories, cal joules,
Energy BTU joules, |
Length meters, m feet, ft
Length yards, yd feet, ft
Length miles feet, ft
Length feet, ft inches, in
Length inches, in centimeters, cm 254
Length Angstrom, A meters, m
Length miles kilometers, km
Mass pounds grams
Mass kilograms, kg pounds
Mass pounds ounces
Mass short tons pounds
Mass metric tons kilograms, kg
Power kilowatts, kW joules/s
Power kilowatts, kW hp
Power BTU/s kilowatts, kW
Power kilowatts, kW (ft-Ibs)/s
Pressure atmospheres, atm mm Hg
Pressure atmospheres, atm  psi
Pressure atmospheres, atm  kPa
Pressure atmospheres, atm  bar
Pressure atmospheres, atm  N/m?
Pressure psi

Temperature

°F

ft of water @ 4°C 2.307

°C

5/9CF - 32)
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(continued)
Units To convert from To Multiply by
Temperature °R °F °F + 459.67
Temperature °C K °C+273.15
Volume ft? gal 748
Volume ft® L 28.32
Volume gal L 3.785
Volume m’ L 1000
Volume m? yd? 1.308
Volume m? ft 3531
Volume cm? ml |

The density of a substance is defined as mass per unit volume.
It is a derived parameter and may be expressed mathematically
as follows:

p= 2.1)

iy

v
where:

p = density of substance, Ib,_ /ft*(kg/m?)
m =mass of substance,Ib_ (kg)

¥ =volume, ft*(m?)

In the SI system, the density of water is approximately
1,000 kg/m?> or 1 g/cm? at a temperature of 4°C, whereas in
the English Engineering system, water has a density of
62.41b_ /ft’ at 39.2°F The density can vary widely between
various fluids but, for liquids, pressure and temperature
variations have only a small effect. For gases, however, both
pressure and temperature have a significant effect on density.
This will be discussed in more detail in the section on gas laws.
Table 2.4 is a list of densities for various substances.

Example 2.1 The effect of impurities
on the density of water

The density of a pure solution of sodium chloride is

2.165 g/ml and the density of water at 0°C is 0.9998 g/ml.
Determine the density of a 10% by weight solution of
sodium chloride if the total mass of the solution is 1,000 g.
Solution

The mass of sodium chloride is calculated as follows:

My = 0.10X 1000g = 100.0g

The volume of sodium chloride in the solution is
calculated by dividing the mass of sodium chloride by the
density, as shown below.

Densities of common substances at 20°C.

Substance Physical state Density, g/cm?
Aluminum Solid .64
Benzene Liquid b0.88
Crude oil Liquid b0.86
Ethanol Liquid £0.79
Gasoline Liquid b0.68
Hydrogen Gas at | atmosphere & 0°C 99.0 x 1073
Iron Solid <7.87

Jet fuel (JP-4) Liquid b0.77
Magnesium Solid c1.74
Mercury Liquid b13.55
Oxygen Gas at | atmosphere & 0°C 1.4 x 1073
Silver Solid <10.5
Sodium chloride Solid 216
Water Liquid [.000

? Density values from Eide et al. (1979). Engineering Fundamentals and Problem
Solving, pp. 425—-426.

® Density values from Vennard and Street (1982). p. | 1.

¢ Density values from Zumdahl (2000). Introductory Chemistry: A Foundation.
4th Edition, p. 47.

100.0g

=% _4619m
NaCl = 57765 g/ml "

The mass of water in the solutions is calculated as
follows:

My,o = 1000g —100g=900g

The volume of water in the solution is calculated by
dividing the mass of water by the density of water as shown
below.

900.0g

=278 9002 ml
0 = 5.9998 g/mi m

The density of the 10% by weight sodium chloride
solution is determined by dividing the total mass of
sodium chloride and water by the total volume of the
solution.

100.0g NaCl+900.0g H,O
46.19 ml NaCl +900.2 ml H,O

PNaCl Solution =

=|l057 &
ml
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Specific gravities of several compounds at 20°C.

Compound Specific gravity
Acetone 0.785 @ 25°C
Alcohol-ethyl ?0.79

Benzene ?0.88

Butyric acid 0953 @ 25°C
Crude Ol ?0.86
Chloroform 1.479 @ 25°C
Formic acid 1.220

Gasoline 90.68

Glycerine 91.26

Jet fuel (JP-4) 077 @ 15.6°C
Mercury 71357

Methy! iodide 2.28
Naphthalene 1.025

Steel, cold drawn b7.83

Steel, machine b7.80

Toluene 0.86

Uranium b187

Specific gravities from CRC Handbook of Chemistry and Physics (2010),
9 I'st Edition, pp. 3-4, 3-74, 3-262, 3-268, 3-306, 3-382, 3-440, 3-486, 3-492
9 Specific gravities from Vennard and Street (1982) p. | .

b Specific gravities from Fide et al. (1979). Engineering Fundamentals and
Problem Solving, pp. 425—-426.

The specific gravity of a substance is another important
concept. Mathematically, it is defined as follows:

Specific Gravity (5.G.) = —substance 22)

Pwater at 4°C

The density of water at 4°C serves as the standard against
which the density of solids and liquids are referenced, while
gases are sometimes referenced to air at standard conditions.
Specific gravity is dimensionless. Table 2.5 presents the specific
gravities of several compounds.

Example 2.2 Calculating specific
gravity and density

The density of titanium is approximately 281 Ib/ft’.

Determine: Specific gravity of titanium

Mass in kg of 10 cm? of titanium

Solution part a

The specific gravity of a substance in defined by
Equation (2.2).

[s)
28| E

Specific Gravity (5.G.) = Psubstance _
Pater at 4°C 62.4 E
&3

Solution part b

The density of a substance is defined as the mass per unit
volume.

=
=y

Therefore, the mass is determined by multiplying the
density by the volume of material, i.e., rearranging
Equation (2.1). The density of water is approximately equal
to 1,000 kg/m?>.

1000 k 3
m=p><¥=4.50><( g)(locm3)( m )
m

3 100 cm
m =[0.045 kg

There are various ways to express the concentration of a
substance in a solution: mass or weight per unit volume, mass
or weight percentage, volume percent, moles per liter, mole
fraction, and equivalents per liter. Each of these will be
described briefly. Concentration is a derived dimension.

2.2.3.1 Mass or Weight per Unit Volume

The most widely used means of expressing the concentration of a
substance is to present it gravimetrically on a mass or weight per
unit volume basis. Concentration is normally expressed in units
of mg/L, which is equivalent to parts per million (ppm) when the
specific gravity of the solution is equal to 1. For dilute aqueous
solutions, it is not unusual to have concentrations expressed

in micrograms per liter (ug/L) or parts per billion (ppb).

The concentration of substance A in a mixture of A and B is:

(B @

where:

C, = concentration of substance A, mg/L
m, =mass of substance A, mg

¥, = volume of substance A,L

¥, = volume of substance B, L.

2.2.3.2 Mass or Weight Percentage

Concentrations are also expressed on a mass or weight
percentage basis. For instance, the mass percent of substance A
in solution is mathematically expressed as follows:
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mass,, or weight (%) = (ﬁ) X100  (24)

where my = mass of substance B, mg, g, 1b_,

2.2.3.3 Volume Percent

The volume percent concentration is analogous to the mass
percent concentration as presented in Equation (2.4); however,
the mass of each substance is replaced with the volume of each
substance, as shown in Equation (2.5).

| (%) ( ¥a
volume, (%) =
Yo+ ¥y

> x 100 (2.5)
2.2.3.4 Moles per Liter

The molar concentration (M) of a solution represents the
number of moles of a substance per liter. By definition, a mole
of an element or compound is equal to the atomic mass of an
element or the molecular mass of a compound. For example,
one mole of hydrochloric acid, HCI, consists of 36.6 g of HCI
(atomic mass of H = 1 and Cl = 35.5).

To prepare a 1 M solution of HCl, 36.6 g are added to a 1L
volumetric flask and filled to the 1L mark with either distilled
or deionized water. A mole (mol) is also defined by Avogadro’s
number (6.02 X 10?%) such that there are 6.02 X 10>* molecules
of an element or compound per mole. A molal solution
consists of dissolving 1 gram molecular weight of the solute in
1 liter of water, resulting in a final volume slightly greater than
1liter. Figure 2.1 is a representation of a 1 molar and 1 molal
solution of hydrochloric acid.

The molar concentration is expressed as follows:

CatMy =2 (2.6)

where:
n, = moles of element or compound A
I~ = total volume of solution, L.

2.2.3.5 Mole Fraction

Another way of expressing concentration is in regard to mole
fraction. Mole fraction is calculated by dividing the number of
moles of an element or compound by the total number of

1 molar 1 molal
36.6 g HC1 36.6 g HC1
¥=10L ¥>1.0L

Comparison of | molar and | molal solution of HCI.

moles of the solution; this is expressed mathematically as
Equation (2.7).

na Na
= : .7)
na+ng+ ... n, total moles of solution

XA =

where:

x, =mole fraction of element or compound A
n, = moles of element or compound A

ny = moles of element or compound B

n, = moles of element or compound #.

2.2.3.6 Normality
The normality (N) of a solution is the number of equivalents
per liter of solution and is calculated from Equation (2.8).

Equivalents,  Equ

C,(Ny= ——— = — 2.8
AN = 2 2 28)
where:

. My
Equivalents, = E
\% = totaf\volume of solution, L
my = mass of substance A, g.

The equivalent weight (EW) of an element or radical is
calculated using Equations (2.9) and (2.10). Equation (2.9) is
used for elements and Equation (2.10) for compounds and
radicals; z represents the assumed valence or charge of the ion.
In acid-base reactions, the equivalent weight is related to the
number of protons or hydroxyl radicals that react. For
oxidation-reduction reactions, the equivalent weight is based
on the number of moles of electrons that are transferred.

Ew, = AW 2.9)
V4

Ew, = MW 2.10)
V4

where:
AW = atomic weight of ion, g
MW = molecular weight of radical, g.

The relationship between normality and molarity is given in
Equation (2.11).

N=zxM @.11)

Although normality is typically defined as equivalents per
liter, in many environmental engineering applications it is
expressed in milli-equivalents per liter (meq/L), since we often
work with dilute solutions. Table 2.6 lists some of the common
radicals encountered in environmental chemistry.

Example 2.3 Calculating solution
concentration

A graduate student adds 2.5 g of calcium carbonate
(CaCO;) to a 0.5 L volumetric flask. Enough distilled water
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Common radicals encountered in environmental
chemistry.

Radical Chemical AW or EW,
formula MW, gimol gleq
Aluminum APF 27 9
Ammonium NH 18 18
Calcium Ca*™* 40 20
Bicarbonate HCOZ 6l 6l
Carbonate col 60 30
Cyanide CN~ 26 26
Chloride ar 353 355
Chromate Croz- 16 58
Dichromate Cro2- 216 108
Fluoride F= 19 19
Hydrogen ion H*+ | I
Hydrogen sulfate HSO, 97 97
Hydroxy! OH~ |7 |7
Hypochlorite ocr 51.5 51.5
Magnesium Mgt 243 122
Nitrate NO3 62 62
Nitrite NO3 46 46
Orthophosphate ~ POZ~ 95 317
Permanganate MnOZ 19 19
Sodium Na* 23 23
Sulfate SO 96 48
Sulfide §= 32 16

is added to reach the 0.5 L mark on the volumetric.
Determine the concentration of calcium carbonate in
solution expressing your answer in the units specified
below.

mg/L

mass %
molarity
normality
mole fraction

Solution part a

MW of CaCO; =40+ 12 + 3(16) = 100 g/mole
From Equation (2.3):

2.5 1000 5000
concentration (%) = m% x( : mg> = 3 me

Solution part b

Assume that the density of the solution is 1 g/ml. From
Equation (2.4):

m
mass, or weight, (%) = (ﬁ) x 100
A B

!
ma+mb=0.5Lx<|OO€ml>x <ﬁ> = 500g

2.5
maSSCaCO3(%) = (T(i) X 100 =

Solution part ¢

The molarity of a solution is the number of moles of solute
per liter of solution. Equation (2.6):

=2
(2.5g CaCO5) <M>
3\ 100g CaCO,
Ceaco, M) = 0.5 L solution

=10.05 M

Solution part d

The normality of a solution is the number of equivalents of
solute per liter of solution expressed by Equation (2.8):

Equivalents,  Eqp

AN =—— ="
MW
EW, = ——
A z
100g CaCO;  50g CaCOy,
EWecaco, = Teq = o
eq

2.5gCaCO; [ ———

. (50gCaCO3>
Ceaco,(N) = 05L
0.l eq
= =0.IN

— =0

Alternatively, normality can be calculated using
Equation (2.11):

N=zxM z=2for CaCO;4
N=2x0.05M=[0.I N]

Solution part e

Concentration expressed as a mole fraction can be
calculated using Equation (2.7).

Na _ Na
na+ng+ ... n, total moles of solution

XA=
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= 255CaC0; x (12 C293) _ 4,035 mol
ncaco3— D gla 3)( m = U. maoles
mole H,O
ﬂHzo = SOOgHzo X (m) = 27.8 moles

0.025 moles _
Xcaco, = =19.0x 107*

0.025 moles + 27.8 moles

In environmental engineering, the flow rate may be expressed

either on a mass (gravimetric) or a volumetric basis. Recall that

the quantity of mass can be calculated by rearranging
Equation (2.1) as presented below:

m=px¥ @.12)

The mass-based flow rate represents the quantity of mass
flowing through a pipe or system per unit of time.
Equation (2.12) can be rewritten as Equation (2.13) to indicate

the mass flow rate and as shown, it is not independent from the

volumetric flow rate.
m=pxQ (2.13)

where:

i = mass rate of flow, slugs/s,1b_, /s (kg/s)
p = mass density, slugs/ft’, Ib_/ft’ (kg/m?)
Q = volumetric flow rate, ft* /s (m3/s).

The mass flow rate of some component A in the volumetric
flow can be determined as follows:

fa = Ca X Q 2.14)

where:
1, = mass flow rate of component A,1b_ /s (kg/s)
C, = concentration of component A, Ib,_ /ft*(mg/L).

. 10 mg SS 10m3 kg
s = ———— X x| —
S 10° mg
1000 L 60s
X( m3 )X(E>
6.0 kg
min

Mes =

Example 2.4 Calculating mass flow
rate (SI) units

A mountain stream flowing at a rate of 10 m?/s contains
10 mg/L of suspended solids. Determine the mass flow rate
of the suspended solids in units of kg/min.

Solution

From Equation (2.14), the mass flow rate of some
component can be calculated as follows:

my=CyAXQ

Example 2.5 Calculating mass flow
rate (EE) units

Advanced wastewater treatment (AWT) plants typically
must meet an effluent permit requirement of 5 mg/L or less
for five-day biochemical oxygen demand (BOD;). The
Howard E. Current AWT in Tampa, Florida has a design
flow capacity of approximately 90 million gallons of day

(MGD). Determine the mass flow rate of the BOD;
discharged into Tampa Bay in units of Ib_ /d.

Solution

From Equation (2.14), the mass flow rate of some
component can be calculated as follows:

my =Cy XQ
Maop, = Caop, X Q

. _ 5mgBOD;s ><9O MG g
Eoleyy = L d 1000 mg

b, 10°gal 3.785 L
X X X
454 ¢ MG gal

. 3|bm
mBOD5 =|3.75x 10 ?

Alternatively, the mass flow rate in Ib_, /d can be
calculated using the following equation, when the
concentration is expressed in mg/L and the volumetric

flow rate in million gallons per day (MGD), by using the

8.341b

conversion factor =
mg

L %-MG
__(Smg)_ /90MGY_ 834lb,
eon, = (T ) % ( d )X@_MG

L

. 3 bm
mBOD5 =13.75%x 10 ?
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A fundamental concept in environmental engineering is
detention time. Traditionally, this is defined as the average unit
of time that a fluid particle remains in a system (e.g., reactor,
pipe, or tank). Alternatively, it is defined as the time required
filling a tank or container. Detention time is also known as
retention time or residence time. Mathematically, detention
time is determined by dividing the volume of the tank or
container by the volumetric flow rate (Q) as shown below.

=

y
— 2.15
) (2.15)

where:

7 = detention, retention, or residence time, min, h, d
¥ =volume of tank or container, ft>, m?, gal,.L

Q = volumetric flow rate, ft* /s (m3/s).

Example 2.6 Calculating detention
time

Two, rectangular sedimentation basins operating in
parallel process a total flow of 0.20 m? /s of coagulated
water. Each basin has the following dimensions: 4.5 m by

30 m by 7.5 m. Determine the detention time of each basin
in units of hours.

Solution

First, draw a schematic of the basins showing how the flow
is distributed.

0=010 m3/s) Sedimentation >
Basin

0=0.10 m3/s’ Sedimentation >
Basin

Both basins and the total volumetric flow rate may be
used for calculating the detention time. The detention time
is calculated using Equation (2.15) as follows:

¥ [45mXx30mx7.5m]x2
e Al =|2.8h
Q 020m? y 60s y 60 min

S min h

Alternatively, we can calculate the detention based on
the flow rate entering only one of the basins. The answer
should be the same as above.

Q  0.10m3 _ 60s_ 60 min
S min h

Balancing reactions

A chemical equation expresses what happens during a chemical
reaction or chemical change. Instead of trying to explain in
words what happens during a chemical reaction, chemical
elements, compounds, and symbols are used to convey this in a
clear and concise manner using a chemical equation. Chemical
equations must be verified by experimentation in the
laboratory.

Environmental engineers use chemical equations for
estimating the quantities of chemicals that are added to water,
wastewater, sludge, contaminated gas streams, etc. For example,
these equations can also be used to estimate the quantity of
precipitate that is generated during softening of hard water.

Before using any chemical equation, one must examine it
closely to determine if the equation is properly balanced. An
equation is balanced when the law of conservation of mass is
satisfied; i.e., the mass of all elements on both sides of the
equation are the same and the net charge of all compounds is
zero. It is important to remember that atoms are neither created
nor destroyed during a chemical reaction.

A properly balanced equation represents the stoichiometry
of the equation; that is, it shows the relationship between the
number moles of each reactant and the number of moles of the
various products that are produced. Table 2.7 shows some of
the symbols commonly used for writing chemical equations,
and the major steps used in writing and balancing chemical
equations are presented in Table 2.8. Examples 2.7 and 2.8
illustrate how to balance a chemical equation.

Symbols commonly used for writing chemical
equations.
Symbol Meaning

2+

(aq) Aqueous solution, substance dissolved in water, Mg(aq)

(9) Gaseous state, CO,,,
0} Liquid

(s) Solid or precipitate, CaCOj5

1 Gas, when written immediately after a substance

l Solid or precipitate, written immediately after a
substance

s Reversible reaction

- Irreversible reaction — proceeds in the direction of

the arrow.
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Major steps used in writing and balancing chemical
equations.

Step Explanation

| Write the correct formula for all reactants and products
based on valence, oxidation number; or experimental
data. Show their appropriate states.

2 Write the unbalanced equation, showing reactants to the
left of the arrow and products to the right.

3 Balance the equation by inspection, starting with the most
complex compound. Assume that only one mole of this
compound is involved in the reaction. Balance all elements
of this compound one at a time.

4 It is generally advantageous to balance all elements other
than hydrogen and oxygen first; then balance hydrogen,
and then finally oxygen.

5  Check all coefficients used in the equation to see if the
same number of atoms exists on both sides of the arrow.
An atom may be present in an element, compound, or ion.

6 Ensure that the coefficients used are the smallest by
removing fractions and simplifying.

on the right side. So the equation is balanced with respect
to calcium.

Check the number of chloride ions (Cl ™) on each side
of the equation. There are two chloride ions associated
with calcium chloride (CaCl,) on the left side of the
equation and two chloride ions associated with the two
moles of sodium chloride (NaCl) on the right side of the
equation. Therefore, chloride is balanced.

As a final check, count the number of atoms of each
element on the left and right sides of the equation to
ensure that it is balanced.

Element Leftside Rightside

Ca 1 1
Cl 2 2
Na 2 2
C 1 1
O 3 3

Example 2.7 Balancing chemical
equation |

Balance the following chemical equation:

CaCl, + Na,CO; — CaCO; + NaCl

Solution

Select soda ash, i.e., sodium carbonate (Na,COj;) as the
most complex compound and balance all elements
associated with it. Assume there is one mole of soda ash.
This results in two atoms of sodium on the left side of the
equation and only one on the right. Therefore, a number 2
must be placed before sodium chloride (NaCl) to balance
the sodium atoms on the left side of the equation. There is
one carbonate ion (CO%‘) on the left side of the equation
and one carbonate ion on the right side, incorporated into
calcium carbonate (CaCOs). Therefore, the sodium atoms
and carbonate ions are balanced.

CaCl, + Na,CO; = CaCO5 + 2 NaCl

Check the number of calcium atoms (Ca) on each side
of the equation. There is one calcium atom in calcium
chloride (CaCl,) on the left side of the equation and one
calcium atom associated with calcium carbonate (CaCO,)

Example 2.8 Balancing chemical
equation 2

Balance the following chemical equation involving the
oxidation of liquid ethanol with gaseous oxygen to form
carbon dioxide and water vapor.

CHsOH) 4 Oy = COyp) +H, O

Solution

Select ethanol (C,H;OH) as the most complex compound
and balance all elements associated with it. Assume there
is one mole of ethanol. There are two atoms of carbon on
the left side, so a 2 must be placed before carbon dioxide to
yield two carbon atoms on the right side. Next consider
hydrogen; there are six atoms on the left side, so a 3 is
placed before water (H,O), yielding six atoms of hydrogen:

G HsOHy + Oy = 2COyy + 3H,0y,

Finally, the oxygen atoms may be balanced. On the
right side of the equation there are four atoms of oxygen
associated with the two moles of carbon dioxide and three
atoms of oxygen associated with the three moles of water,
resulting in a total of seven atoms of oxygen. To balance
the oxygen atoms on the left side of the equation, there is
one atom associated with ethanol (C,H;OH), so we must
place a 3 before the gaseous oxygen (O, ) on the left side
of the equation:
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CHsOH(y + 3Oy = 2COy ) + 3H,0,

As a final check, count the number of atoms of each
element on the left and right sides of the equation to
ensure that the equation is balanced.

Element Leftside Rightside

C 2 2
H 6 6
(€] 7 7

Oxidation-reduction
reactions

In oxidation-reduction or redox reactions, atoms or ions
undergo a change in their oxidation number and this is always
accompanied by a transfer in electrons. Recall that oxidation is
defined as the loss of electrons or a gain in valence. The
opposite of oxidation is reduction, which is defined as a gain in
electrons or a loss in valence, i.e., a loss in oxidation number. If
one element releases electrons, then another element must be
present to accept the electrons.

Ionic compounds are formed when a metal reacts with a
nonmetal. The formation of sodium chloride results from the
reaction of sodium metal with chlorine gas, as shown below.

2 Na(s) + Clz(g) -2 NaCI(s)

This is a redox reaction in which an electron is transferred
from each sodium atom to a chlorine atom forming sodium
chloride. In the formation of NaCl, sodium loses an electron
and is present as the sodium ion (Na*), having a net charge
of +1; whereas chlorine accepts an electron and is present as
the chloride ion (CI™), having a net charge of —1. This is
illustrated in Figure 2.2.

With these concepts in mind, an oxidizing agent is any
substance that can add electrons. Alternatively, any substance
that can give up electrons is called a reducing agent. Table 2.9
lists several oxidizing and reducing agents. Elements that have
an intermediate oxidation state may serve either as an oxidizing
or reducing agent.

11e” 17¢” 10e™ 18e™
O RNCIE CI RO
Na atom Cl atom Na* ion Cl™ ion

lllustration of electron transfer during formation of
sodium chloride.

Common oxidizing and reducing agents.

Oxidizing agents Reducing agents

0(0) H(0)
Cl(0) Fe(0)
Fe(Ill Mg(0)
Cr(v) Fe(ll)
Mn(V) Cr(ll
Mn(VIl) Mn(IV)
N(V) NIl
NI Cl(=)
5(0) 5(0)
S(V) S(-INy
S(VI) S(V)

Follow the steps presented below for balancing complex
oxidation-reduction equations.

Check to see whether any chemical species is being oxidized
or reduced.

Write and balance half-reactions.

Fill in the remainder of the chemical equation.

Check mass balance on both sides of the equation.

Examples 2.9 and 2.10 illustrate typical oxidation-reduction
reactions that occur in water chemistry.

Example 2.9 Oxidation-reduction
reaction |

Balance the reaction below:

KCIO; — KCI + O,

Solution

Assign oxidation numbers to all elements in the
reaction as follows:

[+54+3(2-) |+1— 0
KCIO; —» KCl+ 0,

Separate the basic equation into two, half-reactions: one
should illustrate the oxidation step and the other the
reduction.

Oxidation: O?~ - O%+2e”

Reduction: CPP*+6e” — CI~
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Balance all the atoms in the half-reactions. Multiply the
oxidation equation by 3 and then add the equations
together.

30 530%+6e”
CPt+6e” > CI~

307 +CPY 5 30%+Cm
Fill in the remainder of the chemical reaction.
3
KCIO; — KCI + 5 O,

Multiply both sides of the equation to remove the
fraction.

2KCIO; — 2KCI+ 30,

Check mass balance on both sides of the equation.

Element Leftside Rightside

K 2
Cl 1 1
(6] 6 6

The chemical equation is balanced!

Example 2.10 Oxidation-reduction
reaction 2

Balance the reaction below.

Zn° 4+ CuSO, — ZnSO,, + Cu°
Solution

Assign oxidation numbers to all elements in the
reaction as follows.

2+ 6+4(2-) 2+ 6+4(2-)
Zn° 4+ CuS O, = ZnS O, +Cu°

Separate the basic equation into two, half-reactions; one
should illustrate the oxidation step and the other the
reduction.

Oxidation:  Zn® — Zn?* +2e”

Reduction: Cu’* +2e” — CU°

Balance all the atoms in the half-reactions and add the
equations together.

7Zn% > Zn*t +2e”

Cu*t +2e” —» QL

7Zn° + Cu*t —» Zntt 4

Fill in the remainder of the chemical reaction.

Zn 4+ CuSO, = ZnSO, + Cu

Check mass balance on both sides of the equation.

Element Leftside Rightside

Zn 1 1
Cu 1 1
S 1 1
(0] 4 4

The chemical equation was balanced as originally
written!

Thermodynamic
equilibrium

Thermodynamics is the branch of science dealing with changes
in energy that accompanies physical and chemical processes.
Thermodynamics allows environmental engineers and chemists
to determine whether or not a chemical reaction will or will not
occur. However, it will not allow us to predict the rate of
reaction. The thermodynamic laws allow us to predict
equilibrium of a reaction. Other importance aspects of
thermodynamics in environmental engineering relate to
biological energetics, sludge drying and incineration, and

the cooling of thermal wastes. Some definitions that are

useful in working with thermodynamics are presented in

Table 2.10.

The first law of thermodynamics states that energy may neither
be created nor destroyed, only transferred or changed from one
form to another. In equation form, the first law of
thermodynamics is presented below. The change in internal
energy of the system is related to the flow of heat into or out of
the system and the work done by the system.

AE=q—-w (2.16)



54

Environmental engineering

Definitions useful in working with thermodynamics.
Closed system: mass may not enter or leave the system.
Energy: the capacity to do work.

Equilibrium state: a state in which the macroscopic
properties of the system, i.e,, temperature, density, chemical
composition, are well defined and do not change with time.

Open system: both mass and energy may enter or exit the
system.

Standard state: elements in the standard state give a
reference point from which to measure change.

Surroundings: the remainder of the physical world that
surrounds the system being examined.

System: the portion of the physical world that is being
examined thermodynamically.

where:

AE = change in internal energy of the system
q =heat added to the system

w = work done by the system.

If heat is added to the system, g has a positive value; if the
system gives off heat, g is negative. Likewise, if work is done on
the system by the surroundings, w has a negative value.
However, w is positive when the system does work on the
surroundings. In chemical systems, work involves expansion
work and is measured in terms of force times distance. In a
closed system, this is represented by a pressure times the change
in volume. Mathematically, this is expressed as Equation (2.17):

w %
/dW:/ Py
0 ¥
%
w=/ Py
¥|

Substituting Equation (2.18) into Equation (2.16) results in
the equation below:

2.17)

(2.18)

%
AE:q—A Py (2.19)
|

If the reaction takes place in a closed system, volume is
constant and Equation (2.19) reduces to:

AE=q-0
AE=gqy

at constant volume (2.20)

21)

When AE has a negative value, it means that the reaction is
exothermic or heat is given off. A positive value for AE
indicates an endothermic reaction and that heat is
absorbed.Most chemical reactions are not performed or
conducted at a constant volume, but at a constant pressure of

1 atm. For constant pressure, it is necessary to define a new
function of state, enthalpy (H), as presented below.

H=E+P¥ (222)
where:
H =enthalpy of the system
H =total energy content of an element or compound
E = internal energy of the system
P = pressure on the system
V =volume of the system.
A change in enthalpy is expressed as:
AH = AE + A(PY¥) (2.23)
AH=q—-w+APY) (224)

For changes that occur at constant pressure, recall that work
is defined as follows:

w = PAY (2.25)
From calculus:

A(PY) = P AV + YAP (2.26)
VAP =0 at constant pressure (2.27)
A(PY) =PAY+0 (2.28)
APY¥) =P AY (2.29)

Substituting Equations (2.25) and (2.29) into

Equation (2.24) results in:

AH=qg—-w+ APPY) (2.24)
AH=qg—PAY+PAY (2.30)

The change in enthalpy is equal to the heat absorbed when
the reaction is carried out at constant pressure:

AH =g, 231)

A negative AH value indicates an exothermic reaction,
whereas a positive value means the reaction is endothermic. For
liquids and solids, AH = AE, since there is very little change in
volume.For gases, the following equations are applicable:

PV=nRT (232)

where:
P = pressure, atm
V =volume, L

n = number of moles of gas
0.08206 atm - L

R = universal gas constant,
mol - K

T = temperature of gas, K.
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APY) =nRT 2.33)
AH = AE + A(P¥) 2.23)
AH = AE + AnRT (2.34)

Where An is the change in the number of moles of gas due
to the chemical reaction at a fixed temperature.

Example 2.11 Calculating changes in
enthalpy and energy

When 1 mole of ice melts at 0°C at a constant pressure of

1 atm, 1440 cal of heat are absorbed by the system. The
molar volumes of ice and water are 0.0196 and

0.0180 liters, respectively. Calculate the change in enthalpy,
AH, and change in energy, AE.

Solution

From Equation (2.31):

AH =g, = 1440 cal
APY)=PA¥Y+Y¥AP=PA¥+0
APY) =P AY- = PR, —¥)

A(P¥) =1 atm(0.0180L —0.0196L)

=—1.6x1073L-atm

. K
APY) = —1.6x 10730 -atm [ —12" 0
"9 x am<0.08206atm-L>
[ .98 cal
= —0.039 cal
X(K~mo|> 0.039 ca

AH = AE + A(PY¥)
AH = 1440 cal — 0.039 cal

Therefore, AH =~ AE = [1440 cal

and that of MgO is 0.011 L, determine the change in
energy, AE.

Solution

APY) = AP + AP Y,
A(PY), = 1 atm(0.011 L—0.028L) = —0.017 L - atm

mol - K
AP¥), =-0017L-atm ( ———F——
P¥s am(0.0BZOéatm~L)
| .98 cal
><(K_ml>_—o.4|ca|

AP¥)g =nRT

[.98 cal
K- mol

A(PY) = —0.41 cal + 1780 cal = 1780 cal
AH = AE + A(PY)
AE = AH — A(P¥) = 26,000 cal — 1780 cal

[zl

AP¥ = (I mole) ) (900K) = 1780 ca

Example 2.12 Calculating changes in
energy

For the decomposition reaction of magnesium carbonate
given by the reaction below:

MgCO;34) = MgO) + COy,

The change in enthalpy, AH = 26, 000 cal at 900 K and
1 atm of pressure. If the molar volume of MgCO; is 0.028 L

The total enthalpy of a system is difficult to measure, so
scientists and engineers are generally interested in a change in
enthalpy. A system has been developed so that the change in
enthalpy, or the heat of formation of a compound or element,
can be determined at standard conditions of 25°C and 1 atm
pressure. At standard conditions, compounds whose standard
state is gas, liquid, or crystal or solid are assigned enthalpies
equal to zero. In this text, the standard enthalpy of formation
will be represented as AH;. The change in standard enthalpy
for a chemical reaction is given below:

AH" = Z AHF(P"OdUdS) - Z A’_’;(reac‘tamts) (235)

where:

AH® = change in standard enthalpy for a reaction,
kcal/mole, k]J/mole

2 AH; (products) =sum of the change in standard enthalpy for
products, kcal/mole, kJ/mole

Z AHf° (reactants) =Sum of the change in standard enthalpy for
reactants, kcal/mole, kJ/mole.

Table 2.11 lists standard enthalpy values for various
compounds.

Example 2.13 Calculating AH° for
the oxidation of glucose
For standard conditions, calculate the change in enthalpy

or heat required for oxidizing glucose to carbon dioxide
and water vapor as shown in the equation given below.
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Standard enthalpies of formation for various compounds at 25°C.

Species State AH;, kcal/mol Species State AH;, kcal/mol
Calt aqg —130 H,O g —-57.798
CaCO, c —288.4 HS™ aq -4.22
CaF, c —290.37 H,S g —4.815
Ca(OH), c —235.87 H,S aq =94
CasO, - 2H,0 c —483.07 H,SO, I —193.9¢
CH, g —17.889 Mgt aq -53.3
CH,CH,§ g —20.23° Na* aq —57.3¢
CH,COOH aq —1167° NH, g —11.04
CH,COO™ aq —116.84 NH; aq —19.32
CH,CH,OH I —66.37° NH aq -31.74
CO, g —94.05 NO3 aq —25.4¢9
CO, aq —98.69 NO3 aq —49.372
Co%- aq —161.63 OH~ aq —54.957
F- aq —78.66° = aq 10.0°
HCO3 aq —165.18 SO aq —-216.90
H,CO5* aq —167.0 Zn*t aq —36.4¢
H,O / —68.3174 ZnS c —48.57

Enthalpy values from Snoeyink & Jenkins (1980) p. 64.
9 Enthalpy values from Sawyer et al. (1994) p. 53.
I cal = 4.184Joules; ag-aqueous; I-liquid; c-crystal; g-gas

The standard enthalpy of formation for glucose,
CeH,, 044> is —304.3 keal /mol.

The second law of thermodynamics states that all systems tend

CeHOgs) + 6 Oy = 6 COypy + 6 H, Oy to approach a state of equilibrium. Entropy is the concept
developed by physical chemists used to judge whether or not a
Solution chemical process is at equilibrium or proceeding to

equilibrium. Work can only be obtained from systems that
have not reached equilibrium. In a reversible process, the
entropy of the universe is constant. In an irreversible process,
the entropy of the universe increases. An increase in entropy

From Equation (2.35) and using AH}’ values from Table
2.11, calculate AH'.

o o o lates to a decrease in the orderliness of a system, while a
AH =) AH - AH re ysten,
2 f (products) Z f (reactants) decrease in entropy causes an increase in the orderliness of the
Z A et = 6 X (_9 405 @) e (_ 578 @) system. In equation form, the change in entropy is defined
fe mol mol as follows:
o _ kcal
Z AHf(Products) =911 el ..,
o keal kcal A= / T (2
Z AHf(reactants) = I X <—3043 @) ot 6 X (O @)
Z AH;(reactants) =—304.3 @ where:
mol AS = change in entropy
°_ keal keal\ kcal d,., = heat absorbed by the system during a reversible
AR = 9111 <2 — (3043 <2 ) = |-606.8 <= A

T = absolute temperature of the system.
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The entropy of a substance at 0°K is zero. For an isothermal
process, Equation (2.36) simplifies to:

G, = TAS 2.37)

Changes in entropy at standard conditions (25°C) can be
calculated using entropy values for the products and reactants
in chemical reactions. The change in entropy at standard
conditions is calculated according to Equation (2.38).

AS® = Z S°(products) — Z S°(reactants) (2.38)

where:
AS° = change in standard entropy for the reaction,
J/K
Z S°(products) = sum of the standard entropies of products,
J
K - mol
z S°(reactants) = sum of the standard entropies of reactants,
_J
K- mol’

Table 2.12 presents standard molar entropy values for
various compounds.

Example 2.14 Calculating changes in
entropy at standard conditions

For the following chemical reaction, show how to calculate
the change in entropy at standard conditions.

aA+bB=—=IL+mM

Solution

From Equation (2.38):

AS° = Z S°(products) — Z S°(reactants)

AS° =S +mS;, —aS; +bS)

Standard molar entropy values for various compounds at 25°C.

Compound or
J

element Entropy, S°, i
C (o) (graphite) 574 +0.10
Na, 51.30 +0.20
P (white) 41.09 +0.25
S (rhombic) 32.054 + 0.050
A& 42.55 +0.20
Heg, 126.153 + 0.002
Ne, 146.328 + 0.003
Arg 154.846 + 0.003
Krg 164.085 + 0.003
Xeg, 169.685 + 0.003
Mg 130.680 + 0.003
Ny 191.609 + 0.004
O 205.152 + 0.005
e 202.791 + 0.005
Chg 223.081 +£0.010
Bryg 245.468 + 0.005
b 260.687 + 0.005

Compound or
J

element Entropy, S°, ——
H,0, 69.95 +0.03
H,04) 188.835 + 0.010
NHy, 19277 + 0.05
H, 0, 1096
CH,OH,, 239.865
CHCly,, 2017
CH,Cly, 2346
Oy, 197.660 + 0.004
COy) 213.785£0.010
NO(g) 210.745
NO,, 240,166
N,Os0 3044
SOy 248.223 + 0.050
CH4(g) 186.369
CoHhg) 200927
CHig 219316
C,HOy,) 281,622

Entropy values from CRC Handbook of Chemistry and Physics (2010), 9Ist Edition, pp. 5-1, 5-2, 5-3, 5-13, 5-16, 5-19, 5-20,

5-46, 5-47, 5-49, 5-61.
| cal = 4.184]oules.
ag-aqueous I-liquid c-crystal g-gas
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Example 2.15 Calculating changes in
entropy at standard conditions

Determine the change in entropy at standard conditions
for the following chemical reaction:

COg +3Hy = CHyg) +H O,

Solution

From Equation (2.38):
AS° = Z S°(products) — Z S°(reactants)

Obtain entropy values from Table 2.12:

J

S°(products) = | x 186.369 |
Z (products) X Kol +
J
188.835
X K- mol
Y 5°(products) = 375.204 JE
ZS"(reactants) X 197.66—— +3x 130,68 —
K- mol K- mol

Z S°(reactants) = 589.7 JE

AS® = 375.204 JE —589.7 JE =|-214.496

Free energy is that component of the total energy of a system
which can do work under isothermal conditions. For irreversible
processes, AS increases; however, the change in free energy AG
decreases. In equation form, free energy is defined as follows:

G=H-TS (2.39)
where:

G = Gibbs free energy

H =enthalpy of system

T = absolute temperature of system

S = entropy of system.

Equation (2.39) may be expressed in differential form as:

dG=dH-TdS—-SdT (2.40)

At constant temperature, dT = 0 and at constant pressure,
dH = dq, Equation (2.40) reduces to:

dG =dq—Tds 2.41)

AG=Aq-TAS or AG=AH-TAS (242

Free energy calculations allow us to predict whether or not a
chemical reaction will occur. When AG = 0, the reaction is at
equilibrium. If AG > 0 (i.e., a positive value), the reaction will
occur spontaneously or proceed in the forward direction as
written. If AG < 0 (i.e., a negative value), the reaction will not
occur spontaneously in the forward direction, but will proceed
in the reverse.

The change in energy at standard conditions can be
calculated using Equation (2.43). Standard conditions mean
1 atm pressure and a temperature of 25°C.

AG® = Z AG; (products) — Z AG; (reactants)  (2.43)

where:

AG’ = change in free energy of formation of
reaction, kcal/mol, kJ/mol

Z AG; (products) = sum of the changes in the free energy of
products, kcal/mol, kJ/mol

Z AG; (reactants) =sum of the changes in the free energy of
reactants, kcal/mol, kJ/mol.

Table 2.13 presents standard free energy of formation values
for various compounds at 25°C.

Example 2.16 Calculating changes in
free energy at standard conditions

Calculate the change in free energy for the combustion of
ethane at 25°C.

J

GHg + 3

Oy = 2C0Oy, +3H,0,

Solution

From Equation (2.43):

AG® = Z AG; (products) — Z AG;(reactants)
AG® = 2AG; (COy)q, + 3AG, (H,0) — AG, (CyHo)g

7 o
~ 54612

Obtain free energy values for the various elements and
compounds from Table 2.13.

AG® =2 X (—94.26 ) )+ 3x (—56.69 el )

mole mole
keal 7
—ix(=7. —) L
x ( B mole 2 x©
AG® =|—-350.73 XL
mole
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Standard free energy of formation for various compounds at 25°C.

Species State AG;, keal/mol
Ca’t aq —132.18
CaCO, c —269.78
CaF, c —277.7°
Ca(OH), c —214.33¢
CasSO, - 2H,0 c —429.2°
CH, g —12.140
CH;CH, g —7.867
CH;COOH aq —95.5¢
CH,COO™ aq -89
CH;CH,OH / —41.87
C 15O, aq -217.0°
CO, g —94.26
CO, aq -92.31
cof aq -126.22
F- aq —66.1¢
HCO3 aq —140.31
H,CO,* aq —149.0

Free energy values from Snoeyink and Jenkins (1980), p. 64.

9 Free energy values from Sawyer et al. (1994), p. 53.
| cal = 4.184 Joules.
ag-aqueous |-liquid c-crystal g-gas

The equilibrium constant (K) can be determined from free
energy data. Given the following reaction:

aA +bB < cC+dD (2.44)

where:

a = moles of substance A
b = moles of substance B

¢ = moles of substance C

d = moles of substance D.

The equilibrium constant represents the ratio of the
concentration of products to reactants at equilibrium, i.e., the
concentration of the reactants and products have reached
equilibrium and do not change with time. Mathematically, the
equilibrium constant is defined by the following equation:

_ [CI[D)?

= 245
[Al°[B]P o

Species State AG;, keal/mol
H,O / —56.69
H,0 g ~54.6357
HS™ aq —3.01
H,S g ~7.892
H,S aq —6.54
Mgt aq —-108.99
Na*t aq —62.6¢
NH, g —3.976
NH, aq —6.37
NH aq —19.00
NOJ aq —8.25¢
NO; aq ~26.43
OH~ aq —37.595
§= aq 20.0°
Sejy aq —177.34
Zf aq —35.2¢
ZnS c —47.49

where:

K = equilibrium constant

A = concentration of substance A, moles/L
B = concentration of substance B, moles/L

C = concentration of substance C, moles/L

D = concentration of substance D, moles/L.

Free energy is related to the equilibrium constant by the
following equation:

AG = AG® +RTIn(K) (2.46)

where:

R = universal gas constant and can be expressed in various ways
R =0.08206 (L - atm)/mol

R=8.3144]/(K - mol)

T = absolute temperature, K (273.15 + °C).

At equilibrium when AG = 0, Equation (2.46) reduces to
the following:

AG® = —RTIn(K) 2.47)
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2.5.4.1 Temperature Dependency of Equilibrium Constant
The equilibrium constant is dependent upon temperature. A
differential equation showing the relationship to temperature is
shown below:

din(K) _ AH°
dT  ~ RT2

(2.48)

Over a limited temperature range, the change in enthalpy
can be assumed to not be a function of temperature. Therefore,
integration of Equation (2.48) yields:

.
AH [

d In(K) = —dT 249
JELCEE YA 249)
/dln(l()— Olui x—l/TzldT (2.50)

TR T), T '
K AR (1 |
In—- = ——— 251
nK R (TZ T\) ( )
K o (T, T
ol = AR (1170 (2.52)
K, R T T,

Example 2.17 Correcting the
equilibrium constant for temperature
Calculate the equilibrium constant (K,) at 10°C for

carbonic acid assuming that K; = 4.35 x 1077 at 25°C.
AH? for HY =0.
f (aq)

¥ _
H,CO54q) < H(Uq) + HCO3(GQ)

Solution

First calculate AH~ From Equation (2.35) using the
enthalpy values from Table 2.11:

AH® = Z AH;(products) - Z AH;(reactants)
AH = 1x(0) + | x <—|65.I8 @)
mol

—Ix (—|67.o@) = 1.82keal = 1820 cal
mol

Ky AH° (TI_TZ>
Ih—2 = — L2

K, R T T,

! Kygz _ 1820 cal (298K—283K>

Kyos  1.98cal \ 298K x283K
K- mol

K

-2 = _0.163

K298

K
2B =018 =085

Kygs = 0.85K,05 = 0.85(4.35x 1077) =(3.7x 10~/

Acid-base chemistry

Chemists often use the “p scale” for expressing concentrations
and equilibrium constants. This is based on common
logarithms (base 10) and is a convenient way of expressing
numbers with small magnitudes. In the “p scale” system, if N
represents a number, then:

pN = —logN (2.53)

Or the value of N can be calculated if the value of pN is
known.

N= 10PN (2.54)

Rather than expressing the hydrogen ion concentration in
moles/L, Sorensen in 1909 proposed the concept of pH (Sawyer
and McCarty, 1978). The pH scale is usually represented by a
scale ranging from 0 to 14, with a neutral pH indicated by a
value of 7. Solutions are acidic when the pH is below 7 and
basic or alkaline when the pH is higher than 7. The pH of water
at 25°C is equal to 7, therefore, it is neutral. Mathematically, pH
is defined as the negative of the logarithm of the hydrogen ion
concentration.

pH = —log [H*] (2.55)
where [H*] = hydrogen ion concentration, moles/L.

The hydrogen ion concentration, as monitored
by pH, is an important parameter in environmental
engineering. Rates of biological and chemical reactions are
impacted by pH and, outside a specific range, they may not
proceed. Water and wastewater treatment processes generally
function best within a pH range of 6 to 8.5. Chemical
coagulants and polymers each have an optimum pH where they
function best. Fish and most aquatic life do not thrive at pH
values lower than 5.

The “p scale” may be used to express other constituents in a
solution. In equilibrium chemistry, the concentration of
hydroxide may be expressed in terms of pOH, analogous to the
pH concept. Mathematically, pOH is defined as the negative of
the logarithm of the hydroxide ion concentration, as shown
below.

pOH = —log [OHT] (2.56)

where [OH™] = hydroxide ion concentration, moles/L.

Table 2.14 lists several household items and their estimated
pH value.

Acid-base chemistry is best described by the
Bronsted-Lowry model. According to this model, an acid is a
proton (H") donor, and a base is a proton acceptor. This can
best be illustrated with the following reaction:

HA g + HyO & H;OF | + A~

(aq) (aq) (257)
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Estimate of pH for several common items.

Item pH
M HCI 0
Lemonade 2.2-30
Raw apples 22-30
Milk 64-76
Pure water 7.0
Drinking water 6.5-8.5
Ammonia [1—12
I M NaOH 14

Based on EPA website on acid rain at: http//www.epa.gov/
acidrain/measure/ph.html
pH of | M HCl and | M NaOH were calculated.

where:

HA = represents some generic acid dissolved in water

H,O =represents a base in this reaction

H,O" = hydronium ion, typically shown only as a hydrogen
ion, H*.H;O% represents a conjugate acid in this
reaction

A~ =represents the conjugate base formed in this reaction.

The conjugate acid forms when the proton is transferred
from the acid to the base; while the conjugate base results from
the loss of the proton from the acid. In Equation (2.57), the
acid-base pairs are: HA (acid) and A~ (base), and H, O (base)
and H;O™" (acid). A better example of the conjugate acid-base
paring is shown in Equation (2.58).

@) (2.58)

HCl g +H,0() < H3O(+Gq) + CI”

In the above reaction, hydrochloric acid loses a proton to
form chloride, its conjugate base, while water (base) accepts a
proton forming the hydronium ion, its conjugate acid.

Amphoteric compounds are those that can react either as an
acid or a base. The following amphoteric compounds are
encountered in environmental systems: H,O, HCO3, HSO,,
and NH;. Water can ionize according to the following reaction:

H,O +H,0 < H3O(J;q) + OH~ (2.59)

(aq)

Water acts as both an acid and a base. As mentioned
previously, the hydronium ion and hydrogen ion are used
interchangeably. The hydrogen ion does not actually exist in
aqueous systems, but combines with a molecule of water to
form the hydronium ion (H;O%). Equation (2.59) is typically
abbreviated as shown below:

H,O) < HE  + OHZ

(aq) (aq) (2.60)

The equilibrium constant (K) at 25°C for water is
1.8 x 10716,

_ [HToHT] _ -6
K= ol - 1.8% 10

.6l)

The concentration of water in dilute solutions is relatively
constant; in 1 L of water, there are 55.5 moles, as shown in
Equation (2.62).

1000g H,O/L _ moles
18 g H,O/mole — 22 L 262)
_ [HYI[OHT] _ _l6
K= ol - 1.8x 10 (2.63)
[HFI[OH 1= (1.8 x 107'®) x [H,0] =K, (2.64)
[H*][OH"] = (1.8 x 107'16) x (55.6 mo'es)
L
=K,=10x107" (2.65)
[H¥][OH 1=K, = 1.0x 107" (2.66)

The dissociation constant (K,,) for water at 25°Cis 1 X 10714
or 10714, Using the “p scale”, Equation (2.66) can be expressed
as:

pH +pOH = pK,,
pH+pOH = 14

2.67)
(2.68)

Example 2.18 Calculate the pH
of pure water at 25°C

The dissociation constant (K,,) at 25°C for water is 10714,
Calculate the pH of pure water.

Solution

The charge balance for a solution containing pure water is
given below:

[H*]=[OH"]

Substituting into Equation (2.66) yields a hydrogen ion
concentration of 1.0 X 10~ moles/L.

1.0x 1071

[HY]I[OH"1=K,,

[HTIH" =K, = 1.0x 1074
H2 =K, =1.0x10""
[Hf1=+/K,=VI0x 107" =1.0x 107/

The pH is then determined by substitution into
Equation (2.55):

pH = —log [H*]
pH = —log (1.0x 107) =[7.0]
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Example 2.19 Calculate the pH,
pOH, and [OH™] in a solution

Determine the pH, pOH, and [OH™] in a solution in
which [H*] = 6.00 x 107

Solution

From Equation (2.55):

pH = —log [H*]
pH = —log (6.00 x 107" =
From Equation (2.68):

pH+pOH = 14
pOH = 14 —pH = 14-3.22=[10.78

From Equation (2.56):

pOH = —log [OHT]

[OH] = 107" = 1071078 =

Alternatively, the hydroxide concentration can be
calculated by rearranging Equation (2.66):
[HH][OH 1=K, = l.ox 107"

—14 —14
[OH"] = [.0x 10 _ 1.0x 10 =[166x |O_H

H1 60x 107"

Example 2.20 Calculate the [H*] in a
solution

Determine the [H*] concentration in a solution with a pH
of 9.6.

Solution

Rearrange Equation (2.55) to solve for [H].

pH = —log [H*]

[Hf = 10" =106 =[2.5%x 107'°

Water has the ability to cause many substances to split apart
into charged species. This process is known as dissociation or

ionization. Strong electrolytes dissociate completely in water.
Almost all salts are completely dissociated in water. Examples of
salts that dissociate readily include KBr, NaCl,

CaCl,, Ca(NO;),, Fe(ClO,),, and Cd(BrO,),.

Example 2.21 Dissociation of sodium
chloride in water

Calculate the molar concentration of the sodium and
chloride ions when 2 moles of sodium chloride are added
to distilled water to form 1 liter of solution.

Solution

Assume complete dissociation of the sodium chloride.

NaCl — Na* + CI~

Since stoichiometry indicates that 1 mole of sodium
chloride yields 1 mole of sodium ion and 1 mole of chloride
ion, the resulting solution will contain the following:

[NaCll=[0]  [Na*]= [Cr]=

The dissociation of strong acids and bases is almost
complete. Few acids are completely dissociated or ionized in
water. The dissociation constant of an acid or base is used to
quantify its strength. The dissociation constant for an acid is
represented by K, and for a base by K, . Strong acids have large
dissociation constants or AG values that are very negative.

Strong acids generally have a pK, < 2, where
pK, = —log [K,] (Mihelcic, 1999, page 88). Examples of strong
acids (K, &~ oo0) include: HCl, HNO,, H,SO,, HBr, HI, and
HCIO,.

Acids are proton donors. When an acid dissociates in water,
a hydrogen ion is released forming a conjugate acid and a
conjugate base as shown in Equation (2.69).

HAg + HO © HOF  +A (2.69)

(ag) (aq)

where:
H3O+(aq) = hydronium ion or conjugate acid

A,y = conjugate base.

In most environmental engineering texts, Equation (2.69) is
simplified so that water is omitted from the reaction and the
hydronium ion is replaced with the hydrogen ion.

Equation (2.70) is the general reaction for the dissociation of a
generic acid.

HA < HY + A- 2.70
(2.70)

where:

HA = generic acid

H* = hydrogen ion

A~ = conjugate base ion.
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Equation (2.71) is used to calculate the acid dissociation
constant, K.

k, = HIAT] @71)
[HA]

where:

[HA] = concentration of generic acid, moles/L
[H*] = hydrogen ion concentration, moles/L
[A™] = concentration of conjugate base, moles/L

K, = dissociation constant for a generic acid.

Example 2.22 Dissociation of
electrolytes in water

Calculate the molar concentration of the ions in a solution

prepared by diluting 0.10 moles of Ca(NO5;),, 0.15 moles of
HCI, and 0.30 moles of CaCl, to 1liter with distilled water.

Solution

Assume complete dissociation of the hydrochloric acid
since it is a strong acid and complete dissociation of
calcium nitrate and calcium chloride since they are strong
salts.

HCl - H + CIm

The hydrogen ion concentration is equal to
0.15 moles/L, since the hydrochloric acid is completely
dissociated. This reaction also yields 0.15 moles/L of
chloride ion.

CaCl, » Ca’* +2CI”

The dissociation of calcium chloride yields
0.30 moles/L of calcium ion and 0.6 moles/L of chloride
ion (2 X 0.30 moles/L).

Ca(NO3), —» Ca’* +2NO3

The dissociation of calcium nitrate yields 0.10 moles/L
of calcium ion and 0.20 moles/L of nitrate ion
(2 0.10 moles/L). The final concentrations of ionic
species in solution are presented below:

[H*]1=[0.15M]
[Ca%*] =0.10 4+ 0.30 =[0.40 M]
[C7]1=0.15+2x0.30=[0.75M]
[NO31=2x0.10=[0.20M]

Also show that the solution is electrically neutral.

[H*]+2[Ca*] = [NOZ 1+ [CI7]
0.15 + 2(0.40) = 0.20 + 0.75
0.95 = 0.95

Bases are proton acceptors. When a base dissociates in
water, a hydroxide ion is released and a conjugate acid is formed
as shown in Equation (2.72). BOH represents a generic base.

BOH « B* + OH~ 2.72)
where:
BOH = generic base
B* = conjugate acid

OH™ = hydroxide ion.

Equation (2.73) is used to calculate base dissociation
constant, K.

[B*I[OHT]
K, = “BOHT (273)
where:
[BOH] = concentration of generic base, moles/L
[B*] = conjugate acid concentration, moles/L
[OH™] = hydroxide ion concentration, moles/L
K, = dissociation constant for a generic base.

Strong bases that dissociate readily (K}, ~ o) include
NaOH, KOH, LiOH, and Ba(OH),. Table 2.15 shows the
equilibrium or dissociation constants for several acids and
bases used in environmental applications.

A weak electrolyte is a compound which does not completely
dissociate in water. Most acids and almost all organic acids are
weak electrolytes. Examples of weak acids include
H,S,H,CO,, HF, H,PO,, HCN, and CH;COOH. Weak bases
also result in incomplete dissociation in water. Examples of
weak bases include NH;, N, H, (hydrazine), and organic bases
such as C4N;H, (aniline) and C,N;NH, (ethylhyamine).
Complexes or coordination compounds, which are species of a
central metal ion and one or more associated groups are weak
electrolytes. Examples of these include:
Ag(NH;)}, Fe(CNS)*t, Hg(CN);, and Fe(CN)gJ'. Water is a
weak electrolyte, since it ionizes only slightly into hydrogen and
hydroxide ions.

When solving weak acid-base equilibrium problems, follow
the steps below:

Write all chemical reactions that occur.
Write all equilibrium constant expressions.

Write the electroneutrality equation.
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Equilibrium (dissociation) constants for several acids and bases.

Acid Name pK, Base Name PK,
HCIO, Perchloric —7  ClOy Perchlorate ion 21
HCl Hydrochloric ~-3 CI” Chloride ion |7
H,S0, Sulfuric ~=3 HSOy Bisulfate ion |7
HNO; Nitric 0 NO3 Nitrate ion 14
H,O* Hydronium ion 0 H,O Water 14
HSO, Bisulfate ion 20 SO%’ Sulfate ion 12
H;PO, Phosphoric 2.1 H,PO; Dihydrogen phosphate [1.9
[Fe3(HZO€,)]3Jr Ferric ion 22 [FeB(HZO)S(OH)]ZJr Hydroxo iron (lll) complex 1.8
CH;COOH Acetic 47  CH;COO~ Acetate ion 9.3
[AI3(HZO)6]3+ Aluminum ion 49 [AI(HZO)S(OH)]2+ Hydroxo aluminum (lll) complex 9.1
H,CO; Carbon dioxide and carbonicacid 63~ HCO3 Bicarbonate 7.7
H,S Hydrogen sulfide 7.1 HST Bisulfide 6.9
H,PO; Dihydrogen phosphate 72 HPO%‘ Monohydrogen phosphate 6.8
HOCI Hypchlorous 75 OCI™ Hypochorite ion 6.4
HCN Hydrocyanic 93 CN~ Cyanide ion 4.7
H,CO, Boric 93  BOH); Borate ion 4.7
NH} Ammonium ion 93  NH; Ammonia 4.7
H,SiIO, O-Silicic acid 95 H;SIO, Trihydrogen silicate ion 4.5
HCO3 Bicarbonate 10.3 CO%_ Carbonate 37
H,O, 'Hydrogen peroxide 7 HO; "Hydrogen peroxide anion 23
HPO}}_ Monohydrogen phosphate 12.3 POi_ Phosphate 1.7
HS™ Bisulfide ion 14 S Sulfide 0
H,O Water 15749 OH~ Hydroxide —|.749
NH, Ammonia ~23  NHj Amide ion =
OH™ Hydroxide ~24 O Oxide -0

pK, and pKj values from Snoeyink & Jenkins (1980). Water Chemistry, p. 90 and 91.

9 pK, and pK; values from Stumm & Morgan (1996). Aquatic Chemistry: Chemical Equilibria and Rate in Natural Waters, 3rd Edition, p. 96.

Write the material balance equation.

Example 2.23 Calculating the charge

Solve algebraically. R .
balance for acetic acid

Determine the charge balance for a solution of acetic acid
2.6.2.1 Electroneutrality (HAC).
All solutions must be electrically neutral; therefore, a charge
balance must exist. The positive ions (cations) must equal to the
negative ions (anions) for electroneutrality. A complete water
analysis should produce a solution that is electrically neutral.
The electroneutrality or charge balance equation is useful in
solving acid-base equilibria problems. Two examples are
presented below to illustrate how to determine the charge
balance in a solution.

Solution

Write all chemical reactions that occur:

HAC & HT 4+ Ac™
H,O © H* + OH"
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The following chemical species are present at
equilibrium: HAc, Ac™, H,0,H*, and OH™
The charge balance is shown below:

[H¥]=[OHT+[AC]

Example 2.24 Calculating the charge
balance for sodium carbonate

Determine the charge balance for a solution of sodium
carbonate (Na,CO;).

Solution

Write all chemical reactions that occur:

Na,CO; — 2 Na* + CO?~
H,CO3 « H* + HCO3
HCO3 « H* +CO%™
H,O < H* + OH~
The following chemical species are present at
equilibrium: Na™, H,CO;,HCO;3, CO%‘, H,0,H*,

and OH™
The charge balance is shown below:

[H*]+ [Na*] = [OH™] + [HCO31 + 2[CO3 "]

2.6.2.2 Proton Condition Equation

When working with acid-base equilibria problems, it is
necessary to introduce the concept of the proton condition. The
proton condition or equation is developed by performing a
mass balance on protons. To start with, however, a reference
level or zero level must be established. The zero level represents
the chemical species present which are added to a solution or
that are present initially. As the solution moves towards
equilibrium, some chemical species gain protons and others
lose protons. The proton condition equation is then developed
by equating all chemical species that have gained a proton to
those that have lost a proton relative to the zero or reference
level. Two examples are presented below to illustrate how to
develop the proton equation. The chemical species present at
the reference level do not appear in the proton equation.

Solution

Write all chemical reactions that occur:

HAC & HT + Ac™
H,O < H" + OH~
The following chemical species are present at
equilibrium: HAc, Ac™, H,0,H*, and OH™
The following chemical species are initially present in

the solution (reference or zero level): HAc and H, O.
Chemical species that gain a proton include H*:

H,O + H* & H,O*  (hydronium ion)

which is generally represented as a hydrogen ion or H*.
Chemical species that lose a proton include Ac™ and
OH™:

HAC & HT + Ac
H,0 © H* + OH-

The proton condition equation is shown below:

[H*] = [OH]+[AC]

For acetic acid, the proton condition is the same as the
electroneutrality equation.

Example 2.25 Calculating the proton
condition equation for acetic acid

Determine the proton condition equation for a solution of
acetic acid (HAc).

Example 2.26 Calculating the proton
condition equation for sodium
bicarbonate

Determine the proton condition equation for a solution of
sodium bicarbonate (NaHCO5).

Solution

Write all chemical reactions that occur:

NaHCO; < Na* + HCOJ
H,CO} < H* + HCOZ
HCO3 & H* + CO3™
H,O & H* + OH™~
The following chemical species are present at
equilibrium: Na*, H,CO%, HCO;, CO3™, H*, and OH~

The following chemical species are initially present in
the solution (reference or zero level): HCO3 and H,O.
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Sodium bicarbonate is a strong base and will
completely dissociate into Na™ and HCO3, so NaHCO; is
not shown as one of the species at the reference level.

Chemical species that gain a proton include:

H* and H,CO;.

H,O + H* & H;0*  (hydronium ion)
HCO3 « H* +H,CO%

Chemical species that lose a proton include
CO3™ and OH~

H,0 < H + OH~
HCO3 « H* + CO%™

The proton condition equation is shown below:

[H*] + [H,CO3] = [OH] + [CO3]

Example 2.27 Calculating the pH in a
solution of weak acid

Calculate the hydrogen ion concentration and pH in a
solution prepared by diluting 0.10 mole of HCN to 1.0 L
with distilled water. The dissociation constant for HCN is
7.2 %100

Solution

Write all chemical reactions that occur:

HCN « H* + CN™
H,O < H* + OH"

Write all equilibrium constant expressions:
[H*IICNT]

[HCN]
[HTI[OH" 1=K, =1.0x 107"

=7.2x%x107'0

Write the electroneutrality equation:
[H*] = [CN7]+ [OH7]
Write the material balance equation:

[HCN]+[CNT]=0.10M

Solve algebraically.

Since the solution is acidic, assume that
[H*] >> [OH™], therefore, [H*] = [CN™]. Substituting
this into the material balance equation yields:

[HCN] + [H¥]=0.10M

Because K|, is very small, [HCN] >> [H*], therefore,
[HCN] = 0.10 M.

Substituting into the equilibrium expression yields the
hydrogen ion concentration.

[HIICNT] ~10

—[HCN] =7.2x%x10
[HH[H*] _ —10
oM =7.2x%x10

[Ht]? =7.2x 1079 % (0.10 M)

[H1=V72x 107" =85x%x 107°

The pH of the solution is calculated from
Equation (2.55).

pH = —log [H*]
pH = —log (8.5 x 107%) =

Check major assumptions. First compare the hydrogen
and hydroxide concentrations.

[HH[OH 1=K, = 1.0x [07"*

1.0x107"*  10x107"*

_ -9
[HY1 85x 10 210

[OHT] =

Therefore, [H*] >> [OH™], checks.
Next, compare [HCN] and [H*] concentrations.

[HCN] = 0.10M [H¥]=8.5x 107°
Therefore,

[HCN] >> [H*], checks.

Finally, check the electroneutrality equation.

[H™]=[CN7]+[OH"]

[HTIICNT] _10
—[HCN] =72%x10
[CN-] = 7.2% 10719 [HCN]

[H*]
_72x107'°00.10M)

T =847x107°
DX
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85% 1076=847x 10"+ 1.2x 1077
8.5x 107® = 8.5 x 107°, checks.

Example 2.28 Calculating the pH in a
solution of weak base

Calculate the hydrogen ion concentration, pH, and
hydroxide concentration in a solution prepared by diluting
0.10 mole of NaCN to 1.0 L with distilled water. The
dissociation constant for HCN is 7.2 x 101°.

Solution

Write all chemical reactions that occur.

NaCN < NA*T + CN~
CN~™ +H,0 & HCN + OH~
H,O < H* + OH"
Write all equilibrium constant expressions:
[HCN]J[OH]

[CNT]
[H*][OH 1=K, = 1.0x 107"

=K,=14x107

Write the electroneutrality equation.

[Na*] + [H*] = [CNT] + [OH]

Write the material balance equation.

[Nat]=0.10M
[HCN] + [CN"] = 0.10M

Solve algebraically.

Since the solution is basic, assume that
[OH™] >> [H"]. Substituting this into the
electroneutrality equation yields:

[Nat]+ [HT] = [CN™] + [OH7]
0.10 =[CNT]+ [OHT]

Equate the above equation with the material balance
equation for CN as follows:

[HCN] 4+ [CN7] =0.10 = [CN7] + [OHT]
[HCN] = [OH]

Because Kj, is very small, assume that
[CNT] >> [OH™], therefore, [CN™] = 0.10 M.

%:Kﬁ 4% 107

—[O'g_l]([)?qH_] =K, =1.4x 107
-12

[é?r(')é =K, =14x107

[OH™]12 = (0.10M)|.4 % 107>
[OH 1= VI4x10¢=[1.18x 10 M

[H*[OH 1=K, = 1.0x 107"

—14
HH = 10X 54510 12M

L18x 102

The pH of the solution is calculated from
Equation (2.55).
pH = —log [H"]
pH = —log (8.45 x 107'%) =[11.1]

Check major assumptions. First compare the hydrogen
and hydroxide concentrations:

[OH™] >> [HT]
.18 % 1073 >> 8.45 x 107'2, checks.

Next, compare [CN™] and [OH™] concentrations.

[CNT] >> [OHT]
0.10M >> 1.18 % 107, checks.

Finally, check the electroneutrality equation.

0.104+845% 1072 =0.10+ 1.18x 1073

(0.10+ 8.45 % 1072y x 100
(0.10+ 1.18%x 1073)

= 98.2% or |.2% error, close enough

Example 2.29 Calculating the pH in a
solution of weak polyprotic acid
Calculate the [H*], [HS™],[$*"], and pH ina 0.10 M H,S

solution. The dissociation constants for H,S and HS™ are
1.1 x 1077 and 1.0 X 10714, respectively.
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Solution

Write all chemical reactions that occur:

H,S < H* + HS™
HS™ « H* + 52
H,O « HY + OH™

Write all equilibrium constant expressions:

[HHI[HS™] 7 _
TS = 1.1 x 107" =K,
[HH1[S*7] 4
T =1.0x 107" =K,

[H¥][OH 1=K, = 1.0x 107"

Write the electroneutrality equation:

[HT] = [HS T+ 2[5 1+ [OHT]

Write the material balance equation:

[H,S]+[HS™1+[S*1=0.10M

Solve algebraically.

Since the solution is acidic, assume that
[H*] >> [OH™]. Substituting this into the
electroneutrality equation yields:

[H*] = [HS™] + 2[S*]

Because K, is very small, [HS™] >> [S*~]. The above
equation therefore becomes:
[H*]=[HST]
Since K, is also very small, [H,S] >> [HS™]; then the

material balance equation becomes:

[H,5] = 0.10M

Making the substitution into the first equilibrium
constant expression results in the following:

[HFI[H*]
0.10M
[H*]? = 0.10M)1.1 x 1077

H*]= V1.1 x 108 =[1.05x 10 M

pH = —log [H*]
pH = —log (1.05 x 107 =
[HS™] =

=1.1x10"/

From the K, equilibrium constant expression, solve for
[S27] as follows:

(1.05 % 107H[S2]
(1.05% 1074

[ =

[HT[OH 1=K, =1.0x 107"

—14
[OHT] = EO D 9.52x 10°'"' M|

1.05x 10~

=1.0x10""

Check major assumptions. First compare the hydrogen
and hydroxide concentrations.

[HT] >> [OHT]
1.05x 107" >>9.52 x 10", checks.

Next, compare [HS™] and [S?>~] concentrations.

[HS™] >> [$%7]
1.05% 107 >> 1.0x 1074, checks.

Compare [H,S] and [HS™] concentrations.

[H,S] >> [HST] 0.10 >> 1.05 x 107*, checks.

Finally, check the electroneutrality equation.

[H]=[HST1+2[S* 1+ [OH]
1.05x 107" = 1.05x 107" +2(1.0x 107"
+9.52% 107"

1.05 % 10~ = 1.05 x 107, checks!

Graphical techniques that make use of pC-pH diagrams are
useful for solving more difficult acid-base equilibrium
problems. The main advantage offered by this technique is that
it shows which chemical species are negligible and which are
not. The procedure involves selecting a “master variable” and
then drawing curves to show how the concentrations of the
various species change as we change the master variable. In
acid-base problems, the master variable is [H*] or pH. On the
plot, the log concentration, log [C], of the various chemical
species is plotted versus pH. These diagrams may be
constructed by hand or plotted using spreadsheet software. The
major steps in constructing a pC-pH diagram, as suggested by
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Sawyer et al. (1994), page 123, are listed below. This procedure
is used for manually constructing the diagram:

Draw a horizontal line at the log [C].

Locate the system point which occurs at pH = pK, and
draw two 45° lines sloping to the left and right through the
system point.

Locate a point 0.3 logarithmic units below the system point
and connect the horizontal and 45° lines with curves passing
through this point.

Lines for the log [H*] and log [OH™] are also drawn at 45°
lines. They intersect at a pH of 7 and where log [C]
equals —7.

Changing the concentration of the solution shifts the
diagram up or down.

A pC-pH diagram is going to be constructed to illustrate
this graphical technique in the following example. A
spreadsheet was used in drawing the diagram and therefore, the
five-step procedure presented above is modified such that
equations can be written and used within the spreadsheet.

Example 2.30 Construction of pC-pH
diagram for a weak acid

Given a 0.1 M solution of an acetic acid represented by
HAcand K, = 1.8 x 1075, develop a pC-pH diagram.
Solution

The chemical species that are present in the solution
include: [HAc], [H*],[OH™], and [Ac™]. A plot will be
made of the log of the concentration of each species as a
function of pH.

Step |

A plot of log [H*] versus pH is easily accomplished by
using the following equation. It produces a straight line on
the pC-pH diagram.

pH = —log [H*]
log [H*] = —pH (M

For pH = 1,log [H*] = —pH = —1. The table below
shows log [H*] versus pH.

log [H*] | pH
-1 1
-3 3
=5 5
-7 7
-9 9
-11 11
-13 13

Step 2

A plot of log [OH™] versus pH is made using the following
equation. It produces a straight line on the pC-pH
diagram.

[HF[OH 1= | x 1074

I x 1071
[H*]

log [OH™] = —14 — log [H]
log [OHT] = —14 + pH
log [OH™] = pH —pK, (2)

[OHT] =

For pH = 2,log [OH™] = —12. The table below shows
log [OH™] versus pH

log [OH™] | pH
-12 2
-10 4
-8 6

-6 8

—4 10

-2 12

Step 3

To plot log [HAc] and log [Ac™], we must make use of the
equilibrium expression and the conservation of mass
equation as listed below. Develop an equation for log [HA].

A Kia=1x10 [Ac] = [
[HAC]+ [Ac]=C, =0.1 M
Solving for [HAc]:
K[HAC]
[HAC] + W =Ca
Haa (142 ) = ¢
[ C]( +[H+]>_ A
A= ——A 11 G
I+ Ka I I+ Ka
(H*] [H*]
CalH*]
[HAC] = CEETA] Ko 3)
Develop an equation for log [Ac™].
AT _ -5 _ [ACTIIHY]
Tag ==X 10 [HAC] = .

[HAC] + [AcT]=C, =0.1 M
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[AcIH*]
Ka

[Ac] ( [Z] + |> = ¢,

H* K
[Ac] (@) =C,
Ka

+[ACT]=Cy

[Ac] = Ca _ KaCa
[H*] + Ky [(H*] + Ka
Ka
— KaCa
[Ac]= m Q)

The table given below shows the pH and the log
concentrations of the various species used in constructing
the pC-pH diagram (Figure 2.3) for a 0.1 M solution of
acetic acid.

log [H*] log [OH™] log [HAC] log [Ac7]

pH | Equation (1) | Equation (2) | Equation (3) | Equation (4)

0 0 —-14 —1.00 —5.74

1 -1 -13 -1.00 —4.74

2 -2 —-12 —1.00 -3.75

3 -3 —11 —1.01 -2.75

4 —4 -10 -1.07 —1.82

5 =5 -9 —1.45 -1.19

6 —6 -8 —2.28 -1.02

7 =7 =7 —3.26 -1.00

8 -8 —6 —4.26 —1.00

9 -9 =5 —5.26 —1.00

10 -10 —4 —6.26 -1.00

11 -11 -3 —7.26 —1.00

12 -12 -2 —8.26 -1.00

13 -13 -1 -9.26 -1.00

14 —-14 0 —10.26 —1.00

0 T S S |
T HAc] e (AT .-

4 . — — .

_6 ~~~ ~~~ . ’ =

% -8 PN
= . Sog
-10 et e
[OHT] _.-- .. [H7]
_12 ‘f' - . ~~~
—1447"
-16
pH

pC-pH diagram for 0.1 M acetic acid solution.

Example 2.31 Estimating equilibrium
pH from pC-pH diagram

Estimate the equilibrium pH of a 25°C solution of 0.1 M
solution of an acetic acid. The pC-pH diagram for a 0.1 M

acetic acid solution was developed in Example 2.30 and is
presented below as Figure 2.4 for this problem.

H=2.85
065~ pl A T T T T T o0
2 AN = =
[HAC] / [Ac] .-~
—4 e o
6 : e
o : ISR
Eﬂ -8 J "'¢ ~~~~
~10 e e —
[oHT] .- . [H]
-12 e BN
—144 :
-16 :
pH
pC-pH diagram for 0.1 M acetic acid solution.
Solution

A proton equation is developed by looking at all species
that either gain or lose a hydrogen ion or proton.

[H*] = [AcT] + [OH7]

The solution to the problem will be found on the
pC-pH diagram where the proton condition is satisfied.
First, examine the intersection of the hydrogen ion and
hydroxide ion lines (See Figure 2.4). At this point,

[H*] = [OH™] = 1077 and [Ac™] = 0.1, therefore this is
not the correct solution.

Next, examine the intersection of the [H*] and [Ac™]
lines. At this location, the pH is 2.85, log [H*] =
log [Ac™] = —2.85, and log [OH™] = —11.15. This satisfies
the proton equation:

[H*] = [AcT]+[OHT]
|O—2.85 — |O—2.85 + |O—II.\5
141 x 1073 =141x10"3

The pH of the solution is approximately 2.85.
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Example 2.32 Estimating equilibrium
pH from pC-pH diagram

Estimate the equilibrium pH of a 25°C solution of 0.1 M
solution of sodium acetate as represented by NaAc. The
pC-pH diagram developed for a 0.1 M acetic acid solution

and presented as Figure 2.5 can be used in arriving at the
solution.

pH=89

0(1;.

T T T T T
4 6 I * 10 12 .27

e 0
-2 [HAc] "2t
4 b

.
.
.

TacT .

the concentration of [H*] and [OH™] = 107" M. Try the
intersection of the [HAc] and [OH™] lines which occurs at
a pH of 8.9. Solve the proton condition as shown below.

[HAC] + [H*] = [OH7]
|0_5‘| + |O_8‘9 — |0—5.|

7.9 % 10° = 7.9 x 10° Checks!

The pH of the sodium acetate solution is
approximately 8.9.

-
.

-~ .

-6 - >

8 . ~
- - <

< 1
~
~ Le
~
~

log C

-~

-12 =

—141

3
-10 = —

-16

pH
pC-pH diagram for 0.1 M acetic acid solution.

Solution

NaAc is assumed to completely dissociate into cations and
anions as shown below:

NaAc — Nat + Ac™

Water dissociates into hydrogen and hydroxide ions.

H,O o H* + OH"

Some of the hydrogen ions react with the anion, Ac™,
to form HAc.

HY + Ac™ < HAC

The proton condition equation is based on those
species that either gain or lose a proton or hydrogen ion.

[HAC] + [H*] = [OH]

The solution to the problem is obtained by locating the
point on the pC-pH diagram where the proton condition is
satisfied (See Figure 2.5). Try the intersection of the [H*]
and [OH™] lines intersection which is at a pH = 7.0. The
proton condition will not be solved since the concentration
of [HAc] = 107326 = 5.5 x 10~* M is much greater than

Example 2.33 Construction of pC-pH
diagram for a weak base

Given a 0.01 M solution of ammonia represented by NH,
and pKj = 4.74, develop a pC-pH diagram.
Solution

The chemical species that are present in the solution
include: [NHI], [H*],[OH"], and [NH,]. A plot will be
made of the log of the concentration of each species as a
function of pH (See Figure 2.6).

0= -

O, 2 “[NHZ] 10[NH2]12 PPt |
- Sl L

-4 =G oOn

log C
&

-10 ” >

—-12 A SE

—144 .

-16

pH
pC-pH diagram for 0.01M ammonia solution.

Step |

A plot of log [H*] versus pH is easily accomplished by
using the following equation. It produces a straight line on
the pC-pH diagram.

pH = —log [H*]
log [H*] = —pH (1
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For pH = 1,log [H*] = —pH = —1. The table below
shows log [H*] versus pH.

log [H*] | pH
-1 1
-3 3
-5 5
-7 7
-9 9
—11 11
-13 13

Step 2

A plot of log [OH™] versus pH is made using the following
equation. It produces a straight line on the pC-pH
diagram.

[HFI[OH 1= I x 1074

| x 10~
[H*]

log [OH™] = =14 — log [H*]
log [OHT] = —14 +pH
log [OHT] = pH = pK,, @

[OHT] =

For pH = 2,log [OH™] = —12. The table below shows
log [OH™] versus pH.

log [OH™] | pH

—12 2

-10 4
-8

-6 8

—4 10

-2 12

Step 3

To plot log[NH4+] and log [NH;], we must make use of the
equilibrium expression and the conservation of mass
equation as listed below. Develop an equation for
log[NH}].

NH1[OH™

% =Ky =107**=1.8x 107

3

[NHF][OH"]
KB

[NHI1+ [NH;] = C4 = 0.0I M

[NH;] =

Solving for [NH] ]:

[NHZ [OH"]

[NH] +
4 Kg A
[NHZ] <| + [OKH_]> =C,
B
C
INH}1= ———2—
! |4 OH]
KB
KoC
[NHf]= — BA
) K |+ [OR]
KaC
+1 B™~A
(NFT = Ky +[OH™])
[HH[OH 1=K, = 107"
o K
(OFT= 154
[NHI] = KB—CIAQN 3)
(o)
[H+]

Develop an equation for log [NH,].

[NHFI[OH] K — 0474 =5
Ka[NH;]
[OHT]
[NH}1+ [NH;] = C, = 0.0l M
Ka[NH;,]
[OHT]

NH K 1) =c
[ 3]<m+ >— A
CA
KB
<[OH‘1+'>

Kw
[H*]

[NH!] =

+[NH;] =C,

[NH3] =

[OHT] =

[NH,] = G “)
Ke [H*] N
Kw

The table given below shows the pH and the log
concentrations of the various species used in constructing
the pC-pH diagram (Figure 2.6) for a 0.01 M solution of
ammonia.
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log [H*] log [OH"] log [NHI] log [NH,]
pH | Equation (1) | Equation (2) | Equation (3) | Equation (4)
0 0 —14 —2.00 —11.26
1 -1 -13 —2.00 —10.26
2 -2 -12 —2.00 -9.26
3 -3 —11 —2.00 —8.26
4 —4 -10 —2.00 —7.26
5 =5 -9 —2.00 —6.26
6 -6 -8 —2.00 —5.26
7 -7 -7 —2.00 —4.26
8 -8 -6 —2.02 —3.28
9 -9 =5 -2.19 —2.45
10 -10 —4 —-2.82 -2.07
11 -11 -3 -3.75 -2.01
12 -12 -2 —4.75 —2.00
13 -13 -1 —5.74 —2.00
14 —14 0 —6.74 —2.00

2.6.3.1 Polyprotic Acids

Graphical procedures may also be used for solving acid-base
problems involving polyprotic acids and bases. An example will
be presented to show the concepts that are involved. For further
information on pC-pH diagrams, the reader should consult the
following references:

Stumm, W,, Morgan, J.]J. (1996). Aquatic Chemistry:
Chemical Equilibria and Rates in Natural Waters. John Wiley
and Sons, Inc.

Snoeyink, V.L., Jenkins, D. (1980). Water Chemistry. John
Wiley and Sons, Inc.

Sawyer, C.N., McCarty, PL., Parkin, G.E (1994). Chemistry
for Environmental Engineering, by, McGraw-Hill.

Example 2.34 Construction of pC-pH
diagram for a polyprotic acid

Given a 0.1 M solution of a diprotic acid represented by
H,X and K; = 1073 and K, = 1077 develop a pC-pH
diagram and determine the pH of the solution.

Solution

The chemical species that are present in the solution
include [H,X], [HX"], [X2~], [H*],[OH"] and [H,0]. A
plot will be made of the log of the concentration of each
species as a function of pH.

HoX o HY 4+ HX™ K, =103
HX™ o HY + X2 K, =107

Step |

A plot of log [H*] versus pH is easily accomplished by
using the following equation. It produces a straight line on
the pC-pH diagram.

pH = —log [H*]
log [H*] = —pH Q)

Step 2

A plot of log [OH™] versus pH is made using the following
equation. It produces a straight line on the pC-pH
diagram.

[HFI[OH 1= x 107"

I x 1071
[H+]

log [OH™] = —14 — log [H]
log [OHT] = —14+ pH
log [OH™] = pH —pK,, (2)

[OHT] =

Step 3
To plot log [H,X],log [HX ] and log [X*~], we must make
use of the equilibrium expression and the conservation of

mass equation as listed below. Develop an equation for
log [H,X].

% =K =1x107
2
__ Ki[HX]
T =
)—
[H[;]%]] =K, =1x107/
Ky[HX]
2—q _ 2
D= T
K, Ky[H;X]
P=m _ NIRglliTp
X1 = [H*]2

[HyX] + [HXT1+ X1 =C =0.1 M
Solving for [H,X]:

KiIHX] | K Ko[H,X]

[H,X] +

[H] T
[HZX]<I +L+&> =Cy
[H+]  [H*]2
C><
[HX] = = apCx 3

|+ l 2 Kify
< [H*] [H+]2>
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Develop an equation for [HX™].

[HX] + [HX 1+ X1 =C =0.I1 M

[HHIHXT]

=K =1x10"°
[H, ] =

[HIHXT]

[H2X] = K‘

HHIHX KalHX
[ ]/2 ] e 2[[H+] I _e,

HX™ ] | K =C
[ ] K‘++m—x

Cx
[H*] K
( K, + 1+ ]

Develop an equation for [X>~].

[HX"] =

=, “

[H,X] + [HX"]+ [X*7 1= C =0.I M

_[HH][HXT]
[HX] = T
[Xz_] K5 [HX™]
[H*]
L [HH 1} ]
RX) = = —
_ [H+12[X%]
e T
[HH12D<37]  [HHIPX] o
+ +[XT]=C
KKy Ky *
2
o H]T B
[X ](—Kle + 8 +|>_CX
@
[X*7] = E =00 ()

1 e,
KIKZ KZ

The table given below shows the pH and the log
concentrations of the various species used in constructing
the pC-pH diagram (Figure 2.7) for a 0.1 M solution of
H,X.

log [H*] | log[OHT] | log [H,X] | log [HX"] | log [X?7]
Equation | Equation | Equation | Equation | Equation

pH (1) (2) (3) 4) (5)
0 0 —14 —-1.00 —4.00 —11.00
1 -1 —13 —-1.00 —3.00 -9.00
2 -2 -12 —1.04 —2.04 —7.04
3 -3 —11 —-1.30 —-1.30 —5.30
4 —4 -10 —2.04 —1.04 —4.04
5 -5 -9 —-3.00 -1.01 —-3.01
6 —6 -8 —4.00 —1.04 —2.04
7 -7 -7 —5.00 —1.30 —-1.30
8 -8 -6 —6.00 —2.04 —1.04
9 -9 -5 —7.00 —3.00 —1.00
10 -10 —4 —8.00 —4.00 —1.00
11 —-11 -3 —-9.00 —5.00 —-1.00
12 -12 -2 —10.00 —6.00 —1.00
13 -13 -1 —11.00 —-7.00 —-1.00
14 -14 0 —12.00 —-8.00 —-1.00

= ] ; S

log C
|
fee]
™
P

pH

pC-pH diagram for 0.01M H, X solution.

As previously mentioned, strong acids and bases are considered

to dissociate completely or ionize in dilute solutions, while

weak acids and bases are only partially ionized. When an acid is

added to pure water, the hydrogen ion concentration will
increase. Similarly, the hydroxide ion concentration increases
when a base is added to pure water.

Buffers are substances in a solution that resist a change in
pH when either an acid or base is added to the solution.

Buffered solutions are very important in water chemistry, where
we desire to maintain a specific pH. When coagulants are added

to raw water to remove turbidity or to precipitate a specific ion,
a narrow pH range is necessary for this to occur under optimal
conditions. During biological nitrification in activated sludge
systems, both nitrous and nitric acid are produced, which can
lower the pH of the wastewater, thereby inhibiting the

process.
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Example 2.35 Calculating the pH of
an unbuffered solution

Calculate the change in pH when 0.01 mol of HCl is added
to 1.0 L of pure water. Assume that the pH of the pure
water is 7.0.

Solution

Hydrochloric acid is a strong acid and will completely
dissociate or ionize in the water according to the following
reaction.

HCl - HY + CI~
00IM  00IM  00IM

The final pH of the solution will be 2.0. Adding this
strong acid causes the pH to change by 5 units.

pH = —log[H*] = ~Iog(0.01) =

Example 2.36 Calculating the pH of
an unbuffered solution

Calculate the final pH when 0.005 mol of NaOH is added
to 5.0 L of pure water. Assume that the pH of the pure
water is 7.0.

Solution

Sodium hydroxide is a strong base and will completely
dissociate or ionize in the water according to the following
reaction. The initial concentration of NaOH before
dissociation is 0.005M /5L = 0.001 M.

NaOH — Na* + OH~
0.00IM  0.00IM  0.00IM

The final pH of the solution will be 11.0. Adding this
strong base raises the pH from 7 to 11.

[OH™]=0.001M
[HT]I[OH"]= 10~

o='* o7
[OH] ~ 0.001

pH = —log[H*] = — log(1.0 x |07H)=

[H*]= =1.0x10""Mm

A solution is buffered by the presence of a weak acid and its
salt (conjugate base) or alternatively, by a weak base and its salt
(conjugate acid). Therefore, weak acids and bases and their salts

are very effective as buffers within +1 pH unit of their pK value
(Sawyer and McCarty (1994), page 143). Assume that a weak
acid (HA) will be used as a buffer and its dissociation reaction
is shown below.

HA < HT + A- (2.74)
[H*][AT]
Ky = ——— = 2.75
A= AT @75)
where:
K, = equilibrium, ionization, or dissociation constant of
weak acid
[H*] = hydrogen ion concentration, moles/L
[A~] = conjugate base concentration, moles/L
[HA] = concentration of weak acid, moles/L.
Rearranging Equation (2.75) results in:
| | [A7]
= — — 2.76
[Ht] Ky [HA] (276)
[A7]
H = pK | 277
PH = pPKa +log 1] 2.77)

Equation (2.77) shows that the final pH of a buffered
solution made from a weak acid is dependent upon the ratio of
the conjugate base or salt to the acid concentration. The larger
the concentration of weak acid, the greater will be the buffering
capacity of the solution. In biological systems, phosphoric acid
is often used, since its second pK, value is 7.2. The following
example illustrates buffering capacity.

Example 2.37 Buffering capacity of
phosphate buffer

A buffer solution consisting of 100 mg/L of monobasic
potassium salt (KH,PO,) and 200 mg/L of dibasic
potassium salt (K,HPO,) will be used to maintain a
neutral pH during the biochemical oxygen demand
(BOD) test.

Determine: initial pH of the buffer solution
pH after adding 20 mg/L of HCI
pH after adding 20 mg/L of NaOH

Solution

KH,PO, — K* + H,PO;
KyHPO, — 2K* + HPOZ™

H,PO; < H* + HPO}~ pK, =7.2
(A7]
H=pK, +I
PH = pKa +10g [FA]
[HPO2™]
H=72+log ———
P T8 PO
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MW of H,PO, = 2(1) + 31 +4(16) = 97
MW of KH,PO, =39 +2(1) + 31 +4(16) = 136
MW of KHPO, =2(39) + | + 31 +4(16) = |74

100 mg lg mole
KH,PO,] =
[KH,PO,] L <IOOOmg> < I36g>

=735% 107" M

KH,PO, — K*+ H,PO;

7.35x107* M 7.35x107* M

[KH,PO,] = [H,PO;1=7.35x 10+ M

200 mg lg mole
K,HPO,] =
[KaHIPO,] L (IOOOmg) < |74g>

=1.15%x 107> M

KyHPO, — 2K* + HPOZ™
[K,HPO,] = [HPOI ] = 1.15% 107> M

H=72+I (HPO; ]
pH=72+log ———
[H,PO,]
(1.15% 107%)
H=72+log——"—~ =[74]
: g(7.35>< 10~

Solution part b

MW of HCl = | +35.5 = 36.6

20 I
[HCl] = mg g mole
L 1000 mg 36.6¢g

=546x%x107"M
HCl — HY + CI™

[HC = [HY] =546 x 107 M

The pH of an unbuffered system by adding 20 mg/L of
HCl would be 3.3.

pH = —log[H*] = — log(5.46 x 10~%) = 3.3
H* + HPO2~ — H,PO;

[H,PO;] [HPO2™]
Initially 735x 107*M 1.15% 1073 M
HCladdition ~ +5.46 x 107 M —5.46x 107" M

1.28x 107> M 6.04 x 107" M

= 72 4 fog 04T
p=/. +Og—_
[H,PO; ]
—4
pH=7,2+|OgM=
(128 % 1073)

Solution part ¢

MW of NaOH =23+ 16 + | =40

20 mg l'g mole
NaOH] =
(NaOHT = =7 (IOOOmg><40g)

=5.00% 107" M

NaOH - Na* + OH~
0.0005M 0.0005M  0.0005M

H* — OH™ + H,0
0.0005M  0.0005M 4 g005M
H,PO; - HY 4+ HPOI

—0.0005M —0.0005M  +0.0005M

[H,PO;] [HPO2™]
Initially 7.35x 107*M 1.15% 1073 M
NaOH addition —=5.00x 107" M  +5.00x 107" M
2.35% 1077 M 1.65% 107 M
[HPOZ™)
pH =7.2+log m
pH =7.2+|ogg::+:8:2 =

The carbonate systems is the most important acid-base system
in water chemistry, since it serves as the basis of providing
natural buffering capacity in water. Alkalinity is defined as the
buffering capacity of a system to resist a change in pH with the
addition of an acid. Alternatively, the buffering capacity of a
system to resist a change in pH with the addition of a base is
called acidity. Traditionally, alkalinity is determined analytically
by titrating a sample of water with 0.02 N H,SO, to a pH of
approximately 4.5. In natural water systems, the total alkalinity
of a system is primarily a function of the carbonate system and
the hydroxide and hydrogen ions.

There are several chemical species that make up the
carbonate system which are presented below:

Gaseous carbon dioxide, COz(g)
Aqueous dissolved carbon dioxide, CO,,q,

Calcium carbonate solids, CaCOy,
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Bicarbonate, HCOJ

Carbonate, CO%‘

Carbon dioxide is an important participant in the carbonate
system. It is released into the atmosphere from fossil fuel
combustion, volcanoes, biological respiration, and also from
supersaturated waters. Autotrophic organisms use CO, in
synthesizing biomass. Atmospheric CO, dissolves in water,
with the ocean being a major reservoir of aqueous CO, in
equilibrium with carbonic acid.

The concentration of carbonates and bicarbonates in surface
and ground waters is highly dependent upon the geological
formations and bedrock to which the water is exposed. Regions
consisting of dolomite (CaMg(CO5),) or calcite (CaCO,)
bedrock will contain high concentrations of carbonate species,
including calcium (Ca**) and magnesium (Mg?") ions,
whereas regions containing igneous rocks will have
significantly low levels of these and will exhibit low alkalinity
with minimal buffering capacity.

The chemical reactions and equilibrium expressions for the
major species involved in the carbonate system are presented
next.

COyg © COyq (2.78)

[CO2(aq)] mol
=—— — |07 = at 25°C 2.79
"= TCO] C-atm ° @7)

Where K;; = H = Henry’s law constant.

COy + H,0 © H,CO, (2.80)
H,CO
Ky = IBCOs] 1028 4 25°C 2381)
[COsaq)]

From the equation above, carbonic acid concentration is
only 0.16% of the aqueous carbon dioxide concentration.
Therefore:

[COsq)] >> [H,CO;3] and [H,CO3] = [CO, 1.
H,CO, & H* + HCO;3 (2.82)

+ _
= Ll 10735 at 25°C (2.83)
[H,CO5]

Analytically, it is impossible to differentiate between the true
carbonic acid concentration, [H,CO,], and the dissolved or
aqueous carbon dioxide concentration, [COZ(aq)]; therefore, a
new term called [H,CO3}] is used to denote the sum of these
two species:

[H,CO3] = [H,CO51 + [Coz(aq)] (2.84)

H,CO% & H* + HCO3 (2.85)
[H*][HCOS]

K= ———3 = 107%% at 25°C (2.86)

[H,CO]

H,CO; < H* + HCO%™ (2.87)
[H*]ICOT]
=—— =109 at25°C 2.88
2 [HCO3 ] a (2.88)
In a closed system, i.e., not open to the atmosphere or the
rate of dissolution from atmospheric carbon dioxide into water

is negligible, the total concentration of carbonate species (Cy) is
constant and is calculated as follows:

Cr = [H,CO%] + [HCO3] + [COY] (2.89)

Equations for calculating [H,CO3], [HCO3 ], and [CO%‘]
are derived as follows.

Equations (2.86) and (2.88) are substituted into
Equation (2.89) and rearranged to develop an equation for
[H,CO;].

Cr = [H,CO3] + [HCO3] + [CO%T] (2.89)
B ; K|[H2CO§] Ky [HCOS ]

Cr = [H,CO3] + = o (2.90)
B ; K, [HZCO§] K, KZ[HZCO§]

B I I N

* K\ KIKZ

Cr = (MCO3] 1+ s + s 292)

H,CO*] = Cr 293

[M,CO3] = KKK (293)

T T

An equation for the bicarbonate ion concentration is
derived as follows.

Cr = [H,CO3] + [HCO3] + [CO%T] (2.89)
_ [H*I[HCO3] _ K[HCO3]
T K—‘ + [HCO3] + W (2.94)
Cp = [HCOZ ] |42 295
T=1I N K, + 1+ A (2.95)
[HCO3 ] = i 296
T, LR .
K, [H+]

An equation for the carbonate ion concentration is derived
as follows.

Cr = [H,CO3] + [HCO3] + [CO%T] (2.89)
H+[HCOZ H+][COZ™
= LIIREE,) + (ATIIE05 | +[COYT] 2.97)
KI KZ
HH[H*][CO3™]  [HF][CO3™
CT=[ 1HTII 3]+[ Il 3]+[CO%_] 298)
KI KZ KZ
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[H]HT (=)

C. = [CO* | 2.99
T =[CO57] KK 5 + (299)
C
cor]=—— T 2.100
[CO5T] ﬂ+ﬂ+| ( )
KIKZ KZ

Example 2.38 Calculating carbonate
species in closed system

The pH of a water sample is 4.66 and the
[HCOZ] = 0.001 M for a closed system.

Determine: [H,CO5]
[CO%]

Cr

Solution part a

From Equation (2.86):

_ [HIHCOS] _ | gmes gt 25°C
‘ [H,COz]
. [HFIHCO3T  (107%%%)0.001)
[H,CO31 = K, = 10-635
=

Solution part b
From Equation (2.88):

H*|[COZ
e = 107033 gt 25°C

27 [HCO;5]
_ K [HCOJT  (107'93%)0.001)
[CO§ 1= [H] = |0—4-66

=2.14% 1077 M

Solution part c

From Equation (2.89):

Cr = [H,CO3] + [HCO3] + [CO3T]
C; =0.049M+0.00l M+2.14x 107 M
C; =[0.05M

dioxide is 107141 %, and pK; and pK, for the
dissociation of carbonic acid at 20°C is 6.38 and 10.38,
respectively (Snoeyink & Jenkins (1980), page 157). The
partial pressure of carbon dioxide is 1073 atm.

Determine: [H,CO3]

[HCOS]

[COZ7]

Cr
Solution part a

Assume that:

[H,CO3] = [COyg) -

mol
L-atm

[COyp] = 1.23 % 107> M = [H,CO%]
[H,CO31 =[1.23x 10> M

Solution part b

[COya] = Kiy P, = 107! (10732 atm)

_ [H*IIHCO3]

| = —— = 10" a1 20°C
[H,CO%]

[H,CO31107% (123 107%)10763®
[H*] - 1089

[HCO3]1=[5.13%x 107* M

Solution part c

[HCO;1=

H*][CO3™
SO g0 o 0o

27 [HCO;3]
K[HCOZT  1071038(5.13 % 107
2—7_ 2 31
=" - 10780

=[2.14x 107°M

Solution part d
From Equation (2.89):

Cr = [H,CO3] + [HCO3] + [CO%T]
Cr=123x10°M+5.13x 107*"M+2.14x 107°M

Cr=15.27x 10~*M

Example 2.39 Calculating carbonate
species in open system

The pH of a water sample is 8.0 in an open system. The
temperature is 20°C, the Henry’s constant for carbon

2.6.5.1 Alkalinity

The equation for alkalinity can be derived using the chemical
equilibrium equations for the carbonate species reacting with a
strong base as represented by BOH. A strong base will
completely dissociate in water according to the following
reaction.

BOH — BY + OH~ @.101)
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The following chemical species are initially present in the
solution prior to dissociating: BOH, H,COj3, and H,O. After
dissociation, the following chemical species exist:

H*,OH™, B, HCO;3, and COg_. For electroneutrality, the
following equation can be written:

[B*]+ [H*] = [OH™] + [HCOJ] + Z[CO?] (2.102)
Rearranging and solving Equation (2.102) for [B*] results
in:

[Bf] = 2[CO§_] +[OHT] 4+ [HCOJ] - [H*]  (2.103)

Since [B*] represents the concentration of strong base
added, we can replace it with [ALK] to represent the alkalinity.
Equation (2.103) can be written in terms of equivalents per liter
rather than moles/L as shown below.

[ALK], = [COZ7], + [OH™], + [HCO3 1, — [H*], (2.104)

Where [ ], = concentration in eq/L.

Recall that equivalents react with equivalents. To calculate
the concentration in equivalents per liter (eq/L), divide the
molar concentration by the equivalent weight of the compound.
Alkalinity is normally expressed in units of mg/L as CaCO;.

Example 2.40 Calculating
concentrations in equivalents per
liter

The pH of a water sample is 6.5. Express the concentration
of the hydrogen and hydroxide ions in terms of equivalents
per liter and in terms of mg/L as CaCOs.

Solution parta

pH = —log[H™]
[Hf1 = 10PH = 107%° =32%x 107'M

The equivalent weight of the hydrogen ion = @ =

1gH'

leq
l gH* leq
H*]. =3.2x 107'M
(), =3.2% <|mo|eH+>(|gH+
_7€q
=[32x 10772
x L

The equivalent weight of the hydroxide ion = @

17 gOH™
1eq

[HT][OH"]1=10""4

10! Jo-l
[H*1  32x107M

[OH]. =32 x 10-8m 17890 &g
¢ I mole OH~ 17gOH™

55

[OH™] = =32x 1078

=(3.2x 10"

Solution part b
The equivalent weight of the CaCO;:

Mw _ 100gCaCO;

50gCaCO;  50mgCaCO;
or

z 2eq a eq meq
H+—32><IO_7eq 50g CaCO;4 1000 mg
T L eq l'g

Mg
={1.6x1072—=
L

_ _g€eq [ 50gCaCOy4 1000 mg
OH™ =32x 1078 =

L < eq lg

—smg
={1.6x107—=
L

2.6.5.2 Calculating Alkalinity Species from pH and
Alkalinity Measurements
In the laboratory, alkalinity measurements are made by titrating
a sample of water with an acid to an endpoint of approximately
4.5. Both the phenolphthalein and total alkalinities are
determined from titrations and hydroxide, carbonate, and
bicarbonate alkalinities are then calculated. In order to
determine the various alkalinity forms, this method assumes
that hydroxide and bicarbonate alkalinity cannot exist together
in the same sample. This is an incorrect assumption but, for all
practical purposes, it does not introduce significant error.
Standard Methods (1998) recommends using
0.02 N H,SO,, since 1 ml of titrant will neutralize 1 mg of
alkalinity as CaCO,. During the titration, the hydrogen ions
react with the alkalinity in the water according to the following
equations:

H* + OH™ & H,0 (2.105)
H* + CO3™ & HCO;3 (2.106)
H* + HCO3 < H,CO; (2.107)

Figure 2.8 shows a generalized titration curve for an
alkalinity determination. There are two inflection points that
occur at pH values of approximately 8.3 and 4.5. The
conversion of all the hydroxide to water is complete at pH 8.3,
Equation (2.105). Also, at pH 8.3, the conversion of the
carbonate to bicarbonate is essentially complete,

Equation (2.106); however, an equivalent amount of acid must
be added to neutralize the HCO;3, i.e., conversion of HCO; to
H,CO; according to Equation (2.107). Therefore, the
neutralization of carbonate is only 50% complete.
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Alkalinity titration curve.

At pH 4.5, the neutralization of all alkalinity species is
complete. The quantity of standard acid required to titrate a
water sample to pH 4.5 is used to calculate the total alkalinity of
the water. Equation (2.108) is used to calculate alkalinity from a
titration.

| of 0.02N H,SO,) X 1000
Alkalnity (T as CaCO ) = Gle 2294

ml of sample
(2.108)

The following generalizations can be made concerning the
various forms of alkalinity when following this procedure, i.e.,
determining the various forms of alkalinity based on
phenolphthalein and total alkalinities along with pH
measurements. In these statements, P is equal to the quantity of
acid required to titrate to pH 8.3, and M represents the total
acid required in the titration to reach pH 4.5. The
phenolphthalein alkalinity is calculated based on the amount of
acid required to reach pH 8.3, whereas the total alkalinity is
based on the total amount of acid required to reach pH 4.5.

If P = M, all alkalinity is in the hydroxide form.

If P = M/2, all alkalinity is in the carbonate form.

If P = 0, all alkalinity is in the bicarbonate form and
pH < 8.3.

If P < M/2, the predominant alkalinity species are
carbonate and bicarbonate.

If P > M/2, the predominant alkalinity species are
hydroxide and carbonate.

Example 2.41 illustrates how to determine the various forms
of alkalinity based on titration measurements, pH, and the
generalizations given above, assuming that both hydroxide and
bicarbonate cannot exist together.

Example 2.41 Alkalinity calculated
from titration measurements

A 100 ml water sample is titrated with 0.02 N H,SO,. The
initial pH is 11.0, and 10.0 ml of acid is required to reach

pH 8.3. An additional 5.5 ml of acid is required to reach
pH 4.5. Determine the phenolphthalein and total
alkalinities, hydroxide, carbonate, and bicarbonate
alkalinities expressed in mg/L as CaCO;.

Solution part a

From Equation (2.108):

.. mg
Alkalinity (T as CaCOB>
(i of 0.02N H,50,) X 1000

ml of sample

Recall that the phenolphthalein alkalinity is based on
the quantity of acid required to reach a pH of 8.3 during
the titration. If the pH of the sample is below 8.3, there is
no phenolphthalein alkalinity. The phenolphthalein
alkalinity is calculated below.

Phenolphthalein Alkalinity (% as CaCO3>

(10.0 ml) x 1000 g
= LM X PP — 0o 8 as caco
100 L s

The total alkalinity is based on the total quantity of acid
required to reach a pH of 4.5 during the titration. The total
alkalinity is calculated below.

. /mg
Total Alkalinity <T as CaCO3>

(10.0ml + 5.5 ml) x 1000 g
- =155 28 s caco
100 L &4

Solution part b

In this problem, P = 10.0 ml and M = 15.5 ml. Therefore,
P> M/2(10.0 ml > 15.5 ml/2), so both carbonate and
hydroxide are the predominant alkalinity species that are
present.

[HH[OH"]1= 107"

|O—\4 |O—|4
HT o

_ . 17gOH™ l eq
H™=1.0x107M
© 010 <ImoIeOH_><I7gOH_)

y 50 g CaCO, 1000 mg
eq l'g

- mg
OH™ =150 T CaCO;,

[OH™] = =1.0x107?

Solution part c

Determine the quantity of acid required for the
neutralization of hydroxide by rearranging
Equation (2.108).
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50 me as CaCO, = (X'mb x 1000
L 100 ml

mg
50 — as CaCO; x 100 ml

; L
X mlof acid = =15
ml of aci 1000

The quantity of acid required to neutralize 50% of the
carbonate alkalinity is equal to:

ml of acid for carbonate neutralization

=2X(100ml=5ml)y=10ml

From Equation (2.108), the carbonate alkalinity is
calculated as follows:

... /mg
Carbonate Alkalinity (T as CaCO3>

(10ml) x 1000 mg
= mIX P oo I s caco
100 mi Tt

Solution part d

Finally, the quantity of acid required to neutralize the
bicarbonate is calculated as the difference between the
additional acid added to reach 4.5 and the quantity of acid
required to neutralize 50% of the carbonate alkalinity.

ml of acid for bicarbonate neutralization

=(G6.5ml=50ml)=0.5ml

From Equation (2.108), the bicarbonate alkalinity is
calculated as follows:

Bicarbonate Alkalinity (m—ljg as CaCO3)

(0.5ml) x 1000 mg
100 rrl [ *

Check to see if all alkalinity species add up to the total
alkalinity.
Total Alkalinity (% as CaCO3>
= OH™ Alkalinity + CO%’ Alkalinity + HCO3 Alkalinity

. /mg
Total Alkalinity (T as CaCOB>

=50¥+|00%+5E= 155 &

!
T L T Agrees!

2.6.5.3 Calculating Alkalinity Species from pH, Alkalinity,
and Equilibrium Equations

Alkalinity measurements based on titration and pH
measurements and using equilibrium equations allows a more
accurate determination of the various alkalinity species.

The following equations may be used for a temperature of 25°C.

Hydroxide alkalinity is calculated from Equation (2.109).

OH~ Alkalinity (% as CaCO3> = 50,000 x |0PH-PKW)
(2.109)

where:
OH™ Alkalinity = hydroxide alkalinity, mg/L as CaCO,
pK,, =log of the dissociation constant for water at 25°C, 14.

Carbonate alkalinity is calculated from Equation (2.110).

CO2™ Alkalinity (2 as CaCO
3 <a|n|ty<T as Ca 3>

_50,000[(ALK)/50,000 + [H*] — (K,,/[H*])]
- I+ (H*1/2K)

2.110)

where:
CO;3~ Alkalinity = carbonate alkalinity, mg/L as CaCO;
ALK = total alkalinity of water sample, mg/L as CaCO,

K, =1x10""at25°C
K, =10713at25°C.

Bicarbonate alkalinity is calculated from Equation (2.111):

g (T8
HCO3 Allalinity (7 as CaCO; )

_50,000[(ALK)/50,000 + [HT] - (K, /[HTD]
a I+ 2Ky /[H*])

@111

where HCOS Alkalinity = bicarbonate alkalinity, mg/L as
CaCoO;.

Example 2.42 Alkalinity calculated
from pH, titration, and equilibrium
equations

Using the data given in Example 2.41, determine total
alkalinity, hydroxide, carbonate, and bicarbonate
alkalinities expressed in mg/L as CaCO, based on
equilibrium equations.

Solution part a

The total alkalinity is based on the total quantity of acid
required to reach a pH of 4.5 during the titration,
Equation (2.108).

.. /mg
Total Alkalinity <T as CaCO3>

(10.0 ml + 5.5 ml) x 1000 g
- =155 ™8 as caco
100 L 2

Solution part b
Hydroxide alkalinity is calculated from Equation (2.109).

OH~ Alkalinity (% as CaCO3> = 50,000 x |0®H-PKW
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OH~ Alkalinity (% as CaCO, ) = 50,000 x 10!~

g
=150 T CaCO;,

Solution part c

Carbonate alkalinity is calculated from Equation (2.110).

2- Y AL
COZ™ Alkalinity ( 7= as CaCO; )

_50,000[(ALK)/50,000 + [H*] = (K,,/[H])]
- I+ ([H]/2Ky)

2- L (Mg
COZ™ Alalnity (7= as CaCO; )

) 50,000[(|55¥)/50,ooo+ |o—"—(|o—‘4/|o—")]

I+ (107" /2 x 1071933
2- Y AL
COZ™ Alalnity ( 7= as CaCO;)

mg
=195 T as CaCOq

Solution part d

Bicarbonate alkalinity is calculated from Equation (2.111).

HCO;3 Alkalinity (% as CaCO3)
L

50, 000[(ALK)/50, 000 + [H*] = (K,,/[H*])]
a I+ (2K, /[HD)

HCO;3 Alkalinity (% as CaCO3)

i so,ooo[(|55¥)/50,ooo+ |o—"—(|o—‘4/|o—")]

| +@x 107193107
HCO;3 Alkalinity (% as CaCOB)

=10 28 4 caco,
L

Check to see if all alkalinity species add up to equal the
total alkalinity obtained from the titration.

" mg
Total Alkalinity <T as CaCO3)
= OH™ Alkalinity + CO%‘ Alkalinity + HCO3 Alkalinity

Total Alkalinity <ng as CaCO3>

mg mg mg mg
=50T+95T+ IOT= ISSTaSCaCO3

The values calculated from the equilibrium expressions
are in close agreement with the values determined from
the approximations, as presented in Example 2.41.

Solubility (solubility
product)

So far, we have dealt with aqueous solutions in which the
chemical species are highly soluble. In this section, our focus
will be on liquid-solid species that are partially soluble or
insoluble. All solids, no matter how seemingly insoluble, are
soluble to some degree. When a solid is placed in water, the
ions at the surface of the solid will migrate into the water. This
is called dissolution. Simultaneously, ions in the solution will be
redeposited on the surface of the solid; this is known as
precipitation. Equilibrium will be reached between the crystals
of the compound in the solid state and its ions in solution.

In general, the solubility of most compounds increases with
increasing temperature. Snoeyink & Jenkins (1980, page 251)
indicate that the solubilities of CaCO,, Ca,(PO,),, CaSO,, and
FePO, do not increase as temperature increases.

Equation (2.112) shows the general equation of a solid
compound dissolving in pure water to form its constituent ions.

Dissolution
AzBys == ZA™ +Y B 112

Precipitation
The equilibrium expression is written as follows:

e =
_ AR @.113)
[(AzBy)s)]

As described by Sawyer & McCarty (1994, page 37), at
equilibrium or saturation, the surface area of the solid is the
only portion that is in equilibrium with the ions in solution.
Therefore, the concentration of solid as represented by
[(AzBy)s)lin the denominator of Equation (2.113) can be
considered a constant (K) in equilibrium solubility problems.
Equation (2.114) is rewritten to show the development of the
solubility-product constant, K.

[AT[BH] =K x K, = Kep (2.114)
[AY+]Z[BZ+]Y [AY+]Z[BZ+]Y
© [AgBygl K

@.115)

When [AY+]2[BZ*]Y = K, the solution is saturated or at
equilibrium.

When [AYHZ[BZH]Y < K, the solution is under-saturated
and no solids species are present.

When [AY+H]2[BZ+]Y > K, the solution is super-saturated
and solid species are being formed.

The solubility-product constants for several solids of
significance in environmental engineering are presented in
Table 2.16. Partially soluble salts have small KSP values, while
soluble salts have relatively large K, values. Comparing the K,
values of sparingly soluble solids does not predict relative
solubility if the number of ions produced by dissolution is
different. Solids that dissolve into two or three ions will
generally have higher solubilities. Several examples will be
presented to illustrate the concepts presented in this section.
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Typical Solubility-Product Constants at 25°C.

Compound
Calcium sulfate
Magnesium carbonate
Calcium hydroxide

Calcium hydrogen
phosphate

Calcium carbonate
(calcite)

Silver chloride

Barium sulfate
Calcium fluoride

Zinc carbonate
Magnesium hydroxide
Manganous hydroxide
Lead carbonate
Ferrous hydroxide
Nickel hydroxide
Zinc hydroxide
Copper hydroxide
Calcium phosphate
Chromium hydroxide
Aluminum hydroxide
Manganic hydroxide

Ferric hydroxide

Equation szp
CaSOy === Ca’* +50;" 459

MgCOy === Mg’* +COJ~ 50°

Ca(OH),, === Ca’* +20H~ 53
CaHPO,,, === Ca’* +2HPO;” 65"

CaCO;y,, == Ca?* +CO}~ 834°

Agll, == Agr +CI- 109
BaSO,, === Ba’* +50;~  10°
CaFyy == Ca™* +2F~ 103

ZnCO3y == 7Zn** +CO}~ 105"
Mg(OH), ) === Mg’* +20H~ 11.0°
Mn(OH),,) === Mn’* +20H" 128°

PbCO;,) == Pb** +CO;~ I35¢
Fe(OH), == Fe’* +20H" 1457

Ni(OH)yq) == Ni** +20H" 157°
Zn(OH)y == Zn** +20H" 7.1
Cu(OH)yy == Cu** +20H~ 19.3°

Cay(PO,)y ) == Ca’* +2PO;" 27°
Cr(OH)3q) == Cr’* +30H" 302°
Al(OH)y == AP*+30H~ 33°
Mn(OH)s,) === Mn** +30H" 36

Fe(OH)y == Fe** +30H" 372°

a pKSP values from Snoeyink & Jenkins (1980). Water Chemistry, p. 249.
b szp values Sawyer et al. (1994). Chemistry for Environmental Engineering,

p. 38.

‘pKSp values Benefield & Morgan (1990). Chemical Precipitation, in
Water Quality and Treatment: A Handbook of Community Water Supplies,

pp. 104-10.5.

=12
[CrO;] = \3/—' 7 X4'O =[78%x 10 M
[Ag]=2[CrO} 1= )(7.8% 107) =|1.6x 10°* M

The solubility of Ag,CrO, is also equal to 7.8 X 107> M.

Example 2.44 Using solubility to
calculate K,

The solubility of barium sulfate (BaSO,) is approximately
1.1 x 107°M at 20°C. Calculate the solubility-product
constant, Ksp.

Solution

2+ 2—
BaSOy) < Baily) + SO%aa)
X moles BaSO,(, = X moles Ba’* + X moles SOZ’
X=1.1x10"M

Ky = [Ba™*][SO;7] = (X)(X) = X

Kp=(l.1x107) =[1.2x 107"

Example 2.43 Calculating the
solubility of solids

Calculate the solubility of silver chromate (Ag,CrO,),
given a K, value of 1.9 X 1072,

Solution

2—
AgCrO4 < ZAg(J'aq) +CrO%G,
X moles Ag,CrO, = 2X moles Ag™ + X moles CrO3~
[Ag*] = 2[CrOZ7]
Kgp = 1.9% 10712 = [Ag"]* [CrO; 7]

K = 1.9% 1072 = Q[CrO;7])* [CrO;7]' = 4[CrO; PP

Example 2.45 Calculating pH from
solubility and K,

The dissolution of copper hydroxide [Cu(OH), ]
produces a copper ion concentration of 0.002 M at
T =25°C.IfK, = 2x 107", calculate the pH.

Solution

2. —_
Cu(OH)y) > Cughy +20H:
Kp =20% 107" = [Cu™*] [OH]?
[Cu’*]=0.002M

_20x107"7  20x 107"

- _ —16
[OHT]" = o = = 5.000 M =1.0x10
[OH 1= 1.0x 1078
[HTI[OH 1= 1.0x 107"

o LOoxI107" lox107" 6
= o = oxioe 010

pH = —log[H*] = —log(1.0x 107%) =
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Gas phase laws

Robert Boyle (1627-1691) conducted experiments with a
J-tube to determine the relationship between the pressure of
trapped gas and the volume of the gas. In his original
experiments, Boyle measured the volume of gas (in®) as a
function of pressure (measured in inches of mercury). He
varied the quantity of mercury added to the J-tube, so that the
pressure exerted on the trapped gas would increase.

Equation (2.116) shows the relationship that Boyle derived
from his experiments.

Px¥=ky (2.116)
where:

P = pressure of gas at constant temperature, in of Hg

I = volume of gas at constant temperature, in3

k, = Boyle’s law constant, in Hg - in®.

Equation (2.116) is only valid at a specific temperature (i.e.,
temperature remains constant), and for a given amount of gas.
Boyle’s data indicated that the volume of the gas decreased as
the pressure of the gas increased. Stating this another way,
volume and pressure are inversely proportional; when one of
the parameters increases, the other decreases. Boyle’s law can
be written to show how the pressure and volume at two
different measurements are related.

P XY =k =Py XYy @2.117)

Rearranging Equation (2.117) yields the following equation
that is used to calculate the new volume of the gas, knowing the
original volume and pressure of the gas.

¥2=ixv,
Py

(2.118)
where:

¥, = volume of gas for a given amount of gas at P, in’

¥, = volume of gas for a given amount of gas at P,, in’

P = pressure of gas, in Hg.

Other units may be used in Boyle’s law, as long as a
consistent set is used.

Solution

Rearranging Equation (2.118):

Py =P, x 2]
— X —
2 | VZ

Py = 102.1 kPa x :th =197 kPa

Example 2.46 Using Boyle’s law to
calculate pressure
Given the following sets of pressure-volume data, calculate

the missing quantity, assuming that the mass of the gas and
temperature remain constant.

¥=193Lat 102.1 kPa; ¥ =10.0Lat P =?kPa

The French physicist Jacques Charles (1746 -1823) showed that
the volume of a given amount of gas at constant pressure
increases as the temperature of the gases increases.
Mathematically, Charles’s law is stated as follows:

¥=cT 2.119)
where:
¥ =volume of gas for a given amount of gas at constant
pressure, L

¢ = Charles’s proportionality constant, dimensionless
T = temperature of gas, K.

Charles’s law may be arranged to show the relationship
between the volume and temperature of a given amount of gas
at two different measurements. The equation is given below.

¥ ¥

— =c== (2.120)
T [

where:

¥, = volume of gas for a given amount of gas at T}, L

¥, = volume of gas for a given amount of gas at T,,L

T =temperature of gas, K.

Example 2.47 Using Charles’s law to
calculate volume

Given the following sets of temperature-volume data,
calculate the missing quantity, assuming that the mass of
the gas and temperature remain constant.

¥=25LatT=15C; ¥=? LatT=40°C

Solution

First, the temperature data must be converted to kelvins as
follows:

T, = 15°C+273 = 288K T, =40°C + 273 = 313K

Rearranging Equation (2.120).
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v ¥
e 2
T\ TZ

T, 313K
¥, = 2 xy Vo === x25L=[71]
ST 27 288K

The relationship between the volume of a gas and the number
of molecules (6.02 X 10%) present in the gas at constant
pressure and temperature was first postulated by Amadeo
Avogadro in 1811. Mathematically, this is expressed by the
following equation:

@.121)

where:

¥ =volume of gas at constant pressure and temperature, L
a = Avogadro’s proportionality constant, dimensionless

n = number of moles of gas, mol.

This equation means that the volume of a gas at constant
temperature and pressure is directly proportional to the number
of moles of gas. Equation (2.121) can be arranged to solve for
either the number of moles of gas or the volume as follows:

v v
Ao,

ny n

(2.122)

where:
¥, =volume of gas for a given amount of gas at n;,L
¥, = volume of gas for a given amount of gas at n,, L.

Example 2.48 Using Avogadro’s law
to calculate volume

If 0.25 moles of argon gas occupies a volume of 0.65L at a
specified pressure and temperature, what volume would

0.40 moles of argon gas occupy under the same pressure
and temperature?

Solution

From Equation (2.122):

V\ VZ
_g=2
i iy
ny 0.40 mol
Vo=—=¥ =—"—— ><O.65L=-I.O4L
27 n ' 0.25mol

Avogadro’s, Boyle’s, and Charles’s laws show how the volume of
a gas depends on the number of moles of gas, the pressure, and
the temperature. Each of these laws is based on experimental
data. The familiar Ideal Gas law is derived by combining these
three laws as follows:

kg

V:na:cT:$ (2.123)
T(ack
¥=M (2.124)
P
y="1® (2.125)
P
PV=nRT (2.126)

where:

P = absolute pressure, atm,

¥ =volume occupied by the gas, L
n = moles of gas,

. 08206 atm-L
R = universal gas law constant, 228206 atm L

mol-K
. 1.986 cal
R = universal gas law constant, ——-,
mol-K
. 1.986 BTU
R = universal gas law constant, ;——-"-

T = temperature, K (273.15 + °C).

To solve Equation (2.126), only three of the four parameters
are required. According to Zumdahl (2000), the Ideal Gas law is
applicable to most gases when the pressure is approximately
1 atm or lower and the temperature is 0°C or higher. Other
equations of state must be used at high pressures and lower
temperatures.

Example 2.49 Using the Ideal Gas law

Assume we have 0.25 moles of ammonia gas at 25°C with a
volume of 3.5 L at a pressure of 1.75 atm. The gas is then
compressed to a volume of 1.5 L at 25°C. Use Boyle’s law
and the Ideal Gas law to solve for pressure.

Solution part a

From Equation (2.117):

Pix¥ =ky =Py x¥
[.75atmx35L=P, x I.5L
P, =[4.1 atm]

Solution part b

The Ideal Gas law can be used for solving almost any type
of problem involving gases. Boyle’s law is the easiest
method, but the Ideal Gas law is more applicable to a wide
array of cases. When using it, all variables that do not
change should be shown on one side of the equation, with
the remaining variables on the other side. For this
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problem, the number of moles of gas, the universal gas
constant, and temperature remain the same, so they should
be placed on one side of the equation.

From Equation (2.126):

PY=nRT
P ¥ =mRT=P,%

0.08206 atm - L
T 0905 e (W> (273.15 + 25K)
1Ty I.5L
=

John Dalton was one of the first scientists to study mixtures of
gases. Based on his studies, Dalton stated that, for a mixture of
gases in a container, the total pressure exerted is the sum of the
partial pressure of each of the gases that are present. Dalton’s
law is presented mathematically as follows:

Pr=P +P,+P;+ ... +P, (2.127)
where:
P; = partial pressure of gaseous component i, atm
P,,P,, P; = partial pressure of gaseous component 1, 2, and
3, atm
Py = total pressure of the system, atm.

The partial pressure of a gas is the pressure that the gas
would exert if it were the only gas present in the container, i.e.,
it is proportional to the percentage by volume of that gas in the
mixture. Mathematically, the partial pressure of component i is
equal to the mole fraction of component i times the total
pressure:

P =yiPr (2.128)
where:
y; = mole fraction of component i in the gas phase
n; P,
W= Ty

T
n, =the number of moles of gaseous component i
n = the total number of moles of gas in the system.

Solution

From Equation (2.128):

P =yPr
P, = 0.60 X (760 mm Hg) = |456 mm Hg

Po, = 0.18 X (760 mm Hg) = | 137 mm Hg
Peo, =022 x (760 mm Hg) =| 167 mm Hg

From Equation (2.127):

Pr=P +P,+Py+ ... +P,

Pr =456 mm Hg + 137 mm Hg 4+ 167 mm Hg

- [@mm g

Example 2.50 Calculating partial
pressure and using Dalton’s law

A mixture of gases at 760 mm Hg pressure contains 60%
nitrogen, 18.0% oxygen, and 22% carbon dioxide by
volume. Determine the partial pressure of each of the
gaseous components and the total pressure of the system.

Example 2.51 Calculating partial
pressure and using Dalton’s law

If 4.0 g of oxygen gas and 4.0 g of helium gas are placed in a
5.0 L container at 65°C, determine the partial pressure of
each gas and the total pressure in the container.

Solution

First, it is necessary to determine the moles of each gas.
The molecular weight of oxygen is 32.0 g per mole.

_ 40g0,

- =0.13mol
"0, = 3 g /mol me

The molecular weight of helium is 4.0 g per mole.

4.0gHe 10 |
n = ——— = |.Umo
He ™ 4.0g/mol
From Equation (2.126):
py=nrT p=0RT
\
(0.13 mol) (—O'Oéﬁzf’ atl? : L) Q73 + 65K)
Py =
O 50L
=
(1.0mol) (M> Q73 + 65K)
P = mol - K
A 5.0L
=
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The total pressure is determined from Equation (2.127)
as follows:

Pr=P 4P +Py+ ... +P,

P+ =0.72 atm + 5.5 atm =

When a liquid is in contact with air, equilibrium conditions
exist when the rate of molecules leaving the liquid as vapor
equals the rate of molecules from the air dissolving into the
liquid. Molecules leave the liquid as vapor through evaporation.
The vapor pressure of the liquid is the pressure that is exerted
by the vapor on the liquid once equilibrium has been achieved.
The vapor pressure of a substance is defined as the partial
pressure of the gaseous phase of the substance in equilibrium
with the liquid phase of the substance at a specified
temperature. This relationship was discovered by Francois
Raoult in 1886 and is called Raoult’s law.

Raoult’s law relates the partial pressure of the gaseous
component present above a liquid to the vapor pressure of the
pure component and the mole fraction of the pure component
in the liquid phase. Mathematically, Raoult’s law is expressed as:

Pa = Prxa (2.129)
where:

P} =vapor pressure of component A, atm

P, = partial pressure of component A, atm

x, = mole fraction of component A in the liquid phase.

Several organic compounds are very volatile, i.e., they have a
high vapor pressure. Volatilization is often used
interchangeably with evaporation in environmental work; it is
the transfer of a compound from the liquid phase to the
gaseous phase. Table 2.17 lists the vapor pressures of several
chemicals as a function of temperature.

Henry’s law is a special case of Raoult’s law that is applied to
dilute solutions, used for calculating the solubility of a gas in a
liquid or to describe equilibrium between the gas and liquid
phases. There are several forms of Henry’s law, depending on
the units associated with the Henry’s constant. Henry’s law can
be expressed to show the relationship between the liquid mole
fraction concentration (x;) of a chemical that is in equilibrium
to the gas phase concentration. Equation (2.130) shows this
relationship.

P, = H(atm) x, (2.130)

where:
P, = partial pressure of component A, atm

Vapor pressure of several chemical components at
specified temperature.

Chemical Formula Vapor pressure, T,°C
kPa
Acetone GH,O 100 55.7
Ammonia NH, 100 —33.6
Benzene CH, 100 79.7
Chloroform CHCly 100 60.8
Toluene G Hg 100 [10.1
Tetrachloroethylene  C,Cl, 100 120.7
Trichloroethylene C,HCl, 100 86.8
2,4,6-Trichlorophenol C,H;Cl;O 100 245.7
Water H,O 100 99.6

Vapor pressure and temperature values from CRC Handbook of Chemistry and
Physics, (2010), 9 1°* Edition, pp. 6-90, 6-91, 6-93, 6-94, 6-96, 6-101, 6-105.

H(atm) = Henry’s constant expressed in atm
Xy = mole fraction of component A in the liquid phase.

For pure solutions, PZ = H(atm). Henry’s law also can be
expressed to show the relationship between the aqueous or
liquid phase concentration of a substance in moles/L with the
equilibrium gaseous phase concentration. This form of Henry’s
law is presented as Equation (2.131).

L-atm
Pa=H( ) 1A 2131
a2 mol (Al ( )

where:
P, = partial pressure of component A, atm
H (Laﬂ> = Henry’s constant expressed in =22

mol mol
[A] = concentration of component A in the liquid

phase, moles/L.

A third way of expressing Henry’s law is to use the unitless
Henry’s constant (H,)), as shown in Equation (2.132):

CG=H,G (2.132)
where:
C, = concentration of component A in the gas phase, pg/m?,
mg/L

H, =Henry’s constant, unitless
C, = concentration of component A in the liquid phase, pg/m?,
mg/L.

The following equations show the relationships between the
various Henry’s constants:

( L-atm ) _ H(atm)
mol / ~ 55.6mol H,O

(2.133)

Lh,0
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_ H(atm)
UT 456%T

(2.134)

Where temperature, T, is expressed in kelvin.

A detailed discussion and comparison of the various forms
of Henry’s law and their associated Henry’s constants is found
in the following references: Metcalf & Eddy (2003), pp. 66-69,
and MWH (2005), pp. 1167-1174.

Henry’s constant is a function of temperature. The following
modified form of the van’t Hoff-Arrhenius equation may be
used for estimating Henry’s constant at different temperatures
(Metcalf & Eddy (2003), page 68).

log H=7A+B (2.135)
where:
H = Henry’s constant at temperature T, atm

A, B=Empirical coefficients for chemical or gas
T = Absolute temperature, K = (273.15 + °C).

Table 2.18 presents Henry’s constant for several gases of
environmental concern, along with the empirical coeflicients
necessary for making temperature corrections.

Example 2.52 Saturation
concentration of carbon dioxide in
water

Determine the saturation or equilibrium concentration of
carbon dioxide in water in contact with dry air at 1 atm

and 20°C, assuming that the carbon dioxide concentration
in the atmosphere is 0.03% by volume.
Solution

From Table 2.17, H = 1.49 x 10° atm for carbon dioxide at
20°C.
From Equation (2.128):

Pi=yPr

PCoz = | atm X % =3.00x 10~ atm

Now, solve for the aqueous phase mole fraction by
rearranging Equation (2.130):
P, = H(atm) x4

o _ fPeo, _300x107atm
%27 H(tm) ~ 1.49 x 10%atm
Nco,

=201 %107/

X =20/ x107/ = ——2
co
’ Nco, +Ny,0

In 1.0 L of water, there are 1000 g of water and
approximately 55.6 moles of water.

1000 g H,0

=——° 27 —556mol
M0 = T8 g H,0/mole mowes
Nco
=20IxI107/= ———2
%co, Nco, + 55.6 moles

Henry's constant at 20°C (293.15K) for various gases.

Gas AHG, 2 x10° K¢
Ammonia 8.63 1526
Benzene 8.47 357,678
Carbon dioxide 4.77 4013
Carbon tetrachloride 9.32 8,580,096
Chlorine 4.01 420
Chlorine dioxide 6.75 4300
Chloroform 9.21 940,789
Hydrogen sulfide 4.26 567
Methane 3.55 12,402
Oxygen 3.34 9627
Ozone 5.80 38,848
Sulfur dioxide 553 358
Tetrachloroethylene 9.88 17,926,362
Trichloroethylene 7.85 290,732

T.K H, unitless H,atm H, 2™
293.15 000056 075 0013
29315 017 23| 42
29315 I 1490 27
29315 097 1290 23
29315 043 575 10
293.15 0040 53 096
29315 0.3 171 3.1
29315 038 505 9.1
29315 280 37387 672
293.15 3.1 41619 749
29315 397 5311 95.5
293.15 0027 36 0.65
29315 077 1031 19
293.15 04 545 9.8

Henry's constants calculated using enthalpy change and K- values from MWH (2005), Water Treatment: Principles and Design, p. 1173.
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Assume that ny o >> ncq , therefore xoq, =
nco,

201%x1077 & ———2—
55.6 moles

nco, = (55.6 moles)2.01 x 1077 2 1.12 x 10> moles

The concentration of carbon dioxide in water is
calculated below. The molecular weight of carbon dioxide
is 44 g per mole.

_smoles CO, 44¢ CO,
COyp00c) = 112X 10 T ek CO;
1000
(=)
g
mg CO,

CO0nc) = 049 ——2

Organic chemistry
overview

Organic chemistry is the study of carbon-containing
compounds and their properties. Originally, it was believed that
organic compounds only could be formed by plants and
animals. This was known as the vital-force theory, and German
chemist Friedrich Wohler (1800-1882) disproved this theory
when he was able to produce urea, a component of urine, by
heating ammonium cyanate according to the following
reaction.

Hea
NH,OCN —— N,H,CO (2.136)

All organic compounds contain carbon in combination with
one or more elements. Hydrocarbons consist only of carbon
and hydrogen. Many organic compounds contain carbon,
hydrogen, and oxygen; yet others contain nitrogen,
phosphorus, and sulfur in addition to carbon. Organic
compounds are important since they:

form the basis for all life;

are used in the production of pesticides, herbicides,
insecticides, polymers, antibiotics, hormones, and alcohols;

cause deleterious effects on the environment, since many of
the synthesized organics contain halogens and metals which
may be toxic and or carcinogenic.

According to Sawyer & McCarty (1994, p. 189), there are
seven major differences between organic and inorganic
compounds:

Organics are usually combustible.

In general, organics have lower boiling and melting points.

Organics are usually less soluble in water than are
inorganics.

Several organic compounds may exist for a given formula;
this is known as isomerism.

Chemical reactions involving organic compounds are often
quite slow, since these reactions are molecular rather than
ionic.

Organic compounds have high molecular weights, often
greater than 1,000.

Most organic compounds can serve as an energy and carbon
source for bacteria and other microorganisms.

There are three major types of organic compounds:
aliphatic, aromatic and heterocyclic:

Aliphatic organic compounds (open-chain structures)
contain carbon-carbon bonds with functional groups linked
to a straight or branched chain.

Aromatic organics consist of six-member carbon ring
structures that contain double bonds rather than
single-covalent bonds.

Finally, the heterocyclic organic compounds are those that
have a ring structure in which at least one element is other
than carbon.

Hydrocarbons consist only of hydrogen and carbon, and they
may be saturated or unsaturated. A saturated hydrocarbon
means that adjacent carbon atoms are joined together by a
single covalent bond and all other bonds are made with
hydrogen. Recall that a covalent bond is one in which a pair of
electrons is shared between atoms. Figure 2.9 shows the
structural formula of ethane.

Unsaturated hydrocarbons are those that have at least two
carbon atoms that are joined together by more than a single
covalent bond; the remaining bonds are formed with hydrogen,
i.e., they contain double and triple bonds. Figure 2.10 shows the
structural formula of ethylene.

2.9.1.1 Alkanes

The alkanes are hydrocarbons in which all carbon-carbon
bonds are single bonds (saturated compounds). They are
represented by the following formula: C, H,, ,,. Alkanes are
also called the paraffins or aliphatic hydrocarbons (open-chain
structures, i.e., straight or branched chains). Table 2.19 shows

Structural formula of the saturated hydrocarbon
ethane.
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Formulas of the first ten straight-chain alkanes or paraffins.

Name Formula Structure BP, °C MP, °C
Methane CH, CH, —161.5 —183
Ethane G H, CH;CH, —-88.3 —172
Propane (&{ah CH;CH,CH, -42.2 —187.1
Butane CiHyo CH,CH,CH,CH, -06  -I35
Pentane CH,, CH;CH,CH,CH,CH; 36.2 —130
Hexane Cl CH,CH,CH,CH,CH,CH,; 69.0 -94.3
Heptane CHig CH,CH,CH,CH,CH,CH,CH; 98.5 —90.5
Octane CoHg CH, CH,CH, CH, CH,CH, CH, CH, 125.8 —56.5
Nonane CoHyg CH,CH,CH,CH,CH,CH,CH,CH,CH; 150.7 —53.7
Decane @hisy CH,CH,CH,CH,CH,CH,CH,CH,CH,CH, 174 -30

Boiling point (BP) and melting point (MP) values from Sawyer et al. (1994) Chemistry for Environmental Engineering, p. 195.

Structural formula of the unsaturated hydrocarbon
ethylene.

the molecular formula, boiling point (BP), melting point (MP),
and the nomenclature used for naming the compound as used
by the International Union of Pure and Applied Chemists
(IUPAC). The suffix, —ane, is used in naming hydrocarbons
associated with the alkanes.

According to Sawyer & McCarty (1994, p. 193), the alkanes
are colorless, practically odorless, and quite insoluble in water
for those with five or more carbon atoms. They dissolve readily
in most organic solvents. At room temperature, alkane members
through C; are gases, those from C; to C,, are liquids, and
those above C,, are solids (Sawyer & McCarty, 1994, p. 193).

Alkanes are widely used as fuels. At relatively high
temperatures, alkanes may be combusted to carbon dioxide and
water. Equation (2.137) shows the combustion of propane.

C3Hgg) +5 Oyg) = 3 COygy +4 H, O, (2.137)

Alkanes may also undergo substitution reactions, in which
one or more of the hydrogen atoms are replaced by a different
atom. An example of a substitution reaction is shown below, in
which methane reacts with chlorine in the presence of
ultraviolet light (hv) to produce chloromethane. These types of
reactions are extremely important in the treatment of drinking
water. When chlorine is used as the primary disinfectant in
potable water treatment, it can react with organic compounds
in the water to form trihalomethanes and haloacetic acid
compounds that are potentially carcinogenic. The US
Environmental Protection Agency has established maximum

contaminant levels (MCL) for these types of chlorinated
species.

hv
CH,+ Cl, — CHyCl+ HCl (2.138)

Besides combustion and substitution reactions, alkanes can
also undergo dehydrogenation reactions, in which hydrogen
atoms are removed from a saturated hydrocarbon to form an
unsaturated hydrocarbon. An example of this is the
dehydrogenation of ethane to ethylene, according to the
following reaction. A temperature of 500°C and chromium (III)
oxide catalyst are required.

Cr,03
CH;CH; =~ CH,=CH, +H,
500°C

(2.139)

2.9.1.2 Alkenes

Alkenes are hydrocarbons that contain at least one double bond
and are represented by the following formula: C, H,, . They are
also called olefins, and their names all end with the suffix —ene.
Table 2.20 lists the formula, boiling point, melting point, and
TUPAC name of selected alkenes.

2.9.1.3 Alkynes

Alkynes are hydrocarbons that contain at least one triple bond
and are represented by the following formula: C,H, . They are
also called olefins, and their names all end with the suffix, - yne.
Table 2.21 lists the formula, boiling point, melting point, and
TUPAC name of selected alkynes.

2.9.1.4 Halogenated Hydrocarbons

Halogenated hydrocarbons, such as those involving the
substitution of a hydrogen atom with a chlorine molecule to
alkanes and alkenes, include several commercial products used
as solvents, refrigerants, lubricants, hydraulic fluids, aerosol
propellants, polymers, and pesticides (Baum, 1978,
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Formulas of selected alkenes.

Name

Ethene

Propene

| —Butene
2—Methylpropene

| —Pentene

| —Hexene
2—Methyl-2—pentene
| —Heptene

2,4—Dimethyl—2—pentene

Formula
CH,
CyH,
C,Hy
C,Hg
CsHio
CeHia
CeHin
GHy

C7H\4

Structure BP,°C MP, °C
GHy Z103.9%  —169.4"
CH, = CHCH, 47 _ g5
CH, = CHCH,CH, —6.5* _130*
(CH3),C =CH, —6.9* 4]
CH, = CH(CH,),CH; 30 38"
CH, = CH(CH,);CH, 64| %% _9g 5%
CH;CH,CH = C(CHy), 6769 _| 35w
CH, = CH(CH,),CH, g5 _ o0
(CH,),CHC(CH,) = CHCH, 3% I

*Boiling point (BP) and melting point (MP) values Baum (1978) Introduction to Organic and Biological Chemistry, p. 37.
**Boiling point (BP) and melting point (MP) values Sawyer et al. (1994) Chemistry for Environmental Engineering, p. 197.

**Boiling point (BP) and melting point (MP) values from:

http://www.sigmaaldrich.com/catalog/product/aldrich/m67303?lang=en&region=US

***Boiling point (BP) and melting point (MP) values from:

http://www.chemsynthesis.com/base/chemical-structure- 1 5925.html

Formulas of selected alkynes.

Name Formula BP,°C MP °C

Ethyne H-C=C-H —84.7sp —80.8 (triple
point)

Propyne CH, - C=C—H -23.2 —102.7

| -Butyne  CH,CH,-C=C-H 8.08 —125.7

2-Butyne CH;-C=C-CH, 269 =322

| —Pentyne CH;CH,CH,-C=C-H 40. -90

2—Pentyne CH,CH,-C=C-CH;  56. -109.3

Boiling point (BP) and melting point (MP) values from CRC Handbook of
Chemistry and Physics, (2010), 9Ist Edition, pp. 3-6, 3-84, 3-418, 3-446.
sp -sublimation point.

pages 77-85). Many of the compounds are known or suspected
carcinogens, and regulatory cleanup requirements often
approach detectable limits. Some of the more pervasive
chlorinated aliphatic compounds that are found in ground
water and at hazardous waste sites are listed in Table 2.22.

An aromatic hydrocarbon, or arene or aryl hydrocarbon, is a
hydrocarbon that contains alternating single and double bonds
between carbons. The aromatic organic carbons all contain a
six-membered ring of carbon atoms called the benzene ring.
Benzene has the formula C,H and is the simplest of the
aromatic hydrocarbons. Figure 2.11 is the Lewis structure for
benzene showing the double bonds between alternate carbon

Lewis structure for benzene ring.

Simplified structure of benzene.

atoms in the ring. Figure 2.12 is the simplified formula for
benzene often used by chemists.

Some of the aromatic hydrocarbons have pleasant
odors: cinnamon, vanillin, and wintergreen are examples.
Table 2.23 shows some of the important aromatic hydro-
carbons commonly encountered in environmental
engineering.

Aromatic compounds are important to industry and living
systems. Chemicals and polymers such as styrene, phenol,


http://www.sigmaaldrich.com/catalog/product/aldrich/m67303?lang=en&region=US
http://www.chemsynthesis.com/base/chemical-structure-15925.html
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Halogenated alkanes and alkenes of environmental importance.

Name Formula

Carbon tetrachloride (CT) (lll

C.,
c r'al
Cl

BP,°C MP,°C

http://en.wikipedia.org/wiki/Carbon_tetrachloride

Chloroform (CF) H
I

C.,
c r'al
Cl

http://en.wikipedia.org/wiki/File:Chloroform_displayed.svg

Dichloroethylene (DCE) H H
\ /
CcC=C
\
Cl Cl

http://en.wikipedia.org/wiki/File:Cis- |, 2-dichloroethene.png

Tetrachloroethylene (PCE)
Cl Cl

Cl Cl

http://en.wikipedia.org/wiki/File:Tetrachloroethylene.svg

Trichloroethylene (TCE) al al

\=<

Cl

http://en.wikipedia.org/wiki/File:Trichloroethene.svg

Vinyl chloride (VS) H Cl
N
/C C\

H H

76.8 —22.62
61.17  —6341
60.1 —-80
1213 =223
8721 —84.7
-138 —153.84

http://en.wikipedia.org/wiki/File:Vinyl-chloride-2D.png

Boiling point (BP) and melting point (MP) values from CRC Handbook of Chemistry and Physics, (2010), 9 |st Edition, pp. 3-100,

3-154, 3-470, 3-492.

aniline, polyester, and nylon are made from aromatic
compounds. Arene compounds are produced during oil
refining and from the distillation of tar. Other aromatics such as
histidine, phenylalanine, tryptophan, and tyrosine, serve as
basic building blocks of proteins. The genetic code of all
organisms, DNA and RNA, consists of adenine, thymine,
cytosine, guanine, and uracil, which are aromatic purines or
pyrimidines.

Benzene, toluene, ethyl benzene, and xylene collectively
referred to as BTEX is commonly found at contaminated sites.
They are associated with petroleum products and often enter
the environment from leaking underground storage tanks
(LUSTs).

2.9.2.1 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) or polynuclear
aromatic hydrocarbons are molecules containing two or more
simple aromatic rings fused together by sharing two

neighboring carbon atoms. PAHs are formed from the
incomplete combustion of fossil fuels and some are known to
be carcinogenic, mutagenic, and teratogenic. PAHs are
lipophilic and therefore mix more readily with oil than water.
They generally have high molecular weights, low water
solubility, and low volatility, i.e., they do not evaporate easily.
Table 2.24 shows some of the more commonly found polycyclic
aromatic hydrocarbons.

2.9.2.2 Polychorinated Biphenyls (PCBs)

Polychlorinated biphenyls (PCBs) make up a family of
man-made chlorinated hydrocarbons. Their chemical formula
is represented by C,,H,,_,Cl,, where n is the number of
chlorine atoms. They are made from biphenyl compounds that
contain from one to five chlorine atoms bonded to each of the
aromatic rings instead of hydrogen atoms. There are
approximately 210 different PCB compounds, with commercial
mixtures varying from 40 to 60% chlorine by weight. The EPA


http://en.wikipedia.org/wiki/Carbon_tetrachloride
http://en.wikipedia.org/wiki/File:Chloroform_displayed.svg
http://en.wikipedia.org/wiki/File:Cis-1,2-dichloroethene.png
http://en.wikipedia.org/wiki/File:Tetrachloroethylene.svg
http://en.wikipedia.org/wiki/File:Trichloroethene.svg
http://en.wikipedia.org/wiki/File:Vinyl-chloride-2D.png
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Names and characteristics of several aromatic hydrocarbons of importance.

Molecular Henry’s law

] .
Compound name  Structure weight constant, at::o'ln T,°C

Aniline NH, 89.094 138 x 10! 25

s

http://en.wikipedia.org/wiki/File:Aniline.svg

Benzene @ 978.12 9569 x 1073 25
http://en.wikipedia.org/wiki/File:Benzene_circle.svg

Benzoic acid 0 b122.1 b1.82 x 1078 20
©)1\0H
http://en.wikipedia.org/wiki/File:Benzoic_acid.svg

Bipheny! 154.21 276 x 1074 25
http://en.wikipedia.org/wiki/File:Bifenyl.svg

Ethylbenzene ©/\ 106.165 832x 1073 25
http://en.wikipedia.org/wiki/File:Ethylbenzene-2D-skeletal.png

Nitrobenzene Os 4.0 b123.1 b1.3x 107° 25
é
http://en.wikipedia.org/wiki/File:Nitrobenzol.svg

Phenol OH 994.12 9132 x 107¢ 25
http://en.wikipedia.org/wiki/File:Phenol-2D-skeletal.png

2-Phenylhexane / 16227 e
http://en.wikipedia.org/wiki/File:2-phenyl-hexane.png

Toluene CH, 92.139 651 x 1073 25

O-

http://en.wikipedia.org/wiki/File:Toluene.svg

(continued overleaf)


http://en.wikipedia.org/wiki/File:Aniline.svg
http://en.wikipedia.org/wiki/File:Benzene_circle.svg
http://en.wikipedia.org/wiki/File:Benzoic_acid.svg
http://en.wikipedia.org/wiki/File:Bifenyl.svg
http://en.wikipedia.org/wiki/File:Ethylbenzene-2D-skeletal.png
http://en.wikipedia.org/wiki/File:Nitrobenzol.svg
http://en.wikipedia.org/wiki/File:Phenol-2D-skeletal.png
http://en.wikipedia.org/wiki/File:2-phenyl-hexane.png
http://en.wikipedia.org/wiki/File:Toluene.svg
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(continued)
Molecular Henry’s law \
Compound name  Structure weight constant, a"r:—oT T,°C
m-Xylene CH; 106.165 720 x 1073 25

CH;
http://en.wikipedia.org/wiki/File:M-Xylene.png

p-Xylene 106.165 681 x 1073 25
€ —< >— CH;,

http://en.wikipedia.org/wiki/File:P-Xylene.svg

jas

Molecular weight (MW) and Henry's constant values from CRC Handbook of Chemistry and Physics (2010), 9 Ist Edition, pp. 8-90, 8-101, 8-118, 8-120.
“Molecular weight (MW) and Henry's constant values from LaGrega et al. (1994) Hazardous Waste Management, pp. 1040, 1048.

®Molecular weight (MW) and Henry's constant values from EPA (1990), CERCLA Site Discharges to POTWs Treatability manual, EPA 540/2-90-007, Office of
Water, Table 8-1.

Names and characteristics of several polycyclic aromatic hydrocarbons of importance.

Molecular Henry’s law

Compound name Structure weight constant, atr':—‘:lns T, °C

Anthracene ~ 1782229 391 x 107 25
http://en.wikipedia.org/wiki/File:Anthracene-2D-Skeletal.png

Benzo[a]pyrene 252.309 459 x 10~/ 25
http://en.wikipedia.org/wiki/File:Benzo-a-pyrene.svg

Naphthalene “ 128.171 424 x 10~ 25
http://en.wikipedia.org/wiki/File:Naphthalene-2D-Skeletal.svg

Phenanthrene 6 178229 320 x 107> 25
http://en.wikipedia.org/wiki/File:Phenanthrene.svg

Pyrene 202.250 9.08 x 1076 25

http://en.wikipedia.org/wiki/File:Pyrene.svg

Molecular weight (MW) and Henry's constant values from CRC Handbook of Chemistry and Physics, (2010), 9 I'st Edition, pp. 8-88, 8-89, 8-111, 8-114,
8-115.

http://en.wikipedia.org/wiki/Aromatic_hydrocarbons.

http://www.epa.gov/epawaste/hazard/tsd/pcbs/pubs/congeners.htm.


http://en.wikipedia.org/wiki/File:M-Xylene.png
http://en.wikipedia.org/wiki/File:P-Xylene.svg
http://en.wikipedia.org/wiki/File:Anthracene-2D-Skeletal.png
http://en.wikipedia.org/wiki/File:Benzo-a-pyrene.svg
http://en.wikipedia.org/wiki/File:Naphthalene-2D-Skeletal.svg
http://en.wikipedia.org/wiki/File:Phenanthrene.svg
http://en.wikipedia.org/wiki/File:Pyrene.svg
http://en.wikipedia.org/wiki/Aromatic_hydrocarbons
http://www.epa.gov/epawaste/hazard/tsd/pcbs/pubs/congeners.htm

Chapter 2 Essential chemistry concepts 95

Structure of biphenyl molecule.
http://en.wikipedia.org/wiki/Biphenyl

4 4
(Chn (Chn
5 6 6 5

Chemical structure of PCBs.
http://en.wikipedia.org/wiki/Polychlorinated_biphenyl

banned production of PCBs in 1979. Figures 2.13 and 2.14
show the structure of biphenyl and general structure of a
chlorinated biphenyl, respectively.

PCBs were manufactured domestically from 1929 until their
manufacture was banned in 1979. They have a range of toxicity
and vary in consistency from thin, light-colored liquids to
yellow or black waxy solids. Due to their non-flammability,
chemical stability, high boiling point, and electrical insulating
properties, PCBs were used in hundreds of industrial and
commercial applications including electrical, heat transfer, and
hydraulic equipment. They were also used as plasticizers in
paints, plastics, and rubber products; in pigments, dyes, and
carbonless copy paper; and many other industrial applications.

In the US, PCBs were manufactured as a mixture of various
PCB congeners or isomers. The most common series was called
Aroclors and a numbering system was established. The first two
digits represent the number of carbon atoms in the phenyl
rings; for PCBs, this is 12. The second number refers to the
percentage of chlorine by mass in the mixture. For example,
Aroclor 1210 means that the mixture contains approximately
10% chlorine by mass, whereas, for Aroclor 1268, the mixture
contains approximately 68% chlorine by mass.

Heterocyclic organic compounds have at least one other
element in their ring structure other than carbon. These
compounds may be either aliphatic or aromatic in nature. Most
of the heterocyclic organic compounds in environmental
engineering relate to biological processes, i.e., synthesis and
other biochemical reactions. Some five-membered ring
aliphatic heterocyclic compounds include furaldehyde, pyrrole,
and phyrolidine. Some six-membered aromatic heterocyclic
compounds are: purine, pyrimidine, adenine, guanine,
cytosine, uracil, and thymine.

These compounds are important in the synthesis of proteins
and deoxyribonucleic acid (DNA). Chapter 4 provides more
details on protein synthesis and DNA. Table 2.25 shows the
structure of some of the heterocyclic aliphatic and aromatic
compounds.

As previously mentioned, organic compounds generally
contain hydrogen, oxygen, nitrogen, sulfur, and other elements
in addition to carbon. The vast array of organic compounds
that exist are actually hydrocarbon derivatives that contain
additional atoms or groups of atoms called functional groups.
These functional groups cause the chemical and physical
properties of the hydrocarbon derivative to change significantly.
Alcohols are characterized by the presence of the hydroxide
group (—OH). When alcohols react with a strong acid, they act
as bases, i.e., accept protons. The simplest aromatic alcohol is
phenol which has a hydroxide group attached to the benzene
ring. In general, phenols are more acidic than alcohols and
water. Aldehydes and ketones contain the carbonyl group

(C = 0O). Compounds containing the ~-COOH group are weak
acids (carboxylic acids). Esters are derived from carboxylic
acids and have the general structural formula as follows:

where:
R = represents an alkyl group
R’ = represents an aryl group.

Amines are considered derivatives of ammonia with one,
two, or three hydrogen atoms replaced by an alkyl group. The
amines resemble ammonia and act as weak bases. Amides may
be produced from ammonia and carboxylic acids. Some
common functional groups and examples of each are presented
in Table 2.26.

Environmental engineers must have a firm foundation in
chemical concepts, because these are applied to various
treatment systems when dealing with water, wastewater,
residuals, and air pollution problems.

A dimension is a physical quantity expressing length, time,
temperature, pressure, velocity, and weight. It must be
accompanied by the appropriate set of units to quantify the
dimension.

Fundamental dimensions include: length (L), mass (),
time (¢), and temperature (7).

Derived dimensions are those developed or derived from
fundamental dimensions. Examples include velocity
(L/t), volume (L?), density (m/L*), and pressure (F/L?).
Density (p) and specific gravity (S.G.) are two important
derived dimensions that are widely used in chemical
systems.

The concentration of a substance in a solution can be
expressed in a number of ways.


http://en.wikipedia.org/wiki/Biphenyl
http://en.wikipedia.org/wiki/Polychlorinated_biphenyl
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Heterocyclic organic compounds of significance in environmental engineering.

*Molecular
Compound name  Structure weight "BP, °C *MP, °C
Furaldehyde £0)_//0 96.085 161.7 —38.1
http://en.wikipedia.org/wiki/File:Furfural_structure.png
Pyrrole 4 3 67.090 129.79 —23.39
LN,
N
H
1
http://en.wikipedia.org/wiki/File:Pyrrole-2D-numbered.svg
Pyrrolidine g 71.121 86.56 -57.79
http://en.wikipedia.org/wiki/File:Pyrrolidine.png
Pyridine 2 79.101 [15.23 —41.70
5 | Ny
6 Z 2
N
1
http://en.wikipedia.org/wiki/File:Pyridine_numbers.svg
Purine 20,113 eeeeees 2165
*ﬁ p kﬁ i
.N 2
\
H
http://en.wikipedia.org/wiki/File:Purine_chemical_structure.png
Pyrimidine H 80.088 123.8 22
4
H T T @
N ) J
N H
http://en.wikipedia.org/vvlkl/FlIe:Pyr\mldlneﬁchemicalistructure.png
Adenine H,N 135.128 sub 220 360 dec
=N
)
([ )—n
N
H
http://en.wikipedia.org/wiki/File:Adenine_chemical_structure.png
Guanine 0 I51.127 sublimes 360 dec

¢TI
u N/ NH,

http://en.wikipedia.org/wiki/File:Guanin.svg
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(continued)

“Molecular
Compound name Structure weight “BP, °C "MP, °C

Cytosine NH, FEE102 e 322 dec

http://en.wikipedia.org/wiki/File:Cytosine_chemical_structure.png

Uracil 0 N PX0l:y— 338

http://en.wikipedia.org/wiki/File:Uracil.svg
Thymine 0 126,11 e 316
| NH
N (0)
H
http://en.wikipedia.org/wiki/File:Thymine_skeletal.svg

*Molecular weight (MW), boiling point (BP), and melting point (MP) values from CRC Handbook of Chemistry and Physics (2010), 9Ist Edition, pp. 3-8,3-134,
3-266, 3-270, 3-448, 3-452, 3-486, 3-516.

deg — decomposition observed at stated temperature.

sub — solid has a significant sublimation at ambient temperature.

Common functional groups and examples encountered in environmental engineering.

Class Functional group General formula Example

Alcohol -OH R—OH Methanol: CH;OH
Aldehyde 7C=7% RfCi(i| Acetaldehyde: C,H,O
Alkyl halide —X(Br, CI,F, 1) R-X Chloroform: CHCl,
Amide 7C=_ONHZ R7C=_%H2 Urea: CH,N,O

Amine —NH, R—C-NH, Methylamine: CH;N
Carboxylic acid —CiOOH R—CiooH Acetic acid: CH;COOH
Ester —C=_%_ R—Ci%_ Methylethanoate: C;H, O,
Ether -O- R-O-R’ Dimethylether C,H,O
Ketone -C=° R-C=° Acetone: C;H,O
Mercaptan —SH R—SH Methylmercaptan: CH;SH
Phenol -OH R-OH Phenol: C,;H,O

Sulfonic acid -SO;H R-SO;H Ethanesulfonic acid: C,H, O3S

Rand R’ represents any functional group or hydrogen.


http://en.wikipedia.org/wiki/File:Cytosine_chemical_structure.png
http://en.wikipedia.org/wiki/File:Uracil.svg
http://en.wikipedia.org/wiki/File:Thymine_skeletal.svg
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Typically, concentration is given in terms of moles/liter
(M) or milligrams per liter (mg/L).

Concentration is sometimes expressed in terms of
mass/volume, mass/mass as a percentage, volume/volume
as a percentage, or mole fraction.

The normality (N) of a solution represents the number of
equivalents of substance per liter of solution.

In environmental engineering, the flow rate may be given
either on a mass or volumetric basis.

The mass flow rate is equal to the density of the solution
multiplied by the volumetric flow rate (Q).

The mass flow rate of some component in the flow is
determined by multiplying the concentration of the
component by the volumetric flow rate.

Detention time (7) is a fundamental concept in
environmental engineering and it represents the average
unit of time that a fluid particle remains in the system.
Detention time is calculated by dividing the volume of the
tank or container by the volumetric flow rate.

Engineers must make sure that all chemical equations are
properly balanced before using to calculate chemical
dosages and quantities.

The law of conservation of mass must be satisfied, i.e., the
mass of elements on the left side of the equation must
equal the mass of elements on the right side.

The solution must be electrically neutral, i.e., a charge
balance should exist.

In oxidation-reduction or redox reactions, electrons are
transferred and the oxidation number of a chemical species
changes.

Oxidation refers to a loss of electrons or a gain in valence.
Reduction means a gain in electrons or a loss in valence.

Thermodynamics allows engineers and chemists to predict
whether or not a chemical reaction will proceed as written.
It does not allow one to determine the rate at which a
reaction takes place.

The following thermodynamic parameters are used in
thermodynamic equilibria: change in enthalpy (AH),
change in entropy (AS); and change in free energy (AG).

The equilibrium constant (K) can be determined from free
energy data. It can be used to determine the concentration
of various chemical species at equilibrium.

Free energy is related to K in the following equation:

AG = AG® + RT In(K)

Temperature affects the equilibrium rate constant. The
van’t Hoff equation is used to make temperature
corrections:

Ky R T,

Acids are proton donors and bases accept protons.

Acid-base chemistry involves estimating the concentration
of various chemical entities and pH when either an acid or
base is added to a solution.

The pH of a solution can be solved analytically or
graphically by drawing a pC-pH diagram.

The carbonate system is the most important natural
buffering system encountered in environmental
engineering. It is directly related to alkalinity, which is
defined as the buffering capacity of a water to resist a change
in pH when an acid is added.

Alkalinity is measured by titrating a sample of water with
0.02 N H,SO, to a pH of approximately 4.5.
Mathematically, alkalinity is defined by the following
equation:

[ALK], = [CO ], + [HCO3], + [OH™], — [H*],

Liquid-solid species that are partially soluble or insoluble
can be explained using the solubility product (K,). The
solubility of most substances increases with temperature;
however, there are exceptions:

Salts with low K, values generally have low solubilities.
It is impossible to predict the solubilities of various
compounds solely based on K, values since solids that
dissolve into two or three ions will generally have higher
solubilities.

Proper application of gas phase laws is essential for
designing gas transfer systems, gas strippers, determining
saturation concentration of dissolved gases in aqueous
solutions, and understanding the relationship between
pressure and volume of a gas and between temperature and
volume of a gas.

The ideal gas law is used to solve for pressure, volume,
moles, or temperature, given three of these four
parameters.

Dalton’s law of partial pressure states that the total
pressure exerted by a mixture of gases is the sum of the
partial pressures of each gas present.

Raoult’s law relates the partial pressure of the gaseous
component present above a liquid to the vapor pressure of
the pure component and the mole fraction of the pure
component in the liquid phase.

Henry’s law is used for calculating the solubility of a gas
in a liquid, or to describe the equilibrium condition
between the gas and liquid phases.

There are several forms of Henry’s law, so special
attention should be placed on the dimensions on the
Henry’s law constant H, in order to apply the appropriate
equation expressing Henry’s law.

Organic chemistry is the study of carbon-containing
compounds and their properties. Organic compounds are
important because: they form the basis of all life; they are
used in the production of pesticides, herbicides,
insecticides, polymers, antibiotics, hormones, and alcohols;
and they cause detrimental affects to the environment, since
many of them are toxic and/or carcinogenic.
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Hydrocarbons are organic compounds consisting only of
hydrogen and carbon.

A saturated hydrocarbon is one in which adjacent carbon
atoms are joined together by a covalent bond and all of
the bonds are made with hydrogen.

Unsaturated hydrocarbons have a least two carbon atoms,

partial pressure

reducing agent

units

joined together by a double or triple bond.

Alkanes are aliphatic hydrocarbons represented by the
formula C,H,, .
Alkenes are hydrocarbons that have one double bond and

are represented by the formula C H,, .

Alkynes are hydrocarbons with at least one triple bond
and are represented by the formula C, H,,.

Aromatic organic carbon compounds all contain a
six-membered ring of carbon atoms, called the benzene
ring. Aromatic compounds of significance in
environmental engineering include benzene, toluene,
ethylene benzene, and xylene.
Polycyclic aromatic hydrocarbon (PAHs) contain two or
more aromatic rings, fused together by sharing two
adjacent carbon atoms.
Polychlorinated biphenyls (PCBs) are chlorinated
hydrocarbons made up of biphenyl compounds,
containing from one to five chlorine atoms bonded to
each aromatic ring instead of hydrogen atoms.
Heterocyclic organic compound are those that contain at
least one element other than carbon in their ring
structure. Purine, pyrimidine, adenine, guanine, cytosine,
uracil, and thymine are six-membered aromatic
heterocyclic compounds involved in the synthesis of
proteins and DNA.
Functional groups are atoms or groups of atoms attached
to organic compounds which change the chemical and
physical properties of the hydrocarbon derivatives.

acidity Dalton’s law fundamental
acids density dimensions
aliphatic HC derived halogenated HC
alkahnlty dimensions HC
alkanes detention time heat
alkenes dimension Henry’s constant
alkynes' dissociation Henry’s lava
aroma(tilc I)—If electroneutrality heterocxchc
Avoga. ro’s law enthalpy organics
balancing hydrocarbon
. entropy

equations cauilibrium Ideal gas law

bases q . ionization
chemistry

benzene ibri mass balance
Boyle’s law equiibrium mass flow rate
BTEX Cf)nstant molal solution
buffers equlv.alent mole fraction
carbonate weight normal solution

system ethyl benzene organic
Charles’s law equivalents chemistry
concentration free energy oxidation
conjugate acid functional oxidizing agent
conjugate base groups PAHs

PCBs reduction universal gas
pC-pH diagram saturated HC constant

pH solub#}ty unsaturated HC
pOH solubility .
radicals product volumetric flow
Raoult’s law specific growth rate

redox toluene work
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Air weighs 8 pounds per 100 ft>. What is the density in
(a) grams per ft> and (b) grams/L?

A block of wood weighs 4 pounds and has the
following dimensions: 10 in by 6.0 in by 2.0 in.
Calculate the density in (a) Ib/ ft> and (b) g/cm?.

The specific gravity of mercury is 13.6. Calculate the
density in (a) g/cm? and (b) Ib/ft’.

A bottle used for determining specific gravity weighs
200 g when empty, 400 g when filled with water, and
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334 g when filled with gasoline. Determine (a) the
capacity of the bottle in ml and (b) the specific gravity
of the gasoline.

Balance the following equations:
Ky + H,0() = Hy,y + KOH,,
FeS, + HCl;) — FeCly, + H,S,
NH3@) + Oy — NQ(g) +H,0,
Si0, ) + HEF ;) — SiFy,) + H,O

Balance the following equations:
FeCly,,, + KOH,,, — Fe(OH)y, + KCl
Clyg) + Kl(gg) = I + KClyy)
CaF,, +H,50,, — CaSO,, + HF,
MnO, + NaCl, + H,S0,,) —
MnSO, ) + H,0() + Cly) + NaySOy

(aq)

Balance the following equations:
ZnSO, + NaCl — ZnCl, + Na,SO,
KMnO, + H,C,0, —
K,CO; + MnO, + H,0 + CO,
KMnO, + FeSO, + H,S0, —
Fe,(SO,); + K,S0, + MnSO, + H,0
KH(10;), + KI + H,S0, — I, + K,SO, + H,0

Determine the pH of a 0.07 M HCl solution.
pK, = -3.0.

Determine the pH of a 2.0 X 10~>M Ba(OH), solution.

Determine the pH of a 3.0 X 10~*M H, SO, solution.

Calculate the [H*], [HS™], [$*"], and pH in a 0.01 M
H, S solution. The dissociation constants for H,S and
[HS™] are 107! and 1075, respectively.

Given the following sets of pressure/volume data,
calculate the missing quantity assuming that the mass
of the gas and temperature remain constant.

¥ =42in® at P=85.5in Hg; ¥ =?in’ at

P =759in Hg
¥ =104Lat 759 mm Hg; V¥ =2.24L at
P =?mm Hg

¥ =53Lat 785 mm Hg; #=? Lat

P =690 mm Hg

V¥ =4.0mL at 140 atm; V¥ = 10.0 mL at

P =? mm Hg

¥ =27Lat 101 kPa; ¥ =3.0L at P =?mm Hg
¥ =10L at 760 mm Hg; ¥ =50.0mL at

P =?atm

Given the following sets of temperature/volume data,
calculate the missing quantity assuming that the mass
of the gas and pressure remain constant.
¥ =45mL at T =26.5°C; ¥ =?mlL at
T =56.5°C
¥=110Lat T=20°C; ¥ =?LatT=45°C
¥=45Lat T=25°C; ¥=?LatT=-270°C
Y =45mLat T=298K;, ¥="mLatT=5K
¥ =445mLat T=298K; ¥ =?mlL at
T=0°C .
¥=28LatT=-50°C; ¥=50LatT=?C

If 2.0 g of helium gas occupies a volume of 12.0 L at
25°C, what volume will 6.5 g of helium gas occupy
under the same pressure and temperature?

If 3.5 moles of argon gas occupies a volume of 100 L,
what volume will 14.5 mol of argon gas occupy under
the same pressure and temperature?

If 46.5 g of oxygen gas occupies a volume of 100 L at a
specific pressure and temperature, what volume will
6.0 g of oxygen gas occupy under the same pressure
and temperature?

Given the following values for three of the four gas
variables, determine the unknown quantity.
P=23atm at ¥ =145mL; n = 0.45mol at
T=?K
P =?atm at ¥ = 1.5mL;
n = 0.00015mol at T = 293 K
P =755mm Hg at # =? mL;
n=0.45mol at T = 135°C
P=15mmHgat¥=?L; n=0.75mol at
T = 155°C
P =1.05atm at ¥ =22.5mL;
n = 0.0045 mol at T =? K
P =?atm at ¥ = 1.75mlL;
n =0.00015mol at T = 185K

A gaseous mixture contains 7.00 g of nitrogen gas,
4.50 g of oxygen gas, and 3.00 g of helium gas. What
volume (L) does the mixture occupy at 30°C and
1.1atm?

A mixture of helium and oxygen gas is contained in a
5.0 L pressurized vessel. Fifteen liters of oxygen gas at
25°C and 1.0 atm and 45 liters of helium gas at 25°C
and 1.0 atm was pumped into the vessel. Determine the
partial pressure of each gas and the total pressure in
the pressurized vessel at 25°C.

A 50.0L tank contains 5.5 kg of nitrogen gas and 4.5 kg
of oxygen gas. What is the pressure in the tank at 23°C?

A tank contains a mixture of 3.0 mol of nitrogen gas,
2.0 mol of oxygen gas, and 2.0 mol of carbon dioxide
gas at 25°C and a total pressure of 12 atm. Determine
the partial pressure (in torr) of each gas in the mixture.
1 torr = 1 mm Hg.

A covered pure oxygen activated sludge process is
operated at 2.0 atm of pressure. If the composition of
the gas above the liquid is 80% oxygen, 5% carbon
dioxide, and 15% nitrogen, determine the equilibrium
concentration (mg/L) of oxygen in the liquid phase at
20°C.

Calculate the saturation or equilibrium concentration
(mg/L) of oxygen, nitrogen, and carbon dioxide in
water at 0, 20, and 40°C, assuming that their
percentage by volume in the atmosphere is 21%, 79%,
and 0.03%, respectively at 1 atm.

Compare the saturation concentrations (mg/L) of
oxygen at 20°C at elevations of 0, 1,600 m, 2,200 m,
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and 4,300 m. Assume that oxygen is 21% by volume in
the atmosphere. At sea level, the atmospheric pressure
is 760 mm Hg = 1 atm = 101 kPa. The change in
pressure as a function of elevation can be calculated
from the following equation:

P, =P, exp [——g/\/l (:;)_ _ ZG) }
Metcalf and Eddy, 2003, page 1738
P, = atmospheric pressure at elevation z,
(meters above sea level) in kPa,
P, = atmospheric pressure at elevationz,

(meters above sea level) in kPa,

g=9.8Im/s’,
. kg - m?
R=8314—N"M _ _g3j4_ €M
kg - mol - K s? - kg-mol - K

T = temperature, K(273.15 + °C), and

M = molecular weight of air, (28.97kg/kg - mole).

Determine the solubility-product constant given the
solubility of the following compounds:

6.0 x 107> M of Mg,(PO,),

6.0 X 10~ M of FeS

2.0 1077 M of Zn,(PO,),

7.0 X 107 M of CuF,

Calculate the pH of a 0.1 M H,X solution using a
pC-pH diagram. pK; = 3.0 and pK, = 7.0.

Calculate the pH of a 0.1 M NaHX solution using a
pC-pH diagram. pK; = 3.0 and pK, = 7.0.

Calculate the pH of 0.1 M Na, X using a pC-pH
diagram. pK; = 3.0 and pK, = 7.0.

Calculate the pH of a solution prepared by diluting
0.1 mole of (NH,),X to 1liter with distilled water using
a pC-pH diagram. pK, = 9.3.

Calculate the pH of a solution prepared by diluting
0.1 mole of NaA to 1 liter with distilled water using a
pC-pH diagram. pK, = 4.7.

Calculate the pH of a 0.01 M acetic acid solution at
25°C using a pC-pH diagram. pK, = 4.7

Calculate the pH of a 0.01 M potassium acetate
solution at 25°C using a pC-pH diagram. pK, = 4.7.
Calculate the pH of a 0.01 M ammonium chloride
(NH,)Cl solution at 25°C using a pC-pH diagram.

Calculate the pH of a 0.01 M sodium bicarbonate
solution at 25°C using a pC-pH diagram.

Calculate the pH of a 0.01 M potassium bicarbonate
solution at 25°C using a pC-pH diagram.

Calculate the pH of a 0.01 M hydrogen sulfide solution
using a pC-pH diagram.

Calculate the pH of solutions containing 200 mg/L of
each of the following weak acids or salts of weak acids:
Acetic acid
Hypochlorous acid
Ammonia
Hydrocyanic acid

A 1072° M solution of ammonia is prepared. Calculate
the equilibrium concentration for each chemical
species in the solution.

Calculate the pH of a 107>M HCl solution. K = 10°.
Calculate the pH of a 107 M HCl solution. K = 10°.

Explain the difference between an aliphatic and
aromatic organic compound.

Give the functional group associated with each of the
following organic compounds: alcohol, aldehyde,
phenol, ketone, ester, ether, amine, amide, mercaptan,
halide, and sulfonic acid.

Discuss the characteristics and relevance of PAHs and
PCBs after conducting a “Google” search on the
internet.

Determine the solubility constant for carbon dioxide
gas in water at 25°C from free energy calculations.
COyq) © COyyy)-

Determine the first ionization constant (K, ) for
carbonic acid at 25° from free energy calculations.

+ —
H,CO5 < Hf, +HCO3

Determine the second ionization constant (K,) for

carbonic acid at 25°C from free energy calculations.

_ a D
HCOG ) < Hip T CO5p)

Acetate (CH;COO™) can be biologically oxidized
either by aerobic or anaerobic conditions. Using the
following stoichiometric equation, determine the
standard free energy of formation for each reaction.
Would a larger population of microorganisms be
supported under aerobic or anaerobic conditions?
Explain your answer. AG; for Oy = 0.

Aerobic:

CH,COO, ) +20,) < HCOY,, +HyO( + COy

Anaerobic:

CH3COO(_Gq) +H,Op < HCOqu) + CHyg

Calculate the enthalpy change for the formation of
water vapor from the combination of hydrogen gas and
oxygen gas as shown in the following equation.

1
Hyg + 5 0xp © HyOg
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Calculate the enthalpy change for the formation of
water from production of water vapor given the
following equations. The combination of hydrogen gas
and oxygen gas as shown in the following equation.

. . [
Equation (1): Hyq) + 502@) < H,O

Equation (2):  H,O,, < H,O,

Calculate the quantity of heat that is liberated during
the slaking of 1 kg of quicklime (CaO) according to the
following reaction.

CaOy, + H,0, < Ca(OH),,

Calculate the enthalpy change for the formation of
carbon dioxide from the oxidation of graphite for the
following reaction.

Cgraphitey T O2(g) = COyq)

Calculate the enthalpy change for the formation of
hydrogen iodide gas for the following reaction.

Hz(g) + IZ(crystaZ) - 2HI(g)
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Water and wastewater

characteristics

Richard O. Mines, Jr.

T
Learning Objectives
After reading this chapter, you should be able to:

o list and describe the three water quality parameter
categories;

o list and explain the importance of five physical waster
quality parameters;

e list and explain the importance of five chemical waster
quality parameters;

o list and explain the importance of five biological waster
quality parameters;

o identify and calculate the various species of alkalinity, given
the initial pH, titration data, and/or equilibrium equations
and constants;

o calculate the theoretical oxygen demand of a chemical
compound;

o draw a schematic of the BOD test procedure and
calculate the BOD of a "seeded” or "“unseeded” sample
of water or wastewater;

o discuss the various types of solids analyses and calculate
the concentration of each, given appropriate data;

o defend the use of indicator organisms as surrogate
parameters for pathogens;

e explain and calculate the most probable number (MPN)
for a water or wastewater sample;

o assess the quality of a water as “good” or “poor”, based
on the water quality parameters presented in this chapter.

T

3.1 Overview

The quality of water determines its usefulness. Take, for
instance, a river: will it serve as a drinking water source or an
irrigation source? Perhaps it will serve as a recreational
resource; however, it may be the ultimate disposal location for
industrial or municipal wastewater. Normally, one may picture
a clear, fast-moving, pristine creek in the Rocky Mountains as
an excellent source of drinking water. However, is it really safe
to drink just because it appears to be clean and refreshing? In
reality, the water probably contains some contaminants such as
the dangerous disease-causing microorganisms Giardia lamblia
and/or Cryptosporidium parvum. These microscopic organisms
can cause the inexperienced backpacker severe abdominal
distress and a memorable, yet unpleasant experience.

The conventional physical, chemical, and biological
characteristics of water and wastewater will be discussed in this
chapter. Where appropriate, a brief presentation of the
analytical procedures used for measuring some of the
traditional water quality parameters will be presented. Tables
showing water quality characteristics for surface and
groundwater will be presented for comparison with stormwater
and municipal wastewater. Proper characterization of water
quality is of paramount importance if sustainable, water and
wastewater treatment facilities are to be designed by
environmental engineers.

3.2 Water quality parameters

The constituents found in water may be classified as physical,
chemical, or biological. Table 3.1 presents the common
parameters used in water quality assessment. Standard Methods

Environmental Engineering: Principles and Practice, First Edition. Richard O. Mines, Jr.
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Physical, chemical, and biological characteristics of water.

Physical Inorganic chemical Organic chemical Biological
Color Ammonia BOD, Bacteria
Odor Nitrite COD Helminths
Solids Nitrate TOC Protozoa
Temperature Organic nitrogen Specific organic compounds Viruses
Absorbance and transmittance Total Kjeldhal nitrogen

Turbidity Total phosphorus

Inorganic phosphorus
Organic phosphorus
Metals

Alkalinity

pH

Dissolved oxygen

for the Examination of Water and Wastewater (2012) is the if the formula of the organic compound is known. However,

authoritative handbook consulted in the United States for this is not normally the case in most environmental

conducting water quality analyses. engineering applications. Example 3.1 illustrates how to
Physical parameters primarily relate to our senses and the calculate the ThOD of a 500 mg/L glucose solution.

aesthetics of the water. Many of the chemical parameters
(organic and inorganic) have a detrimental affect on health.

Finally, the microbiological quality of water is related to its
biological characteristics. In subsequent sections of this chapter, .
the measurement and significance of the most important ExampIe: 3.1 Calculation of
parameters encountered in water quality management will be Theoretical Oxygen Demand
presented. First, the analyses used to determine the organic of a hyd rocarbon

content of a sample will be presented.
Calculate the ThOD of a 500 mg/L glucose (C;H,,04)

solution using the balanced stoichiometric equation for
the oxidation of glucose to carbon dioxide and water, as

Lumped parameter organic given below.

quantification
CeH Oy +6 O, —» 6 CO, + 6 H,0

A non-specific analytic procedure is used to measure the

organic content of a water sample. Typical analyses performed First, check to make sure that the chemical reaction is
on water and wastewater samples include biochemical oxygen properly balanced. The number of moles of carbon,
demand (BOD), chemical oxygen demand (COD), and total hydrogen, and oxygen must be the same on both the left
organic carbon (TOC). To highlight the difference in each of side of the reaction (reactants) and the right side of the
these parameters, a brief discussion on theoretical oxygen reaction (products). Here, the chemical equation is
demand (ThOD) is presented first. properly balanced.

Second, determine the molecular weight of glucose and
oxygen as follows:

The molecular weight of glucose is: 6 X 12+ 12X 1 +
6 X 16 = 180 g/mole.

The molecular weight of oxygen is: 2 X16 = 32 g/mole.

Finally, use the stoichiometric ratio observed in the
The theoretical oxygen demand of an organic substance relates balanced oxidation reaction to calculate the ThROD

to the quantity of oxygen required to oxidize the organic matter concentration in mg/L.
to carbon dioxide and water. The ThOD can be calculated only
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ThOD =

500 mg C,H,Oy I g CyH,Oq
L 1000 mg C,H,O4

| mol C,H,,O, 6 mol O,
X

180g C,H ;O I mol C,H,O,
o 32g0O, 1000 mg

| mol O, l'g

ThoD =[]

To calculate the ThOD of an organic compound containing
nitrogen, assume that the organic nitrogen is oxidized to nitrate
(NO3) and that the organic matter (carbon) is oxidized to
carbon dioxide and water, as previously presented. Example 3.2
shows how to calculate the ThOD of a 300 mg/L solution
containing C;H,O,N.

Example 3.2 Calculation of ThOD
of an organic containing nitrogen

Calculate the ThOD of a 300 mg/L solution of C;H,O,N.

Begin by developing a balanced stoichiometric
equation for the oxidation of the organic compound to
carbon dioxide, water, and nitrate. The number of moles of
carbon, hydrogen, nitrogen, and oxygen must be the same
on the left and right side of the reaction. The chemical
equation is properly balanced as follows:

CsH,0,N +7.25 O, — 5 CO, + 3.5 H,0 + NO;

Second, determine the molecular weights of C;H,O,N
and oxygen as follows:

The molecular weight of C;H,O,Nis: 5X 12 +7 x 1 +
2X16 + 1 Xx14 =113 g/mole.

The molecular weight of oxygen is: 2 X 16 = 32 g/mole.

Third, calculate the ThOD concentration in mg/L by
setting up a ratio based on the atomic and molecular
weights calculated in step 2.

oD = 30me CsH; 0N < | g CsH,0,N )

L 1000 mg CsH,0O,N
o < I mol C5H7OZN> < 7.25mol O, )
13g C;H,O,N | mol CsH,O,N
><< 32g O, ) (IOOOmg)
I'mol O, lg

ThoD =[ETéme/]

The most widely used method for estimating the biodegradable
organic concentration of a water sample is to conduct a five-day
BOD test. The numerical value obtained from the BOD test
represents the quantity of oxygen required by bacteria to
oxidize and stabilize the biodegradable organic material in the
sample. The end products of oxidation are carbon dioxide,
water, and nitrate, unless an inhibitor is added to prevent
nitrification. Standard Methods for the Examination of Water
and Wastewater (1998) is the authoritative handbook used in
environmental engineering, and this provides the accepted and
approved procedures for performing water quality analyses,
including BOD.

Normally, the BOD test is based on a five-day period.
According to Horan (1991), the United Kingdom Royal
Commission recommended in 1912 that an incubation period
of five days be employed for the BOD test, since smaller
experimental error is introduced than that incurred at longer
incubation periods. If the BOD test is conducted longer than
five days, a secondary reaction involving nitrifying bacteria will
occur, resulting in the oxidation of ammonia to nitrate. This is
known as the nitrogenous oxygen demand (NOD).

In the United States, most regulatory agencies have
established effluent standards from wastewater treatment plants
(WWTPs) in terms of carbonaceous biochemical oxygen
demand (CBOD). The CBOD is the five-day BOD test
performed with inhibitors added to prevent the nitrification
reaction. Therefore, it represents the quantity of oxygen
required just to oxidize the organic matter in the sample.

3.3.2.1 Carbonaceous BOD Derivation

Mathematically, a first-order removal reaction is used to model
the BOD reaction. The organic carbon or substrate for the
bacteria is assumed to be removed at an exponential rate,
according to the reaction shown in Equation (3.1), where C
represents the concentration of organic matter. In
environmental engineering, it is customary to use L, rather
than C, where L, which represents the BOD remaining (See
Equation (3.2)).

dc
— =k A

0 ¢ GH
dL

— =—kL 2
p (32)

Rearranging and integrating Equation (3.2) yields the following:

o _

—k .
. t (33)
L[
/ d_ ks (3.4)
, L
L, —Inl, =—kt (3.5)

L=Le™ (3.6)
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where:
L, =oxygen equivalent of organics or BOD remaining at
time = 0, mg/L
L, = oxygen equivalent of organics or BOD remaining at time ¢,

mg/L
k = base “e” BOD reaction rate constant, days‘1
t =time, days.

Figure 3.1 shows the relationship between BOD remaining
(L) and the BOD exerted (Y). In engineering applications, the
BOD exerted is the parameter of interest. The BOD exerted at
time equal to “t” is defined as Y,. At time equal to zero, the
ultimate BOD, L, is equal to L.

Equation (3.6) may be modified as follows for calculating
the BOD exerted.

L=L,e™ (3.7)
L=V, +L, (3.8)
L=Y,=Le™ (39)
Y=L, (I —e™) (3.10)

Equation (3.10) is commonly expressed as Equation (3.11)
to make it easier to remember and use.

[BOD, = BOD, (I — ™) G.11)

where:
BOD, = BOD exerted at any time ¢, mg/L
BOD,, = ultimate BOD of the sample, mg/L.

Example 3.3 Calculation of BOD;
and BOD;,
Calculate the five-day and seven-day BOD for a sample of

treated wastewater assuming a BOD rate constant, k = 0.10
days™! and an ultimate BOD of 350 mg/L.

First, substitute a time of 5 days into Equation (3.11) to
calculate the five-day BOD.

BOD, =BOD, (I —e™ ")
BOD; =350 2 (I — =105 ) — 138 gL

Next, substitute a time of 7 days into Equation (3.11) to
calculate the 7-day BOD.

BOD; = 350 ng (| — =010 days™!x7 dGVS) =[T76mg/L

Finally, calculate the percent of ultimate BOD exerted
at 5 days.

% BOD, Exerted = % x 100 =

For domestic wastewater with a negligible industrial
waste component, the five-day BOD typically ranges from
66-68% of the BOD,.

3.3.2.2 Laboratory Procedure for BOD Determination
This
section outlines the procedures
used for determining BOD. Detailed procedures are found
in Standard Methods (1998). The analysis involves incubating
a series of diluted wastewater samples and blanks in the dark
at a temperature of 20°C for five days. Typically, 300 ml glass
bottles are used in BOD determinations. The test is conducted
in the dark to preclude the growth of algae and the associated
effects of oxygen production via photosynthesis that would
yield inaccurate results. Approximately 4.0 mg/L of dissolved
oxygen (DO) should be consumed during the five-day
incubation period. A minimum of 1.0 mg/L of DO should
remain after the incubation period. The fraction of wastewater
to be added to the BOD bottle is calculated by dividing the
anticipated BOD of the sample by 4.0 mg/L of DO consumed.
Dilution water used in BOD analyses consists of distilled
water, to which the following chemicals are added: KH,PO,,
K,HPO,, Na,HPO,, NH,Cl, MgSO,, CaCl,, and FeCl,. These
chemicals provide the nutrients necessary for bacterial growth
during the BOD test. Since microorganisms are used in the test,
it is considered a bioassay procedure. The dilution water is also
saturated with oxygen, so that there is sufficient DO during the
incubation period. Water or wastewater samples that do not
contain bacteria must be “seeded” with an inoculum of bacteria.
Either primary clarifier effluent or non-chlorinated secondary
effluent from WWTPs is typically used as the inoculum.
Figures 3.2 and 3.3 are diagrams illustrating the BOD
procedure using the dilution method. Dilution water and sample
are mixed together in a 1 L graduated cylinder or calibrated
container before transferring into 300 ml BOD bottles.
Alternatively, dilution water and sample may be added
directly to the BOD bottle; this is known as the direct method
procedure. To achieve the required dilution, V ml of sample
and V},,,, ml of dilution water are mixed.
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Figure 3.2 Diagram of dilution method BOD procedure. Source:
Reprinted by permission of Pearson Education, Inc.,, Upper Saddle

River, NJ.
BOD
bottle
B,

Measure DO on day 1

BOD
Mixture of sample bottle
and dilution water B,

Measure DO on day 5

Figure 3.3 Diagram of BOD procedure using “seeded” dilution
water. Source: Reprinted by permission of Pearson Education, Inc.,
Upper Saddle River, NJ.

Normally, duplicate or triplicate BOD bottles are used for
each dilution made. If three 300 ml BOD bottles were to be
filled and a 5% dilution was desired, 45 ml of sample would be
mixed with 855 ml of dilution water. In Figure 3.3, B; and B,
are BOD bottles filled only with dilution water, whereas, D, and
D, are BOD bottles containing the mixture of sample and
dilution water. The DO concentration in the diluted sample is
measured either using a calibrated DO meter and probe or by
titration using the Azide Modification of the Winkler method.
Equation (3.12) is used for calculating the BOD of an
“unseeded” water or wastewater sample.

BOD, = (D'—PDZ) 3.12)

where:

BOD, = biochemical oxygen demand of the sample at time “¢”,
mg/L

D,  =DO concentration of diluted sample immediately after
preparation, mg/L

D, =DO concentration of diluted sample after “t” days of
incubation, mg/L

t = incubation time, normally five days

P = decimal fraction of sample used

volume of sample

volume of sample plus dilution water

Example 3.4 Calculation of
“Unseeded” BOD

A five-day BOD test is performed on an “unseeded”
primary effluent wastewater sample. 10 ml of primary
effluent are added to each 300 ml BOD bottle, to which
dilution water is added. A total of four BOD bottles are
used in this particular test. The average DO concentration
of the diluted wastewater samples at the beginning and end
of the BOD test is 9.2 mg/L and 4.3 mg/L, respectively.
Calculate the BOD; of the primary effluent.

First, calculate the decimal fraction of sample used in
the BOD analysis as follows.

volume of sample

volume of sample plus dilution water

[0 ml of pri ffluent
_ 10mlof primary effluen 00333
300 ml total volume

Next, substitute the DO values along with the value for
P into Equation (3.12).

(D, =D;)  (92-43)mg/L

BODs = — 00333

Example 3.5 Calculation of volume
of sample to be used in BOD test

A five-day BOD test is to be performed on a sample of lake
water. Estimate the volume of sample that should be used
in the BOD test if the anticipated BOD of the lake water is
35mg/L.

Make the assumption that at least 4.0 mg/L of DO will
be consumed during the test.

First, calculate the fraction of sample that must be used.

4.0mg/L

=0.114
35mg/L

fraction of sample =

Next, calculate the volume of lake water sample to be
added to a 300 ml BOD bottle.

volume of sample = 0.1 14 x 300 ml =|34.2 ml

Therefore, add 34 ml of lake water to a BOD bottle and
dilute with 266 ml of dilution water.
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The BOD procedure using the dilution method, in which
the dilution water must be “seeded”, is presented in Figure 3.3.
In this case, BOD bottles called “blanks” are filled with the
“seeded” dilution water, so that the BOD value can be corrected
for the seed material. Equation (3.12) must be modified to
account for the oxygen demand associated with blanks
(B, and B,). Equation (3.13) is used to calculate the BOD for
“seeded” samples.

(D) —Dy) — (B, = By

BOD, =
P

(.13)

where:

B, =DO concentration of seeded dilution water immediately
after preparation, mg/L

B, =DO concentration of seeded dilution water after “t” days
of incubation, mg/L

f =ratio of the seed in the diluted sample to the seed in
control or blank

_ (% seed in diluted sample)

" (% seed in control or blank)

_ (volume of seed in diluted sample)

= (volume of seed in control or blank)

Example 3.6 Calculation of “Seeded”
BOD

A five-day BOD test is performed on a secondary,
dechlorinated wastewater effluent sample. 20 ml of the
secondary, dechlorinated effluent is added to 300 ml BOD
bottles, to which dilution water is added. The average DO
concentration of the diluted wastewater samples at the
beginning and end of the BOD test is 9.1 mg/L and
6.1 mg/L, respectively. The average DO concentration in
the blanks containing the “seeded” dilution water at the
beginning and end of the test is 9.2 mg/L and 7.2 mg/L,
respectively. 20 liters of dilution water were prepared,
containing 40 ml of “seed” material. Calculate the BOD; of
the secondary, chlorinated effluent.

First, calculate the decimal fraction of sample used in
the BOD analysis as follows.

volume of sample

volume of sample plus dilution water

= [0.00667]

_ 20 ml of secondary effluent

300 ml total volume

Second, calculate the “f” value.

_ (% seed in diluted sample) (280 ml/300 ml)
" (% seed in control or blank) — (300 ml/300 ml)

=[0.933

Finally, substitute into Equation (3.13) to calculate the
BOD.

(D, —Dy)) = (B, = B))f
P
20D, < &1 =6 mg/L — (9.2 = 7.2) mg/L x 0.933
g 0.0667

- [Tomery]

Alternatively, “f” could have been calculated as follows:

BOD =

% seed in dilution water

_ 40 ml of seed — 0.002

20 L of dilution water X JES0 il

volume of seed in diluted sample = 0.002 x 280 ml

=0.56ml

volume of seed in blank = 0.002 x 300 ml = 0.6 ml

_ (volume of seed in diluted sample)

~ (volume of seed in control or blank)

_ (0.56 ml seed in diluted sample /300 ml)
a (0.6 ml seed in blank/300 ml)

=10.933

3.3.2.3 Graphical Determination of BOD Constants
Quite often it is necessary to determine the ultimate BOD
concentration and BOD rate constant, k, for specific
environmental engineering applications. For instance, the
ultimate BOD value for a particular wastewater is necessary
for estimating oxygen requirements and sizing the aeration
systems for biological treatment facilities. In modeling river
systems, both the BOD,, and k are required for estimating
the DO concentration as a function of travel time down

the stream.

To determine k and ultimate BOD, a series of BOD
measurements are conducted as a function of time, rather than
just the traditional five-day incubation period. Once the data
are collected, there are numerous methods such as the
least-squares, Thomas (1950), and Fujimoto (1961) that can be
used to estimate k and BOD,,. The least-squares and Fujimoto
methods are presented in Metcalf & Eddy (2003). The Thomas
method is summarized in Benefield & Randall (1980) and
Davis & Cornwall (2008).

The Fujimoto method involves making an arithmetic
plot of BOD,,, versus BOD,. On the same graph, a line
with a slope of 1 is plotted. The BOD,, can be read from the
graph at the intersection of these two lines. The rate constant,
k, can then be estimated by substituting into Equation (3.11).
An example illustrating the Fujimoto method is
presented below.
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Example 3.7 Determination of BOD,
and k
Using the Fujimoto method and the data given below,

determine the ultimate BOD concentration and the BOD
reaction rate constant, k, of the wastewater.

t (days) Of 1| 2| 3| 4| 5| 6| 7| 8| 9
BOD, (mg/L) [ 0 | 20 | 32 | 40 | 42 | 46 | 48 | 49 | 50 | 50

First, prepare an arithmetic plot of BOD,, versus
BOD,. Draw the line of best fit through the data and then
draw a line with a slope of 1. The BOD value at the
intersection of these two lines is BOD,, which is
approximately 50 mg/L. See the plot shown below.
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Next, estimate the BOD reaction rate constant, k, by
substituting into Equation (3.11). At time equals 5 days,
the BOD is 46 mg/L.

BOD, =BOD, (I — e
46 mg/L=50mg/L (I —e 5%

% = (I — e dary
0.92 — 1.00 = —e ™2k
—0.08 = —eK
In(0.08) = =5k

e

Although the calculations are not presented, averaging
individual k values for days 1 through 7 resulted in a BOD
reaction rate constant of 0.510 d~!. Use of the average
value is preferred.

3.3.3 Nitrogenous oxygen demand
(NOD)

Nitrification is usually modeled as a sequential, two-step
process involving the genera Nitrosomonas and Nitrobacter.
These are autotrophic bacteria that use inorganic carbon
(CO%‘and HCO3) as their source of carbon. Nitrification
typically occurs between 5-8 days, when ammonia nitrogen
has been introduced into a water body (at 20°C), exerting an
additional oxygen demand due to the oxidation of ammonia to
nitrate. The following three reactions show the nitrification
process that may occur during the BOD test if the test is
conducted longer than five days. Equation (3.16) represents the
overall nitrification reaction.

These reactions ignore the quantity of ammonia that is used
in synthesizing nitrifier biomass; since the nitrifiers make up
only a small fraction of the total biomass, the amount of
ammonia incorporated into cellular components is negligible.
Nitrification is an important biological process that is used
widely in biological wastewater treatment processes as a first
step in removing nitrogen from wastewater. It will be
discussed more thoroughly in the chapter on wastewater
treatment.

Nitrosomonas

INH] +30, ——%, 9NOj + 4H* + 2H,0(3.14)

Nitrobacter
2NOj + 0, ———2NO;3 (3.15)
+ Nitrifiers _ +
NHY +20, ——— NO3 +2H" +H,0 (3.16)

The nitrogenous oxygen demand (NOD) can be estimated
using Equation (3.16). For each mole of ammonium nitrogen,
two moles of oxygen are required for complete oxidation of
the ammonium to nitrate. Alternatively, on a weight basis,
(2x 32)/14 =4.57 grams of oxygen are required per gram of
ammonium nitrogen oxidized during the nitrification process.

Figure 3.4 presents BOD versus time curves showing both
the carbonaceous and nitrogenous oxygen demands that may
be observed. It should also be mentioned that nitrification will
only occur if sufficient oxygen and alkalinity are present to
support nitrifier growth.

3.3.4 Chemical oxygen demand
(COD)

The chemical oxygen demand (COD) test measures the oxygen
equivalents of organic matter oxidized to carbon dioxide and
water under acid conditions. The procedure involves refluxing
(vaporizing and condensing) a sample of water or wastewater
containing organic matter with sulfuric acid and excess
standardized potassium dichromate. During the reflux period,
organic matter that is chemically oxidized reduces a
stoichiometric equivalent quantity of dichromate. The quantity
of dichromate remaining in solution after refluxing is measured
by titration with ferrous ammonium sulfate. Equation (3.17), as
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presented by Sawyer et al. (1994), illustrates the oxidation of
organic matter and organic nitrogen.

C,H,OpN, +d Cr,O2™ +(8d + H* — n CO,

+ %HZO+C NHE +24CP*  (317)
whered=%+§—§—§.

An advantage of the COD test over the traditional BOD test
is that it can be performed in three hours (two hours for
refluxing and one hour for cooling), compared with five days.
A disadvantage is that COD is incapable of distinguishing
between biodegradable organics and those that are not. COD is
calculated using Equation (3.18).

mg) _ 8000 (B — A)[Normality of FAS] G.18)

coo 2 V

where:

FAS = ferrous ammonium sulfate titrant, Fe(NHI)z(SO 1)2
B = amount of FAS added to the blank, ml

A =amount of FAS added to the sample, ml

V' =volume of sample used, ml.

3.3.4.1 Other Comments on BOD and COD

COD testing is becoming more popular, since it can be
determined rapidly and the results are reproducible. It is
possible to develop a relationship between BOD and COD, but
only for a given type of wastewater. For domestic wastewaters,
the five-day BOD is approximately two-thirds of the ultimate
BOD of the wastewater. This rule of thumb cannot, and should
not, be applied to industrial wastewaters.

Theoretically, the ultimate BOD and COD of a sample
should be essentially the same. However, remember that COD
measures total oxidizable organics and, therefore, will generally
have a larger magnitude than BOD, which only measures the
biodegradable fraction. Certain samples may indicate a high
COD value, whereas the BOD may be low or close to zero.

This may be attributed to toxic substances in the sample that
kill the bacteria necessary to exert an oxygen demand, or the
sample may contain complex, non-biodegradable organics that
cannot be readily oxidized, i.e., organochlorine pesticides.

Both BOD and COD can be subdivided into particulate and
soluble fractions. This is generally accomplished by filtering the
sample through a 0.45 pm fiberglass filter. When a BOD or
COD analysis is performed on the filtrate, it is termed a soluble
BOD (SBOD) or soluble COD (SCOD). A total BOD (TBOD)
or total COD (TCOD) is a BOD or COD analysis performed
on the total sample that includes the particulate or solid matter
that would otherwise be removed upon filtration.

In biological treatment studies performed for bionutrient
removal applications, the COD particulate and soluble fractions
can be fractionated into other categories such as: readily
biodegradable SCOD; slowly biodegradable colloidal and
particulate COD; non-biodegradable SCOD; and
non-biodegradable colloidal and particulate COD.
Characterization and fractionation of wastewater can be found
in Metcalf & Eddy (2003) and Henze et al. (1987).

The organic carbon in a water or wastewater sample can be
measured conveniently and directly with a total organic carbon
(TOC) analyzer; performing a TOC analysis requires only
10-15 minutes or less. A TOC analysis may be divided into
three stages: acidification; oxidation; and detection and
quantification. TOC methods may use heat, catalysts, oxygen,
ultraviolet irradiation, chemical oxidants, or a combination of
these for the conversion of organic carbon to CO,.

Typically, aqueous samples containing organic matter are
injected into a furnace, where the water is evaporated and the
organic carbon is catalytically oxidized to CO,. A carrier gas,
usually oxygen, carries the CO, through an infrared analyzer,
which measures and records its concentration. Results from
samples processed in this manner actually yield total carbon
(TC). To obtain the TOC concentration, the sample must first
be acidified to convert inorganic carbon to carbon dioxide and
purged with a pure gas before injection into the furnace. Water
samples that have been filtered through a 0.45 pm fiberglass
filter, acidified, and purged before injecting into the TOC
analyzer, will yield dissolved total organic carbon (DTOC). It is
also possible to relate TOC to both BOD and COD.

Physical parameters

Some important physical parameters used in water quality
management include: color, odor, solids, temperature,
transmittance, and turbidity.

The true color of a sample of water or wastewater is primarily
attributed to dissolved and colloidal substances. Apparent
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color is due to suspended substances that can be removed by
settling and filtration. Color associated with dissolved and
colloidal substances, however, can only be removed by adding a
chemical that causes the substance to be precipitated or
coagulated. Powerful oxidizing agents, such as chlorine and
ozone, can be used to oxidize color compounds into innocuous
end-products.

Most surface waters contain organic or vegetable extracts
from the decomposition of leaves, pine needles, and lignin. In
some cases, the water may appear dark brown — even black, if
the water originated from a swamp. Not only is colored water
aesthetically displeasing to consumers, but many organic
compounds, such as humic and fulvic acids, will be converted
to trihalomethanes (THMs) during chlorination of water.
Trihalomethanes are suspected carcinogens, and the United
States Environmental Protection Agency (EPA) has established
a maximum contaminant level (MCL) of 0.08 mg/L for total
trihalomethanes (TTHMs).

When brought to the surface, groundwater that contains
iron may exhibit a reddish-brown color due to oxidation of
reduced iron (Fe?™) to ferric iron (Fe**). Manganese in its
reduced form (Mn?*) will also be oxidized to Mn3* when
groundwater is pumped from a well to the surface.

Domestic wastewater generally appears to be dark brown to
black. Many industrial wastewaters, such as textile, and pulp
and paper mill wastes, will be highly colored. Conventional
wastewater treatment methods will not remove the
contaminants causing color in these types of wastewater.
Advanced treatment using activated carbon adsorption or
advanced oxidation methods must be used.

Typically, color is determined by visual comparison with a
known standard solution of potassium chloroplatinate or
calibrated color disks. The color produced by 1 mg/L of
platinum (as K, PtCl,) serves as the standard unit of color.

A stock solution of potassium dichloroplatinate, containing
500 mg/L of platinum, is made. From this stock solution, color
standards ranging from 5-70 color units are prepared by
diluting the stock with distilled water. The color value of water
is pH dependent, so the pH should be measured and noted
when reporting color.

An alternative method for measuring color of a filtered or
centrifuged sample is to measure the transmittance at various
wavelengths. The procedures for these and other methods for
color determination are found in Standard Methods (1998).

Both organic and inorganic contaminants may cause taste and
odor problems in water. Unfortunately, domestic and industrial
wastewaters usually have odors ranging from humus-like to
that of rotten eggs. In this discussion, we will focus on taste and
odor concerns in drinking water.

Taste and odor compounds are difficult to quantify because
they are subjective parameters. Consumers are displeased with
water that has an odor or an unpleasant taste; they consider the
water to be contaminated. However, something that tastes or
smells good to one individual might not be appealing to
another. Several inorganic or mineral compounds will produce

a taste in water without creating an odor. Normally, substances
that produce an odor in water will also impart a taste as well.
Many organic compounds tend to produce taste and odor
problems in drinking water. Certain species of algae
(blue-green) secrete organic compounds causing tastes and
odors in water.

Quantitative tests have been established that rely on the
human senses of smell and taste. The threshold odor test and
the flavor threshold test use a panel of testers to quantify the
smell or taste of a sample of water. Several dilutions of the
sample are made, so that the total volume in the glass beaker is
200 ml. In the threshold odor test, the sample is diluted with
distilled water until the tester can just detect an odor. The
threshold odor number (TON) is the greatest dilution of the
sample with odor-free, distilled water which yields a perceptible
odor. TON is calculated as follows:

A+B

TON = —— 3.19
* 319)
where:

TON = threshold odor number, unitless

A =mlof sample

B = ml of odor-free, distilled water used.

Example 3.8 Determination
of threshold odor number
Calculate the threshold odor number (TON) for a 25 ml

sample that is diluted to 200 ml before no odor is detected.
Substitute the above values into Equation (3.19):

A+B _ 25 ml sample + 175 ml distilled water
AT 25 ml sample

TON =

The higher the TON value, the more odiferous the
sample.

The flavor threshold test is performed similar to that for
odor, the difference being that a panel of testers will actually
taste and characterize the flavor of a sample of water. Dilutions
of the sample are prepared so that a flavor cannot be detected.
Equation (3.20) is used to calculate the flavor threshold number
(FTN).

A+B

FTIN = —— 3.20
* (320)
where:

FTN = flavor threshold number, unit less.

A =ml of sample, and

B =ml of odor-free, distilled water used.
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Example 3.9 Flavor threshold
number

If the flavor threshold number (FTN) of a water sample is
100, estimate the volume of sample diluted to 200 ml so
that no taste is observed.

First, rearrange Equation (3.20) to solve for the volume
A as follows:

Note that A + B=200ml
FIN x A =200ml

—— =12ml
FTN 100

A= 200ml _ 200 ml ors

Environmental engineers and scientists are concerned about
the measurement of solid matter in water, wastewater, and
sludge. The solids content of a sample of water or wastewater
can be divided into several subcategories. Figure 3.5 illustrates
the relationships between the various solids categories.

By definition, “total solids” refers to matter that remains
after evaporation and drying at a temperature of 103°C to
105°C. Materials that have a high vapor pressure will be lost
during the analysis. To perform a total solids analysis, a sample
is placed into a clean aluminum pan or a porcelain dish that has
been tared. Next, the pan or dish is placed on a water bath to
evaporate the water, and then transferred to a drying oven at a
temperature between 103-105°C until a constant weight is
obtained. Alternatively, the pan or dish can be transferred
directly to a drying oven to accomplish evaporation and drying.

The formulae for calculating total and all additional types of
solids involve determining the weight difference before and
after drying in an oven divided by the sample volume used. The
total solids (TS) concentration is determined by subtracting
the weight of the empty tare from the weight of the dried solids

Total solids

Suspended solids Dissolved solids
Volatile Fixed Volatile Fixed
suspended suspended dissolved dissolved
solids solids solids solids

Relationships between the various solids categories.

plus tare and dividing by the sample volume, as shown in
Equation (3.21).

WTS +lare — WTare

Total Solids (TS) = v
S

(321

where:

TS = total solids or residue remaining after evaporation
and drying, mg/L or g/L

Wirs ;. Tare =Weight of total solids plus tare remaining after
evaporation and drying at 103°C to 105°C, mg or g

Wopwe = weight of empty tare or dish, mgor g

Vs = volume of sample used, L.

The total suspended solids (TSS) or filterable solids
concentration in a water sample is determined by passing a
known volume of the sample through a clean, tared fiberglass
filter pad. Pore sizes of filters range from 0.45 um to 2.0 pm,
with the 0.45 pm filter typically being used. Once the sample
has been filtered, the dirty filter is placed back into the weighed
aluminum pan and placed in the oven to be dried at a
temperature of 103-105°C. Upon drying, the weight of TSS
may be determined by subtracting the difference in weights of
clean filter pad and tare, from the weight of the dried solids,
filter, and tare. Equation (3.22) is used for calculating the total
TSS concentration.

WTSS+Tare+Fr(ter B WTare+F4/ter

Total Suspended Solids (TSS) = v
S

(322)

where:

TSS = total suspended solids or residue remaining
after evaporation and drying, mg/L or g/L

Wirss + Ture + Filter = Weight of total suspended solids or residue
remaining after evaporation and drying at
103°C to 105°C plus weight of tare and filter,

mgorg

W pare + Filter = weight of clean, empty tare plus clean filter,
mgorg

Vs = volume of sample used, L.

The dissolved solids or non-filterable solids are those that
pass through the filter. The total dissolved solids
concentration (TDS) is determined by placing a sample of the
filtrate into a clean porcelain dish or aluminum pan that is then
dried in an oven at 103°C to 105°C. Equation (3.23) is used for
calculating the TDS concentration of a sample.

WTDS+Tare - WTare

Total Dissolved Solids (TDS) = v (3.23)
s
where:
TDS = total dissolved or non-filterable solids remaining

after evaporation and drying, mg/L or g/L

Wirps 4+ are =Weight of total dissolved solids remaining after
evaporation and drying at 103°C to 105°C plus
weight of tare, mg or g

Wopare = weight of clean empty tare, mg or g

Vs = volume of sample used, L.
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Alternatively, the TDS concentration may be calculated by
subtracting the TSS concentration from the TS concentration.

Each of the solids categories above has an organic (volatile)
and inorganic (mineral or fixed) fraction that can be measured.
A volatile solids determination is made to obtain a
measurement of the organic content present in a sample. This is
accomplished by combusting the organic matter to CO, and
water, under controlled temperature conditions, so that
decomposition and volatilization of inorganic compounds does
not occur.

The standard procedure in environmental applications is to
conduct volatile solids analysis at a temperature of 550°C. The
residue that remains after burning or combustion is referred to
as fixed solids, while the organic matter that was combusted
and/or volatilized is called volatile solids. There are volatile and
fixed fractions for total, suspended, and dissolved solids. The
following equations show how the volatile and fixed fractions
relate to each of the three categories (TS, TSS, and TDS).

TS =TVS + TFS (3.24)

where:
TVS = total volatile solids concentration, mg/L or g/L
TFS = total fixed solids concentration, mg/L or g/L.

The total volatile solids (TVS) concentration can be
calculated as follows:

WTS+Tare B WTFS+Tare (3 25)

Total Volatile Solids (TVS) = v
S

where:

Wirs , are = Weight of total solids plus tare, mg or g

Worgs & mure =Weight of total fixed solids plus tare after ignition
at 550°C, mor g.

Calculation of the volatile suspended solids (VSS) can be
performed using Equation (3.26):

VSS = WVSS+Fr(ter+Tare\; WFSS+F/'/cer+Tare (3.26)
S

where:

Wyss + Filter + Tare = Weight of volatile suspended solids, filter,
and tare, mg or g

Wiss + Filter + Tare = Weight of fixed suspended solids and filter
plus tare after ignition at 550°C, mg or g.

Summation of the volatile suspended solids and fixed
suspended solids (FSS) yields the total suspended solids as
shown in Equation (3.27).

TSS = VSS + FSS (327)

where:

VSS = volatile suspended solids concentration, mg/L or g/L,
and

FSS = fixed suspended solids concentration, mg/L or g/L.

Summation of the volatile dissolved solids (VDS) and
fixed dissolved solids (FDS) yields the total dissolved solids, as
shown in the following equation.

TDS = VDS + FDS (3.28)

where:
VDS = volatile dissolved solids concentration, mg/L or g/L
FDS = fixed dissolved solids concentration, mg/L or g/L.

Example 3.10 Calculating various
types of solids concentrations

The following test results were obtained on an influent
sample to an industrial wastewater treatment plant. All
solid analyses were performed using a sample volume of
50 ml. Determine the concentration of:

total solids

total volatile solids

total suspended solids
volatile suspended solids
total dissolved solids.

Tare weight of evaporating dish = 54.6423 g
Weight of evaporating dish plus residue after

evaporation @ 105°C = 54.7148 g
Weight of evaporating dish plus residue after

ignition @ 550°C = 54.6818 g
Tare weight of Whatman glass fiber filter = 1.5434¢
Weight of Whatman glass fiber filter and residue

after drying @ 105°C = 1.5625g
Weight of Whatman glass fiber filter and residue

after ignition @ 550°C = 1.5531g

First, calculate the total solids concentration using
Equation (3.21).

16 - Wistie = Wae _ (5471488~ 54.64239)
Vs 50ml

X<|00(g)mg><|ooi)m|>

g
=14 —=
50L

Next, calculate the total volatile solids concentration
using Equation (3.25).

S — WTS+Ture _ WTFS+Tare

TV
Vs
VS = Wisetore = Wirsstare _ (547148 g — 54.6818 9)
Vs 50 mi
1000
X( mg)<|000m|)= 60 T8
g L L




114

Environmental engineering

Now, using Equation (3.22) calculate the total
suspended solids (TSS) concentration.

TSS = WTSS+Tare+FiIter - WTare+Fv‘/ter
VS

_ (1.5625g - 1.5434g) (1000 mg ( IOOOmI)
B 50 ml g L

mg
=(382 —
L

Next, calculate the volatile suspended solids (VSS)
concentration using Equation (3.26).

VSS = WVSS+Fr)ter+Tare B WFSS+F/‘/ter+Tare

VS
_ (1.5625g—1.5531 g) (1000 mg <IOOOm|>
B 50 ml g L
mg
=[188 —=
L

The total dissolved solids (TDS) concentration is
determined by subtraction as follows:

TDS =TS —TSS = 1450 — 382 = |068¥

Although sometimes overlooked, the measurement of
temperature is a critical parameter that affects biological and
chemical reactions. The solubility of gases and chemical species
are temperature dependent, and discharging heated water into
ecosystems can have a detrimental impact on aquatic life. The
solubility of dissolved oxygen (DO) increases as temperature
decreases. The saturation concentration of DO at 0°C, 10°C,
20°Cand 30°C is 14.6 mg/L, 11.3 mg/L, 9.09 mg/L, and

7.56 mg/L, respectively (Standard Methods, 1998).

A rule of thumb used in estimating biological and chemical
rates of reaction is that for every 10°C increase in temperature,
the rate of reaction doubles. The Arrhenius-van’t Hoff equation
is used to derive a temperature correction coefficient, usually
referred to as theta (0), that is often used to correlate reaction
rate with temperature. The derivation of 0 is as follows:

The reaction rate for many chemical and biochemical
reactions increases rapidly (exponentially) with an increase in
temperature as shown by the Arrhenius relationship,

Equation (3.29).

k=AeE/RD (329)

where:

k = reaction rate constant at temperature T

A =a constant that is independent of temperature for a specific
reaction

E, = activation energy, cal/mol
R =ideal gas constant, 1.98 cal/mol-K
T = reaction temperature, K

If the reaction rate constant is known at a given temperature,
the Arrhenius relationship can be used to predict the rate
constant at another temperature. For example, consider the
Arrhenius equation for temperatures identified as T; and T,:

For temperature T, : k; = Ae~E/RTD (3.30)
For temperature T, : k; =A e ~(E/RTD) (3.31)
Dividing Equation (3.31) by Equation (3.30) yields:
k —(Eq/RTy)
9 _AeTm D (332)

k‘ - Ae—(E/RT))

Taking the natural log of both sides of Equation (3.32) and
rearranging yields:

k\ -E, E
n(—=)=-—2 g 333
@)= o
Simplifying Equation (3.33) produces:
Ky E, (T, =-T)
In{ —= —= 3.34
(@)% 5 o

For the temperature ranges encountered in most situations

in environmental engineering, the term L may be
RT, T,

considered a constant (C) and Equation (3.34) can be
rearranged as follows:

| Ky =C(T, -T
”(E)‘ =

Taking the antilog of both sides of Equation (3.35) results in
the following equation:

(3.35)

k_ e

(3.36)

Replacing eC with the temperature correction coefficient 8
results in the following equation that is commonly used for
correcting biochemical and chemical reactions for temperature
variations.

/<_2 =9 =T)

3 (337)

where:

0 = temperature correction coeflicient for a specific
application, dimensionless

k, = reaction rate constant at temperature T,

k, = reaction rate constant at temperature T}.
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Absolute temperature values must be used in other forms of
the Arrhenius equation, but the use of Celsius is acceptable in
Equation (3.37), since only a difference in temperature is
involved. For making temperature corrections to BOD data,

a 6 value of 1.135 is used for the temperature range of 4 to 20°C
and 1.056 for the temperature range of 20 to 30°C (Metcalf &
Eddy, 2003), whereas a value of 1.02 is routinely used to correct
oxygen transfer data for mechanical aeration systems
(Reynolds & Richards, 1996).

Example 3.11 Temperature effect on
BOD rate constant

A 0 value of 1.047 is typically used for making temperature
corrections to the biochemical oxygen demand (BOD) rate
constant, k. If the BOD rate constant at 20°C is 0.16d~!,
determine the value of the BOD rate constant, k, for a
temperature of 25°C.

Solve Equation (3.37) for k,. Make appropriate
substitutions and solve as follows.

ky =k, 0T
k,=0.16d7"(1.047)°¢20°0 =020 4~

The value of the BOD rate constant k at a temperature
of 25°C is equal to 0.20 d™!. The rate of reaction for many
systems is strongly dependent on temperature. In this
example, increasing the temperature by 5°C increased the
reaction rate by 25 percent.

Example 3.12 Estimate the
Temperature Correction Coefficient

Estimate the temperature correction coefficient, 0, for a
mechanical aeration system if the oxygen transfer
coefficient at 20°C and 30°C is 2.54 hr~! and 1.98 hr™!,
respectively.

Substitute into Equation (3.37) and rearrange to solve
for 0 as follows.

ky =k, 0 T2=T)
,2 =9T"=T)
kl

1.98hr™! _ Jcoc-a0°0)

2.54hr™!
0.7795 = 9(10°O

Raising both sides of the equation by the reciprocal of
the power yields the value of 6.

0.7795(/10) _ g1ox /10
0 =[0575

The absorbance of a solution is a measure of the amount of
light that is absorbed by the constituents in the solution at a
given wavelength, 1. A wavelength of 254 nanometers (nm) is
typically used for measuring absorbance in aqueous solutions.
A colorimeter or spectrophotometer is an instrument which
makes possible a quantitative measure of light passing through
a solution.

The quantity of monochromatic light transmitted by a
solution is related to the solute concentration and is frequently
described by the Beer-Lambert law:

I
log (%):A:abc

(338)

where:

A = absorbance

I = intensity of light (at a specified A) after passing through a
solution of known thickness containing constituents of
interest, mW/cm?

I, = intensity of light (at specified A) after passing through a
blank solution, mW/cm?

a = absorptivity, a constant for a given solution and a given
wavelength

b = path length, cm

¢ = concentration of light absorbing solute, g/L.

The transmittance of a solution is defined as the fractional
relationship of the intensity of the transmitted light through a
solution and pure solvent.

T=L><|OO

(3.39)
IO

where T = Transmittance of solution, %.

The optical density of the solution is directly proportional to
concentration and can be expressed as:

—logT = Iong = optical density (O.D.) (3.40)

Most spectrophotometers are capable of providing data on
O.D. measurement (absorbance), which makes use of a
logarithmic scale, and a %T displayed using an arithmetic scale.
If quantifying color using the Beer-Lambert law, the
logarithmic or absorbance-scale would be most beneficial.
Absorbance values for various types of water (MWH, 2005) are
presented in Table 3.2.

Turbidity is a measure of the extent to which light is either
scattered or absorbed by colloidal and suspended solids in
water (Peavy et al., 1985). Turbidity is caused by suspended and
colloidal material in the water. Clay, silt, finely divided organic
and inorganic matter, plankton, and microorganisms are
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Absorbance values for various types of water
(4 =254nm).

Type of water Absorbance value

Natural water 0.125-0.025
Treated and filtered water 0.08—-0.05
Microfiltered water 0.04-0.025
Reverse osmosis water 0.025-0.01

Based on MWH (2005). Water Treatment: Principles and Design, p. 45.

Types and size range of typical particles.

Type of particle Size

Suspended solids | to 103 pm
Settleable solids 10" to >10% um
9 Bacteria 0.1 to 10pum
?Viruses 0.01 to 0.1 pm
Colloidal 107 to | pm
Dissolved solids 10 to 1073 pm

Based on Tchobanoglous and Schroeder (1985). Water Quality:
Characteristics, Modeling, Modification, p. 58.

?Based on Davis (2010). Water and Wastewater Engineering:
Design Principles and Practice, p. 3—2.

examples of matter causing turbidity. Colloidal particles will
not settle out of solution by the force of gravity. They are very
small particles with low mass and large surface area.

Turbidity is easily measured in the laboratory; turbidimeters
are photometers that measure the intensity of scattered light.
Units for turbidity are expressed in Nephelometric turbidity
units (NTUs). Table 3.3 presents the types and size range of
typical particles found in water and wastewater.

Inorganic chemical
parameters

Important inorganic chemical parameters include pH and
alkalinity as well as the nitrogen, phosphorus, metal, and gas
content of the water or wastewater. A description of each
parameter is presented below.

The pH of water is a function of the hydrogen ion, H,
concentration. Mathematically, pH is defined as the negative
logarithm of the molar concentration of H*.

pH = —log[H"] (341)

The pH scale is usually represented from 0 to 14. At 25°C, a
pH value of 7 is considered neutral. Solutions with pH values
below 7 are called “acidic” and their hydrogen ion
concentration exceeds the concentration of hydroxide ion,
OH~. Basic solutions have pH values higher than 7 and their
OH"™ concentration exceeds their H* concentration. A pH
between 6.5 and 8.5 is generally considered favorable for
drinking water and wastewater effluent discharges.

The importance of pH in environmental engineering cannot
be overstated. All biological processes for treating water,
wastewater, and sludge must be maintained within a specified
range to ensure survival of the microorganisms involved.
Typically, this pH range is 6.5-8.5. Both biological and
chemical reactions have an optimum pH value. Operating
systems at suboptimal pH leads to inefficiency and increased
costs.

Disinfection of certain pathogens can be accomplished by
varying the pH. Maintaining a pH above 10 is very effective at
killing pathogens; lime stabilization of sludge is an example of
this. The relationship between pH, alkalinity, and acidity and
other important concepts are addressed in subsequent sections
of this chapter.

Measurement of pH is accomplished by measuring the
hydrogen ion activity (concentration) using a glass electrode
and reference electrode. The procedures for measuring pH are
presented in Standard Methods (1998).

The ability of a water system to resist a change in pH when an
acid or base is added is an important, yet difficult, concept to
comprehend. Alkalinity refers to the buffering capacity of
water to resist a change in pH when an acid is added.
Conversely, acidity is defined as water’s ability to resist a change
in pH when a base or alkaline substance is added. Both of these
terms are important in water chemistry, especially in the design
of water treatment systems, where chemicals such as aluminum
sulfate (Al,(SO,);-18H,0), ferrous sulfate (FeSO,-7H,0), or
ferric chloride (FeCl,) are added to water to coagulate organic
compounds and colloidal particles that may include bacteria
and color containing compounds.

During biological treatment of wastewater, the addition of
chemicals to increase the alkalinity concentration is often
necessary, so that the process of nitrification - the conversion
of ammonia to nitrate — is not inhibited. Typically, alkaline
reagents such as lime, in the form of calcium oxide (CaO) or
sodium hydroxide (NaOH), may be added to increase the
alkalinity. To better understand the chemistry behind alkalinity
and acidity, a brief review of the carbonate buffering system and
acid-base chemistry is required.

3.5.2.1 Acid-Base chemistry

As previously discussed in Chapter 2, in which several key
chemistry concepts were reviewed, an acid and base are best
defined by the Bronsted-Lowry theory. An acid is a substance
that can give up or donate a hydrogen ion, H" (or proton, as it
is frequently called) while a base is a substance that can take up
or accept a hydrogen ion. A generalized chemical reaction
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illustrating the concept of an acid-base conjugate base pair is
presented below:

HA+B™ & HB+A” (342)
where:

HA =is an acid capable of donating a proton

B~ =is a base capable of accepting a proton

HB = is the new acid formed during the reaction

A~ =is a new base formed during the reaction.

The hydrogen ion donor, HA, and the new base that is
formed, A~, are called an acid-conjugate base pair. Similarly,
HB and B~ also represent an acid-conjugate base pair.

Water can either serve as an acid or a base, depending on
the chemical reaction. Substances that can function as both an
acid and base are amphoteric. Recall the dissociation of water,
as shown in the following reaction.

H,0 + H,0 & HyO* + OH™ (3.43)

In aqueous solutions, the hydrogen ion or proton is more
correctly written as H;O" (hydrated proton or hydronium ion),
since it is bounded rather strongly to a water molecule.
According to Snoeyink & Jenkins (1980), there is strong
evidence that there are three additional water molecules
attached to the hydronium ion, such that the symbolic
representation would be H,O} or H* - 4H, 0. Although not
shown in Equation (3.43), the hydroxide ion, OH™ (or hydroxyl
ion) is bonded or hydrated with water molecules so that the
chemical formula is more accurately portrayed as H,O, or
OH™ - 3H,0. In most texts however, the proton is simply
denoted as H*, while the hydroxyl ion is represented as OH™;
and the dissociation or auto-ionization of water is typically
shown as Equation (3.44).

H,0 & H* + OH" (3.44)

The equilibrium ionization constant for the dissociation of
water can be expressed as:

[H][OH"]

=1.8x% 107'® mol/L
[H,0O] /

(Kpeg = (3.45)

At25°C, (K,) eq for the ionization of water has been found to
be 1.8 X 107'° moles/L (Butler, 1973; Benefield et al., 1982).
Knowing that the density of water at 25°C is essentially 1.0 g/ml,
the molar concentration of water [H,O] can be determined as:

1.0gH,O 1000 ml | mol H,O _
< - > ( L ) < 80gr,0) ~ oMot
(3.46)

In dilute solutions, the concentration of water [H,O] is
virtually constant. With this knowledge, it is possible to
determine the ion product of water, K.

Ky, = (Kyeq [H,0] (347)

K, = (1.8x 107" mol/L)(55.6 mol/L) = 1.0x 10™"* (3.48)
Substitution of Equation (3.45) into Equation (3.47) shows

that the dissociation of water in dilute solutions at 25°C can be
expressed as:

K, = [HTI[OHT] (3.49)
where:
K,  =theion product of water or water constant
K, =10""at25°C

[H*] = hydrogen ion or proton concentration, moles/L
[OH™] =hydroxyl ion concentration, moles/L.

Table 3.4 shows that the water constant, K,,, is temperature
dependent.

3.5.2.2 Carbonate System

In water chemistry applications, the carbonate system is of
paramount importance and it also serves as the basis for the
concepts of alkalinity and acidity. A more detailed discussion of
the carbonate system may be found in Snoeyink & Jenkins
(1980), Stumm & Morgan (1966), Henry & Heinke (1996) and
Benefield et al. (1982). There are several chemical species that
make up the carbonate system which control the pH of most
natural waters. Listed below are the major species.

Gaseous carbon dioxide, CO, ©

Aqueous or dissolved carbon dioxide, CO,,
Carbonic acid, H,CO,

H,CO} = H,CO4,g) + COyay)

Bicarbonate, HCOj

Carbonate, CO%‘

Calcium carbonate solid, CaCO;

Temperature effects on K.

T, 0°C K,, moles/L
0 [.17 x 10=">
10 295 x 10715
20 676 x 1071°

a25 1.0x [0-'4
30 |48 x 107!
50 550 x 1074

Based on Stumm & Morgan (1996) Aquatic Chemistry:
Chemical Equilibria and Rates in Natural Waters, p.57.

9 The water ionization constant is typically quoted as
107" at 25°C.
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Diftusion of gaseous carbon dioxide from the atmosphere
into water, along with the release of CO, from biological
processes from microorganisms and aquatic life, impact the
concentration of aqueous CO, in water. The equilibrium
concentration of aqueous CO, in water resulting from
diffusion from the atmosphere can be determined using
Henry’s Law.

COyg) © COxqq) (3.50)
[(COYaq)] = Ky Py (351)
where:
[(COZ)<aq)] = concentration of aqueous CO,, moles/L
Ky = Henry’s law coefficient for CO,
Ky = 1047 moles/L-atm at 25°C
P, = partial pressure of CO, in air, atm
P, = typical pressure of CO, in air is 107> atm.

The dissolved or aqueous carbon dioxide forms aqueous
carbonic acid according to the following reaction:

COyaq) +H,O © H,CO5q (352)

Rearranging Equation (3.52) and noting that the
concentration of water [H,O] is equal to 55.6 mol/L, the
dissociation constant, K,,, is solved as follows:

[H:COs00)]
K=" (353)

m [Cozw]

where:

K, = equilibrium dissociation constant for aqueous CO, in
water, moles/L

K,,=107>% moles/L at 25°C.

Since K, is much less than “17, note that, in solution at
25°C, the concentration of CO,,) is much greater than the
concentration of H,COj,,). Analytically, the concentration of
aqueous carbonic acid is difficult to distinguish from aqueous
carbon dioxide, CO, ). Therefore, the convention is to use the
hypothetical species called H,CO?}, which is the sum of
[COy(q] and [H,CO4,) ]

[F,C0%) = [COsag| + [MoCOs| 354
Equilibria for the remaining carbonate species can be shown

as follows. The dissociation of aqueous carbonic acid is
represented by the following reaction.

H,COyaq) © H* +HCO3

H+| [HCO3
Kl = M = 107> at 25°C (3.56)

[ss

(3.55)

where:

K, =equilibrium constant for the dissociation of aqueous
carbonic acid

K,'=107%% at 25°C.

The dissociation of H,CO} occurs as follows.

H,CO% o H* + HCO;
_ [H*] [HCos]
ol [H,co]

(357)

(3.58)

where K, | equilibrium constant for the dissociation of H,COj.

The equilibrium constant for the dissociation of H,CO} can
be derived by substituting Equation (3.54) into Equation (3.58)
and multiplying the numerator and denominator of the
equation by [HZCO3(aq)]. Equations (3.53) and (3.56) must also
be used in the derivation to yield Equation (3.59).

_ [ [Hco3)
ol =7 1
[H2CO3(aq)]
ey e
[H2C03<aq)] + [Coz(e@] [HZCOB@Q)]

[+ [HCO3] / [H2COs0 |

- ([HZCO3(aq)] + [coz(aq)] ) / [HZCO3(aq)]

[H¥] [HCO3]/ [HiCOse| K
Kol = = —(359)
(14 [COs] / [aCOs]) '+ &

Notice that 1/K,, is much greater than 1 (1/K,,=1/10728 =
631). As a result, the 1 in the denominator of the previous
equation is typically neglected, and an estimate for K, ; can be
determined.

KK

=K xK,= 107> x 0728 = |07
(3.60)

Comparing this result for K, | with the equilibrium constant
for H,CO3,q) (K,'=1073?) shows that H,CO, is a much
stronger acid than H,COj (by a factor of 631 at 25°C and 1 bar).

The reaction for the dissociation of bicarbonate into a
proton and carbonate ion occurs as follows.

HCO3 « H* + CO3™ 361
H*] [cO3™
- Iieon] e
’ [HCOs |
where:
K, , = equilibrium constant for dissociation of bicarbonate into
carbonate

K,,=1071%3 at 25°C.

a
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The hydroxyl ion (OH™) is produced when carbonate ions
react with water.

COZ™ + H,0 < HCO;3 + OH~ (3.63)

The pH dependence on the concentration of carbonate
species in solution is evident from the equilibrium and
dissociation equations [Equations (3.56), (3.58), (3.62)],
because of the presence of H' in these equations. For example,
when significant algal blooms occur, an increase in pH to
values from 9 to 10 may occur, due to the consumption of
bicarbonate shifting Equation (3.63) from left to right.

For simplicity, the fraction of carbonate species in solution
is often expressed as an « value, as shown in Equations (3.64 to
3.66). In the equations, a, correlates to [H,CO}], a, relates to
[HCOS], and a, relates to [cog—], all mole fractional solution
concentrations.

_ [H,CO%] _ [H,CO5

o= [H,CO%] + [HCO3] + [cO ] & G
_ [HCOg] B [HCO3]

U= [H,CO%] + [HCO3] + [cO ] & (365)
B [coy] _ [cor]

e [H,CO%] + [HCO5] + [cO ] & (366)

Cr = [H,CO3] + [HCO3] + [CO%] (3.67)

If a solid carbonate species, such as calcium carbonate,
CaCO;y), is present, then the following equation and solubility
product are applicable:

CaCO;, « Ca’* + CO3™ (3.68)
2 2— —8.34
[Ca +][CO3 1=K,=10 (3.69)
where:
CaCO,, =is the solid carbonate species
[Ca®*] = concentration of calcium ions in solution, moles/L
[COg_] = concentration of carbonate ions in solution,
moles/L
K, = solubility product constant for CaCOj) = 10783
at 25°C.

In dealing with the carbonate buffering system, there are
four major systems that may be encountered in water
chemistry:

An open system with no solid or precipitate present.
A closed system with no solid or precipitate present.
An open system with a solid or precipitate present.

A closed system with a solid or precipitate present.

An open system refers to one in which carbon dioxide is
freely able to diffuse into and out of the water, i.e., it is exposed
to the atmosphere. In a closed system, carbon dioxide cannot

diffuse into water. A detailed discussion of typical open/closed
systems encountered during water and wastewater treatment
may be found in Stumm & Morgan (1996), Henry & Heinke
(1996), and Snoeyink & Jenkins (1980).

Alkalinity is water’s capacity to neutralize strong acids. In
natural water systems, the major chemicals attributed to
alkalinity include bicarbonate, carbonate, and hydroxide ions.
Other chemical constituents contributing to alkalinity which
are present at low concentrations include silicates (HSiO3),
borates (H,BO3), phosphates (HPO3~, H,PO} ), hydrogen
sulfide (HS™), and ammonia (NH,).

Constituents causing alkalinity primarily result from
dissolution of mineral substances by water, due to weathering
and passage through the soil and other geologic formations.
Phosphates from detergents in wastewater discharges or from
fertilizers and insecticides from agricultural stormwater runoff
are the main contributors of alkalinity in surface water. Transfer
of carbon dioxide from the atmosphere along with microbial
and aquatic life respiration releases CO, into water. The
decomposition of organic matter by microorganisms also
releases hydrogen sulfide and ammonia into water.
Mathematically, alkalinity is defined as follows:

Alkalinity (eq/L) = [HCO3| +2 [CO3™| + [OH] - [HY]
(3.70)

where [ ] denotes the molar concentration of the various
species.

Analytically, alkalinity is determined by titrating a sample of
water with a standard strong acid solution, such as 0.02 N
H,SO,, to an approximate endpoint of 4.5 to 4.8. If a 0.02 N
diprotic acid is used during titration, 1 ml of titrant
corresponds to 1 mg of alkalinity as CaCO;. During the
titration, the following series of reactions are assumed to reach
completion at their associated pH endpoints. The pH values
listed in Equations (3.71 to 3.73) are valid if the alkalinity in the
system is derived primarily from the carbonate system.

OH™ + H" - H,0; pHCO%’ ~ 0.3 3.71)
CO%‘ +HY S HCO3; PHHCO; ~ 8.3 (3.72)

HCO3 +H* - H,CO%  pHycor 45 (373)

At the onset of titration, add phenolphthalein indicator to
the sample. If no pink occurs, the sample pH is less than 8.3 and
all the alkalinity in the sample is in the form of bicarbonate. If
the initial pH of the sample is greater than approximately 10.3,
titrant is added to complete the reaction represented by
Equation (3.71). At this endpoint, essentially all the alkalinity
can be represented as CO3 ™, caustic alkalinity. Because the
PHcoz- endpoint is solution-dependent, caustic alkalinity is
not accurately determined by titration. Caustic alkalinity can be
determined algebraically, however, if the sample’s pH is known.
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As titration continues, phenolphthalein indicates the
acidification of carbonate to bicarbonate in solution and
continues until Equation (3.72) has gone to completion. The
solution will change from pink to colorless, as a result of the
phenolphthalein indicator, to signify a solution pH of
approximately 8.3. At this endpoint, phenolphthalein alkalinity
(PA) is indicated and the volume of titrant should be noted.
Should the original pH of a sample be below 8.3, the sample
contains no PA. The hydroxyl and carbonate ions are essentially
the primary species that contribute to phenolphthalein
alkalinity.

From titration results, the carbonate (pH ~8.3) and
bicarbonate (pH ~4.5) endpoints can be identified by using the
inflection point titration (IPT) or the Gran function plot (Gran)
method (Rounds, 2006; Gran, 1952). The IPT method is
adequate for most waters. When using the IPT method, titrate
cautiously on both sides of the expected equivalence points. For
example, if the initial sample pH is greater than 8.1, titrate
carefully until reaching a pH of approximately 8.0. Use small
increments of acid and record both titrant volume and resulting
solution pH. At this point, titration can be conducted rapidly,
using relatively large acid additions, until a pH of
approximately 5.5 is reached. Carefully collect titration data
from pH = 5.5 to a sample pH = 3.5 to 4.0.

With an increase in organic acid concentration with respect
to carbonate species, or with a decrease in alkalinity, the IPT
method may be difficult to use. In situations where the
expected total carbonate alkalinity is low
(< approximately 4 meq/L (20 mg/L as CaCO,)), in sea water,
when the conductivity is less than 100 pS/cm, or organic
compounds are appreciable, the Gran method should be used.
If carbonate speciation is desirable, titrate carefully throughout
the entire pH range. A good rule of thumb is to collect data for
every 0.2 to 0.3 pH units. Additional titration methodology is
available in the USGS National Field Manual for the Collection
of Water-Quality Data (Rounds, 2006).

Alkalinity is customarily expressed in terms of mg/L as
CaCO;. Equation (3.74) is used to calculate the
phenolphthalein alkalinity (PA) based on titration of a water
sample with standard 0.02 N sulfuric acid.

CaCO
PA. <%>

_ (ml0.02N H,50, to reach pH 8.3) x 1000

ml sample

(3.74)

Titration to the methyl-orange endpoint of pH ~4.5,
identified by a change in solution color from yellow to red, is
used to indicate completion of the acidification reaction that
converts bicarbonate into aqueous carbon dioxide or H,CO3, as
shown in Equation (3.73). Bromocresol-green is also commonly
used to indicate this endpoint, with a change in solution color
from yellow to red as the reaction reaches completion.

If the initial pH of the solution is less than 8.3, the sample
contains only Methyl Orange Alkalinity (M.O.A.). If standard
0.02 N sulfuric acid is used for the titration, the M.O.A. can be
easily determined as shown in Equation (3.75).

MOLA. (mg CaCO3>

L

< ml 0.02N H,SO, to lower

solutution pH from 8.3 to 4.5) X 1000
= (3.75)
ml sample

Titration to the pH = 4.5 endpoint defines total alkalinity.
The actual pH endpoint for the titration depends upon the total
alkalinity in the sample and the types of constituents. Standard
Methods (1998) provides the specific endpoint pH values for
various concentrations of total alkalinity; remember to use
either the IPT or the Gran method to determine the endpoints
for titration more specifically.

Equation (3.76) is used to calculate the Total Alkalinity
(ALK):

ALK (mg CECO3 >

_ (Total ml 0.02N H, SO, to reach pH 4.5) x 1000

ml sample

(376)

The methyl orange alkalinity will equal the total alkalinity
when the initial pH of the sample is below 8.3 and there is no
phenolphthalein alkalinity. An example is presented below
to illustrate how alkalinity can be calculated from titration
data.

Example 3.13 Calculation of
alkalinity from titration data

A 100 ml sample of water from a mountain spring was
titrated with 0.02 N sulfuric acid. 10 ml of standard sulfuric
acid were added to the sample to reach a pH of 8.3. An
additional 25 ml of standard sulfuric acid were added to
reach a pH of 4.5. Calculate the phenolphthalein, methyl
orange, and total alkalinities in mg/L as CaCO; for the
water sample.

First, substitute the ml of titrant used to reach the
phenolphthalein endpoint into Equation (3.74).

ml 0.02 N H,50,
PA mg CaCO, to reach pH 8.3
o ( L ) B ml sample

)X 1000

mg CaCO; (10 ml) x 1000 [i50]
( L 100 ml

Next, the methyl orange alkalinity may be calculated by
using Equation (3.75) to use the milliliters of standard acid
consumed during the titration from pH 8.3 to 4.5.
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ml 0.02 N H,SO,
mg CaCO, ( to reach pH 4.5 > e
M.O.A. =
( L ) ml sample
CaCO
MO, (18205 _ @mDx 1000 mep
L 100 ml

Finally, the total alkalinity is determined by summing
the phenolphthalein and methyl orange alkalinities.

Total Alkalinity = 100 + 250 = 350% as CaCO,

Alternatively, the total alkalinity could be calculated by
substituting into Equation (3.76):

total ml 0.02 NH,SO,,

mg CaCO, < to reach pH 4.5 ) Sl
ALK < ) =

L ml sample
CaCO
AL mg CaCO;4 =(|O+25m|)><|000=350
L 100 ml

3.5.3.1 Speciation of Alkalinity—Hydroxide, Carbonate,
and Bicarbonate

The results obtained from a titration analysis where the total
and phenolphthalein alkalinities are determined allow for the

classification of three forms of alkalinity that are often related to

many types of water and wastewater systems. As suggested by
Equations (3.71)-(3.73), total alkalinity is the sum of the
caustic (or hydroxide), carbonate, and bicarbonate alkalinities.
The sample equations in Table 3.5 are derived from a mass
balance on the system, and these can be used to transform
titration results into alkalinity concentrations that are
meaningful. These tabulated equations are generalized such
that the alkalinity titration can be conducted, and results
quantified, using any standardized strong acid solution.

If the sample alkalinity is derived predominantly from
carbonate species, and by recognizing a set of additional
assumptions detailed below, concentration of specific carbonate
species can be easily approximated from laboratory data.

Alkalinity is present and the concentration of H" ions is
insignificant.

At the phenolphthalein endpoint (pH = 8.3), half of the
[Cog_] has been neutralized, i.e., Equation (3.72) has gone
to completion.

The hydroxide ion and bicarbonate ions are incompatible in
a system and therefore do not exist simultaneously.

When PA exists and is less than the ALK, carbonate
alkalinity is present.

When PA exists and is more than one-half the ALK,
hydroxide alkalinity is present.

When PA exists and is less than one-half the ALK,
bicarbonate alkalinity is present.

When no PA exists, all the alkalinity is assumed to be
bicarbonate alkalinity.

Alkalinity definition and relationships used to transform titration results into meaningful alkalinity concentrations.

Alkalinity definition

Governing equation (eq/L)?

[OH"] = Ky = | QPH=PK.)

Caustic or hydroxide alkalinity = [OH™] [H*]
Phenolphthalein alkalinity (PA) = a,C; + [OH"] PA = V, XN
(equivalence of acid required to bring the sample to a pH = 8.3) Ty

2— . VP XN Kw
Carbonate alkalinity = 2a,C; CO5™ alkalinity = 2 "B I
(alkalinity contribution from CO%_)
Bicarbonate alkalinity = @ C.T. HCOS alkalinity = Verg =2VN - K,
(= total — carbonate alkalinities) % [H*]
Total alkalinity = ALK = 2a, + a)C; +[OH " ]-[H*] ALK = Vg XN
(If sample pH < 10.5, Total ALK ~ carbonate + bicarbonate alkalinities) - 1%

Key:

9To report as mg/L. CaCO;, multiply results measured in eq/L by 50,000.

v, = volume of titrant (ml) used to reach the phenolphthalein endpoint (pH = 8.3).

v

end
V = initial volume of sample (ml).

N = normality of strong acid titrant.

= volume of titrant (ml) used to reach the methyl orange endpoint (pH = 4.3).
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From titration results, five conditions exist that dictate the approximate concentration of alkalinity species.

Approximate concentration of alkalinity species

Results Alkalinity species present Species (moles/L)?

v, =0

(PA. = 0; all the alkalinity is HCOY) HCOY [HCO3]=V,_ (N/V)

V.,=0

(All the alkalinity is OH™) OH~ [OH]=V,(N/V)

Vmu =% o o

(PA. = % ALK; all the alkalinity is carbonate) €05 [CO37] =V, (NIV)

V, < Vi co;-ﬁ [cog-J = V,(NIV)

(PA. is less than %ALK) RICC) [HCO3] = (Vo= Vo) (NIV)

/A OH~ [OHT] = (V, =V, ) (N/V)
oy [COZ] = Vi (NIV)

(PA. is greater than % ALK)

Key:

¢ To report as mg/l CaCO;, convert from moles/L to eq/L and multiply by 50,000.

V,, = volume of titrant (ml) used to reach the phenolphthalein endpoint (pH = 8.3).

V., = volume of titrant (ml) used to reach the methyl orange endpoint (pH = 4.3) from the phenolphthalein endpoint (pH = 8.3).
V = sample volume (ml).

N = normality of titrant.

Based on Snoeyink and Jenkins (1980). Water Chemistry, p. 176.

When titration has proceeded to the carbonic acid
equivalence point (pH = 4.5), H,COj is the predominant Solution part a

species in solution. From titration results, we know that Vp =3.2mland

V.o = 6.3 ml From Table 3.6, we know that, when VP <
V.,.0» the primary alkalinity species are CO;~ and HCOJ..
Determining the approximate concentration of each
species gives:

If the above conditions suitably describe the water system,
and if the phenolphthalein and total alkalinity titration
endpoints are known, the equations presented in Table 3.6 can
be used to approximate the hydroxide, carbonate, and
bicarbonate alkalinities. Five conditional possibilities are

summarized in the table. cori=v (N) =(32ml 0.02eq/L
[Cos1=%y <M T 50ml
mol CO%_

% 0.0013———
Example 3.14 Alkalinity
determination from |aboratory data Converting units into eq/L and mg/L as CaCOj is

shown as:

To determine the alkalinity of a river water sample, a
titration method was used in the laboratory. The titrant mol CO2- )
used was 0.02 N H,SO,. The initial sample pH =9.8 and a 0.0013 E 9 — = O.OO26E or 2.6E
50 ml sample volume was used in the titration. The L mol CO3 L L
phenolphthfalein endpoint (pH = 83) was reached after meq 50 mg CaCO, g
3.2 ml of acid were added. An additional 6.3 ml of acid 2-6T m—eq =|I 30T as CaCO4

were required to reach a pH = 4.5, corresponding to the
bromocresol green endpoint. Use these laboratory data:
Similarly, for the bicarbonate species:
to identify prevalent alkalinity species present in the
sample and to estimate their concentrations; and

to determine total alkalinity. 50ml

_ N 0.02eq/L
[HCO3] = (V5 = V) (V> = (63-32ml <—>
mol HCO3

Present the results in eq/L and mg/L CaCO;. =0.0012
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Converting to mg/L as CaCOj gives:

molHCO3 I eq 50g CaCOs,
0.0012 =
L X TmolHCO; e
1000
meg = 60% as CaCO,

Solution part b

The total alkalinity is equal to the equivalence of titrant
required to reach a pH = 4.5.

Total Alkalinity = (V,,, + V,) (%) = (63+32ml

0.02eq/LY\ eq
< =omm > =0.0038 T
Converting gives:
50g CaCO 1000
0003853 5 228 e
L eq g

e
= |9OT as CaCO;,

Notice that the total alkalinity is equal to the sum of the
carbonate and bicarbonate alkalinities.

3.5.3.2 Advanced Speciation of Hydroxide, Carbonate,
and Bicarbonate Alkalinity
The various forms of alkalinity may also be determined using
the carbonate equilibrium expressions plus total alkalinity and
pH measurements. Figure 3.6 shows how the various forms of
alkalinity are affected by pH. This figure was developed for a
total alkalinity of 100 mg/L as CaCO; at 25°C. The hydroxide
alkalinity is calculated from an initial pH measurement and
using the dissociation constant (K,,) for water.

Rearranging and substituting K,, and the hydrogen ion
concentration into Equation (3.49), while applying appropriate
conversions, yields Equation (3.77):

[HH][OH"] =K
K,
[OH™]= =K, 10/
[H 10~ PH
= |0~PKw | oPH = | QPH-PKW)
17g OH™ |
Hydroxide Alkalinity = 10PH-PK) 5 78 ; I ?H_
50g CaCO; 1000
208 3y mg
eq g
Hydroxide Alkalinity = 50,000 x 10®H=PKw) (3.77)

where hydroxide alkalinity is expressed in mg/L as CaCO,.
The carbonate alkalinity can be calculated by simultaneous
solution of Equations (3.49), (3.62), and (3.70), along with a
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Figure 3.6 Relationship between alkalinity species and pH.

pH
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determination of hydrogen ion concentration from a pH
measurement, and knowing the total alkalinity.

ALK (eq/L) = [HCO3] +2 [CO3™| + [OH™] - [H*]

H1ICOYT o picory 2 IHIEO]
[HCO3 ] &2 g Ky
OH] = Ky
(OF1= {5
[H] [€o5] 4. K,
ALKZT'FZ[CO% ]+m—[H+]
Y K,
ALK = [COT| K +2| + T [H]
ALK + [H*] = Ky ALK + [H*] = Ky
i — [H _ [H*]
S P i
?,2 i ZKG,Z "
Carbonate Alkalinity <%> = (50,000)
ALK + [H*] — o
[H+]
] (3.78)
+ 1
2K,

where:
ALK = Total alkalinity in equivalents per liter
K,, =1071%%at25°C

Carbonate alkalinity expressed in mg/L as CaCOj;.

An equation for calculating the bicarbonate alkalinity may
be derived by substituting Equation (3.62) into Equation (3.70),
along with the relationship between hydrogen ion
concentration and pH, if the total alkalinity is known.

ALK (eq/L) = [HCO3| +2 [CO3™| + [OHT] - [H*]
[H] [cof]

“27 [Hcos]
o1 _ [HEO5 Koo
05 [H*]
OH] =
(o= 1743
1, K [HCO5] K,
ALK = [HCO3] — 5 T4 - [H*]
_ 2Kd,2 KW
ALK = [HCO3] [ I + e | e [H]
ALK + [H*] - Ky ALK + [HH] = —=
[HCo5] = H _ [H*]
: 2K,, 2K,

| +

] '+

= (50,000)

: - mg CaCO;,
Bicarbonate Alkalinity —T

ALK + [H¥] = [ﬁj]

% (3.79)

2K,
[H*]

I+

Example 3.15 Calculating the various
forms of alkalinity using pH and
alkalinity measurements with
equilibrium chemistry

The total alkalinity of a softened water is 100 mg/L as

CaCO;. The initial pH of the sample is 9.5 and the
temperature is 25°C. Determine the hydroxide, carbonate,

and bicarbonate alkalinities of the softened water in terms

of mg/L as CaCOj;.
The hydroxide alkalinity is calculated from the pH
measurement and substituting into Equation (3.77).

Hydroxide Alkalinity = 50,000 x |0PH=PKw)
Hydroxide Alkalinity = 50,000 x 10¢->=149

mg
=|1.58— as CaCO;,
L

The carbonate alkalinity is calculated from Equation
(3.78). First, the total alkalinity must be converted to
equivalents per liter (eq/L) as follows:

mg CaCO | !
1002 s X e« e
L 1000 mg - 50g CaCO,
=2.00x |o—3%

pH = —Log[H*[H*] = 107" K, =107'%

o mg CaCO;4 _
Carbonate Alkalinity —) )= (50,000)

ALK + [H*] - o
[H*]
[H*]

+ |
2K,

X

o mg CaCO;, _
Carbonate Alkalinity —] )= (50,000)

—14
200% 10341095 - 19
|O—9.5
—9.5
L + |
2 X |O_|O‘3
mg CaCO
Carbonate Alkalinity (%) -[37
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The bicarbonate alkalinity is calculated from Equation
(3.79).

: o mg CaCOy5
Bicarbonate Alkalinity [ ———

L

KW
ALK + [H+] -

_ [H*]
= (50,000) l T
BCE
: o mg CaCO;4
Bicarbonate Alkalinity —T
—14
2.00x 1072 + 10772 - %
= (50,000) —10
2x 107 |
|O_9‘5 +
: . mg CaCO;4
Bicarbonate Alkalinity —0 )= 74.7

Finally, perform a check of the calculations to see if the
hydroxide, carbonate, and bicarbonate alkalinities add up
to 100 mg/L as CaCOj, the total alkalinity of the water.

mg CaCO;,
L

= OH™ + COj™ + HCO3

mg CaCO;,

Total Alkalinity = 100

Total Alkalinity = 100 =~ |.58 4 23.7+74.7

mg
= 99.98T as CaCO; | Checks

Nitrogen is an essential nutrient for all living organisms. The
most common forms of nitrogen are as follows: ammonia
(NHj, valence of N37), ammonium (NH,*, valence of N*~),
nitrogen gas (N,, valence of N°), nitrite ion (NO; valence of
N3+), and nitrate ion (NOj, valence of N5*). Most bacteria
prefer to assimilate ammonium nitrogen and algae typically use
nitrate. Some bacteria (cyanobacteria) are capable of fixing
nitrogen gas from the atmosphere to form ammonium salts.

When present in excessive concentrations in surface waters,
nitrogen contributes to abundant algal growth or cultural
eutrophication. Nitrogen in the form of nitrate, found in
fertilizers, enters the water supply through agricultural and
urban runoff. High concentrations of ammonia and nitrate are
often found in receiving waters, due to industrial and domestic
wastewater treatment discharges. The discharge of ammonia to
surface waters can stimulate autotrophic bacteria to oxidize
ammonia to nitrate, a process called nitrification, which can
lead to anaerobic conditions.

Three processes that have been successfully used for
removing ammonia from wastewater are: biological

nitrification followed by biological denitrification; ammonia
stripping; and ion exchange. Details for designing these
processes can be found in Metcalf & Eddy (2003), Reynolds &
Richards (1996), EPA (1993), and WEF(1998).

Total Kjeldahl nitrogen (TKN) is the sum of the ammonia
and organic nitrogen, and can be expressed mathematically as:

TKN = NH; — N + Organic — N (3.80)

Organic compounds that contain nitrogen are called organic
nitrogen, and they typically have a negative 3 valence (N3~).
Proteins, amino acids, and urea (NH,CONH,) are forms of
organic nitrogen. During degradation of organic nitrogen
through deamination reactions, ammonia is released.

The two oxidized forms of nitrogen of primary concern are
nitrite and nitrate. Nitrification is routinely modeled as a
two-step biological process by which Nitrosomonas oxidizes
ammonia to nitrite and Nitrobacter oxidizes nitrite to nitrate. It
is common to see the total oxidized forms of nitrogen
represented as (NO, ), which is the sum of NO; and NO;3. The
primary drinking water standard for nitrate is 10 mg/L, as N
because it is linked to infant methemoglobinemia (blue baby
syndrome).

The total nitrogen (TN) concentration in a sample consists
of the TKN and oxidized nitrogen as shown below.

Total nitrogen (TN) = TKN + NOy (3.81)

The ammonium ion exists in equilibrium with ammonia
according to the following equilibrium expression. At pH
values normally encountered in environmental engineering, the
ammonium ion is the predominant species whereas, ammonia
predominates at pH values greater than 10.

NHF & NH; + H* (3.82)
NH,]| [H*
% =K, = 107%% at 25°C (3.83)
4
[NH3] |00 B 100

NH;(%) = (3.84)

[NH5] + [NHE] 1+ [NHE] / [NH]

If the pH of an aqueous system at equilibrium is known, the
percentage of the nitrogen in the form of ammonia can be
determined.

100 100
NH; (%) = = 3.85
0= T UK, |+[H+]/|O‘9'25< ;
[NH; = N] = [NHI] + [NH;] (3.86)

where [NH; - N] = concentration of ammonium and ammonia
which is obtained from performing an ammonia nitrogen
analysis according to Standard Methods (1998).

Ammonia nitrogen is measured by a colorimetric procedure
using Nessler’s Reagent (potassium mercuric iodine, K,Hgl,).
Nessler’s Reagent combines with NH; to form a
yellowish-brown colloid. The procedures for performing the
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various types of nitrogen analyses are found in Section 4500-N
of Standard Methods (1998).

Phosphorus is a nutrient required by all living organisms. It,
too, is linked to cultural eutrophication of surface waters if
present in excessive amounts. Phosphorus enters the water
supply from phosphorus-based detergents, corrosion inhibitors
added to drinking water systems, and domestic and industrial
wastewater discharges. The total phosphorus concentration
(TP) is the sum of the organic-phosphorus (organic-P) and
inorganic- phosphorus (inorganic-P).

Total Phosphorus (TP) = Inorganic-P + Organic-P (3.87)

Organic-P is typically only a minor consideration, and it is
found in proteins and amino acids. Inorganic-P species include
orthophosphates, polyphosphates, and metaphosphates.
Polyphosphates and metaphosphates are also known as
condensed phosphates. Condensed phosphates and organic
phosphorus must be converted to orthophosphate before they
can be measured.

3.5.5.1 Orthophosphate

Principal orthophosphates include: trisodium phosphate
(Na;PO,), disodium phosphate (Na,HPO,), monosodium
phosphate (NaH,PO,), and diammonium phosphate
(NH,),HPO,. Orthophosphates are used by microorganisms
and can be precipitated out of solution during wastewater
treatment by adding chemicals such as lime or alum. Enhanced
biological phosphorus removal (EBPR) processes may also be
used for the removal of orthophosphate from wastewater.
Design of chemical and biological processes for the removal of
phosphorus from wastewater are addressed in Metcalf & Eddy
(2003), WEF (1998), and EPA (1987).

Orthophosphate is typically measured by one of three
colorimetric methods. The phosphate ion (PO;~) combines
with ammonium molybdate under acidic conditions to form
molybdophosphate complex according to Equation (3.89). The
blue-colored sol produced by the addition of stannous chloride
is proportional to the amount of phosphate present, as
illustrated qualitatively in Equation (3.90).

PO3™ + 12(NH,), MoO, + 24H*
— (NH,)3 PO, - 12MoO; + 21 NHY + 12H,0 (3.89)

(NH4); PO, - 12MoO; + Sn** — (Molybdenum blue) + Sn™*
(3.90)

3.5.5.2 Condensed Phosphate

Major condensed polyphosphates include: sodium
hexametaphosphate [Na;(PO,)], sodium tripolyphosphate
[Na;P;0,,]; and tetrasodium pyrophosphate [Na,P,0,].
Condensed phosphates are converted to orthophosphates by
boiling samples that have been acidified with H,SO, for 90
minutes. The orthophosphate formed from the condensed

phosphates is measured in the presence of the original
orthophosphate concentration in the sample by one of the
colorimetric procedures, yielding the total inorganic phosphate
concentration. The concentration of condensed phosphate is
then determined by difference using Equation (3.91).

Condensed Phosphate = Total Inorganic Phosphate

— Orthophosphate (391

3.5.5.3 Organic Phosphate

Prior to quantifying, organic phosphorus must be destroyed by
wet oxidation or digestion using one of the following chemicals:
perchloric acid, nitric-sulfuric acid, or persulfate. As a result of
this transformation, all forms of phosphorus are measured in
an organic determination (Total Phosphorus). After digestion, a
colorimetric analysis is performed to quantify the total
orthophosphate. The organic-P fraction of the total
concentration is then determined by difference using Equation
(3.91).

Organic Phosphorus = Total Phosphorus
— Total Inorganic Phosphorus (3.92)

The procedures for performing the various types of
phosphorus analyses are found in Section 4500-P of Standard
Methods (1998).

Both the type of metal and concentration are important in
water quality management. Some metals are essential for
microbial growth. According to Crites & Tchobanoglous
(1998), the following metals are required for biological growth:
calcium, chromium, cobalt, copper, iron, lead, magnesium,
manganese, molybdenum, nickel, potassium, sodium, tungsten,
vanadium, and zinc. Unfortunately, some of these metals can be
toxic at high concentrations, and several metals are classified as
priority pollutants, so it is necessary to monitor and control the
concentration of these in water, wastewater, and sludge.

Table 3.7 lists some of the metals classified as priority pollutants
along with their potential health affects.

Standard Methods (1998) lists the following procedures for
performing metals analyses: atomic absorption spectrometry
(including flame, electrothermal, hydride, and cold vapor
techniques); flame photometry; inductively coupled plasma
emission spectrometry; inductively coupled plasma mass
spectrometry; and anodic stripping voltammetry. Some of the
typical metal species encountered in water quality management
are briefly described below.

3.5.6.1 Calcium (Ca)

Calcium is generally present in water as the free ion Ca*".
Common mineral forms of calcium include: calcite or aragonite
(CaCOs;), gypsum (CaSO,-H,0), anhydrite (CaSO,) and
fluorite (CaF,). Calcium ions are a significant source of
hardness in water.
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Typical metals classified as priority pollutants and
potential health effects.

Metal Health effects

Arsenic (As) Skin damage or problems with circulatory

systems, nay increase risk of cancer
Cadmium (Cd)  Kidney damage

Chromium (Cr) Allergic dermatitis

Cooper (Cu) Gastrointestinal distress

Lead (Pb) Kidney problems, birth defects, high blood
pressure

Mercury (Hg) Kidney damage

Selenium (Se) Hair of fingernail loss, circulatory problems,

numbness in fingers or toes

Source: Based on http://waterepa.gov/drink/contaminants/index.cfm#List and
http://waterepa.gov/scitech/methods/cwa/pollutants.cfm Accessed April 23,
2012. United States Environmental Protection Agency.

3.5.6.2 Iron (Fe)

Iron is found in rocks, soils, and waters in a variety of forms
and oxidation states. Mineral forms of iron include: hematite
(Fe,0,), ferric hydroxide [Fe(OH),], pyrite and marcasite
(Fe,S), siderite (FeCOj,), and magnetite (Fe;O,).

3.5.6.3 Magnesium (Mg)

Magnesium is generally present in water as the free ion Mg?*.
Magnesium sulfate (MgSO,) and magnesium chloride (MgCl, )
are also found in solution. Magnesium is not as prevalent in
water as calcium, but it, too, causes hardness in water.

3.5.6.4 Manganese (Mn)

Manganese is found in rocks and soils primarily in the form of
manganese oxides and hydroxides. The predominate form is the
divalent metallic cation, Mn?*.

3.5.6.5 Potassium (K)

The concentration of potassium in natural waters is much lower
than sodium. Some common industrial potassium salts include
KHCO;, potassium chlorate (KCIO,), potassium ferricyanide
(K; Fe (CN)y), potassium thiocyanate (KSCN), potassium
fluoride (KF), and potassium permanganate (KMnO,).

3.5.6.6 Sodium (Na)

Sodium compounds comprise about 3% of earth’s crust and are
commonly found in water as the free ion Na*. The addition of
the following chemicals increases the sodium content in water:
NaOCl, NaOH, Na, COj;, and sodium silicate. Several
complexes and ion pairs containing sodium found in natural
waters include sodium carbonate, sodium chloride, sodium
bicarbonate and sodium sulfate.

Some gases that may be dissolved in water and wastewater
include ammonia (NHj), carbon dioxide (CO,), hydrogen

sulfide (H,S), methane (CH,), nitrogen (N,), and oxygen (O,).
The concentration of a gas in solution is affected by:

temperature;
concentration of other impurities, salinity, suspended solids;
solubility of the gas;

partial pressure of the gas.

Gas bubbles interfere with sedimentation and filtration, and
may interfere with water quality measurements. The
significance of each of the above gases will be discussed briefly.
This section will conclude with a review of Henry’s Law and
how it is used to calculate the solubility of a gas in water.

3.5.7.1 Ammonia (NH;)

Ammonia is primarily released during the decomposition of
organic matter by bacteria and other microorganisms. The
degradation of proteins and amino acids by deamination
reactions releases ammonia. Un-ionized ammonia nitrogen
(NH,) is toxic to fish at a concentration of 0.02 mg/L. The
release of wastewater containing ammonia into surface water
can result in anaerobic conditions due to oxygen consumption
by nitrifying bacteria. In aqueous environments, ammonia

is in equilibrium with the ammonium ion as shown in
Equation (3.82).

3.5.7.2 Carbon Dioxide (CO,)

Carbon dioxide, the primary form of carbon found in the
atmosphere, is a result of respiration from humans and animals,
and from the burning of fossil fuels. Aqueous carbon dioxide
occurs from the diffusion of CO, from the atmosphere into
water and from the oxidation of organic compounds by
microorganisms in aquatic environments. Carbon dioxide is an
important component of the carbonate buffering system.
Typically, air stripping is used for removing aqueous CO, from
water if the concentration is greater than or equal to 10 mg/L.
Lime, soda ash, or caustic (NaOH) may be added to water or
wastewater to neutralize aqueous carbon dioxide.

3.5.7.3 Fluorene (F,)

Fluorene is the most active element known, and it is not used in
its elemental form in environmental engineering applications
(Sawyer et al., 1994). It is a pale, yellowish-brown, poisonous
gas. Fluorides are compounds that combine fluorene with other
positively charged ions, primarily metals. In nature, fluoride
exists as fluorite (CaF,) and apalite ((Ca;FCPO,),).

Since 1945, fluoride has been added to drinking water in the
United States to prevent tooth decay. Typical forms added to
water include sodium fluoride, sodium silicofluoride,
hydrofluorosilicic acid, or ammonium silicofluoride. The
normal dose is around 1 mg/L. If the concentration is too high,
>1mg/L, mottling of teeth occurs.

3.5.7.4 Hydrogen Sulfide (H,S)

Hydrogen sulfide is often formed from the decomposition of
organic matter that contains sulfur compounds, or from the
reduction of sulfates to sulfide under anaerobic conditions. It is
a colorless, flammable gas, with a rotten egg odor. Death can
occur at H, S concentrations of 300 ppm by volume in air.
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Aeration or gas stripping may be used to remove H,S, although
oxidants such as chlorine and potassium permanganate are
frequently used for removing sulfides from drinking water.
Hydrogen sulfide in wastewater leads to the corrosion of hand
railings, screens, and other metal components at the headworks
of wastewater treatment facilities.

Hydrogen sulfide is a precursor to the formation of sulfuric
acid, which can be accomplished by oxidizing bacteria
(Thiobacillus) ubiquitous in nature. Chlorine, oxygen, hydrogen
peroxide, and metal salts have been used for controlling sulfides
in wastewater collections systems (EPA, 1985).

3.5.7.5 Methane (CH,)

Methane is a colorless, odorless, combustible gas which forms
primarily from the decomposition of organic matter under
anaerobic conditions. Anaerobic digestion of wastewater sludge
is a biological process used widely in the wastewater industry.
Methane is a by-product of the process that can be collected,
scrubbed, and then burned to generate electricity or to produce
heat for maintaining the appropriate temperature in the
digesters, which operates at approximately 98°F (37°C). In
lakes and swamps, methane can be released into the water
column and air because of anaerobic processes that occur
within sediments.

3.5.7.6 Nitrogen (N,)

Nitrogen is the most prevalent gas found in the atmosphere and
its concentration is approximately 78% by volume. It may be
found in water as dissolved or aqueous N, or N, O. In the
laboratory, nitrogen gas is sometimes used to strip other gases
from water, such as dissolved oxygen, a process known as
deaeration. Nitrogen is a nutrient required by all living
organisms for growth and synthesis of biochemical compounds.
Humans consume proteins and amino acids to acquire
nitrogen. Certain bacteria and cyanobacteria (blue-green algae)
are capable of using nitrogen gas as their source of nitrogen
used in biochemical reactions. This process is called nitrogen
fixation wherein, N, is reduced to ammonium, and then the
ammonium is converted to an organic nitrogen form to be used
in synthesis and biochemical pathways.

3.5.7.7 Oxygen (O,)
Oxygen in one form or another is required by all living
organisms to sustain their metabolic processes. Monitoring of
the dissolved oxygen (DO) concentration in surface water is
one means of assessing water quality to ensure that aerobic
conditions exist. When organic material is discharged into a
water body (wastewater discharges), microorganisms in the
water will oxidize organic matter and ammonia, consuming
large quantities of oxygen. If the rate at which oxygen is
transferred from the atmosphere to the surface water is less than
the rate of oxygen consumed by microbes, benthic organisms,
and other aquatic life, anaerobic conditions will develop.
During summer months, when water temperatures increase
and flow rates in streams decrease, anaerobic conditions can
easily occur. Regulatory agencies often establish stringent
effluent requirements for municipal and industrial wastewater
discharges during summer months, based on the ten-year,
seven-day low flow period. Most aquatic organisms require an
aerobic environment if they are to flourish. Game fish such as
trout require 5 mg/L or more of DO in order to survive.

Anaerobic conditions lead to the production of hydrogen
sulfide, methane, mercaptans, and other disagreeable odors. As
noted earlier, DO is the key parameter that is measured during
the BOD test.

The solubility of oxygen or saturation concentration in
water is a function of temperature and pressure. At sea level
(1 atm of pressure) and 20°C, the solubility of oxygen in fresh
water is approximately 9.09 mg/L. At a temperature of 10°C, the
DO saturation increases to 11.29 mg/L, whereas, at 30°C, the
solubility of oxygen decreases to 7.56 mg/L. DO saturation
increases with an increase in pressure or decreases with an
increase in elevation. An increase in the concentration of
dissolved solids and salts results in a decrease in the dissolved
oxygen concentration. The level of DO found in surface waters
determines whether aerobic or anaerobic conditions will exist.

Aerobic microorganisms, primarily bacteria, require DO to
oxidize organic carbon in the activated sludge and aerobic
digestion processes. Environmental engineers are called upon
to design efficient aeration systems to provide the necessary
oxygen required during these biological treatment processes.
A minimum of 2.0 mg/L of DO is normally required for
stabilization of the BOD in wastewater, and to ensure that
nitrification is uninhibited in the activated sludge process.

Dissolved oxygen concentration is a contributing factor in
the corrosion of iron and steel. Corrosion can be a significant
problem in water distribution systems and in steam boilers.
Chemical and physical means can be used to remove DO from
water to make it less corrosive.

DO is measured either using a calibrated membrane probe
and DO meter or by an iodometric method such as the Azide
Modification of the Winkler method. The iodometric method is
the most reliable and precise. Membrane electrodes are widely
used in the field. The procedures for measuring DO are
presented in Standard Methods (1998).

3.5.7.8 Henry’s Law

In waters exposed to the atmosphere (open system), the
equilibrium or saturation concentration of a dissolved gas is a
function of the partial pressure of the gas in the atmosphere
and the specific gas. This relationship is quantified by Henry’s
law and is expressed mathematically by Equation (3.93):

H

Pe= 5% (393)

where:
p, = mole fraction of gas in air, mole gas/mole of air

H = Absorption coefficient or Henry’s law constant,
atm (mole gas/mole air)

(mole gas/mole water)
x, = mole fraction of gas in water, mole gas/mole water

mole gas in the water(ng)

X, = -
£ mole gas in the Water(ng) + mole water(n,,,)

P = total pressure, usually 1.0 atm.

The most common way of expressing Henry’s law in the
literature is presented as Equation (3.94). In this form, the
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concentration of the gas is expressed as the partial pressure of
the gas (Pg).

P, = Hx, (394)

where P, = partial pressure of gas in air, atm.

Detailed discussions on the use of Henry’s law and the
various units given for Henry’s constant are found in Metcalf &
Eddy (2003) and Davis & Cornwell (2008).

Example 3.16 Calculation of
solubility of oxygen in water

Estimate the solubility of oxygen in water, assuming that
the atmosphere contains 21% oxygen by volume, the
pressure is 1 atmosphere, and the Henry’s Law constant is
4.11 x 10* atm at 20°C.

First, determine the partial pressure of oxygen in the
atmosphere. The partial pressure is calculated by
multiplying the total pressure by the fraction that the gas
occupies by volume.

21%
p,= (To%) x (1.0atm) = 0.21 atm

The mole fraction of the gas in water is determined by
substituting into Equation (3.94).

szng

0.2 atm=(4.11 x 10* atm) x,

mol O
=50Ix106=— 2
" mol O, + mol H,0

The number of moles of water in 1 liter of water is
calculated as follows:

1000 g water
—— = 55.6 mol water
(18 g water/mole)
mol O

SIx108= ———L
mol O, + mol H,O
_ mol O,

~ mol O, +55.6

Since 55.6 > moles of O,, the number of moles of O,
in the denominator on the right side of the above equation
can be neglected. Therefore, the number of moles of
oxygen are determined to be 2.84 X 10™* moles/L.

mol O,
55.6
moles of O, = 2.84 x 10~* moles/L

5.1 %107 =

Finally, the concentration of dissolved oxygen is
determined by multiplying the moles of oxygen per liter by
the atomic weight of oxygen (32 g/mole).

Concentration of O, =2.84 x |0~
L mole

x (_looomg> =[9.00 28
g L

4moles % (328 Oz)

The DO concentration listed in Standard Methods (1998) for
a temperature of 20°C and at sea level is 9.092 mg/L, which
agrees favorably with our calculated value of 9.09 mg/L.

Biological and
microbiological characteristics

All natural bodies of water support biological ecosystems that
include specific organisms which are harmful or pathogenic to
humans and animals. A variety of pathogens exist in wastewater
so, therefore, it must be treated to a high level before being
reused. Many human diseases are considered waterborne, since
they are primarily transmitted by the consumption of water that
has been contaminated with fecal matter from infected people
or animals. In some instances, mere contact with pathogen
contaminated water through the eyes, skin, and ears may infect
a person. Water treatment plants are designed around a two to
three phase barrier approach so that each unit operation or
process used to treat drinking water will reduce pathogens.

Under the United States Environmental Protection Agency’s
Surface Water Treatment Rule, surface water or ground water
under the direct influence of surface water must be disinfected
and filtered during the treatment process. Also, the National
Primary Drinking Water Standards require the following: 99%
(2 Log reduction) of Cryptosporidium, 99.9 % (3 Log reduction)
of Giardia lamblia, 99.99% (4 Log reduction) enteric viruses,
and not more than 5% of the water samples collected for total
coliform bacteria can be positive.

The four primary pathogenic groups of organisms of
concern during water and wastewater treatment include
bacteria, helminths, protozoa, and viruses. Each of these
pathogens will be discussed and the tests used to indicate the
presence of pathogens will be presented. An excellent overview
of emerging pathogens in drinking water is provided by
Lindquist, in Chapter 16 of Control of Microorganisms in
Drinking Water, Edited by Srinivasa Lingireddy (2002).

Bacteria are the pathogenic group with the highest population
of microorganisms encountered in water and wastewater
treatment. Bacteria (singular: bacterium) are microscopic,
single-cell organisms that use soluble food. A bacterium
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Waterborne diseases from bacteria.

Bacterium Associated disease

Salmonella typhosa Typhoid fever
Salmonella paratyphi Paratyphoid fever
Salmonella schottinulleri Paratyphoid fever
Salmonella hirschfeldi C. Paratyphoid fever
Shigella flexneri Bacillary dysentery
Shigella dysenteriae Bacillary dysentery
Shigella sonnei Bacillary dysentery

Shigella paradysinteriae Bacillary dysentery

Vibrio comma Cholera
Vibrio cholerae Cholera
Pasteurella tularensis Tularemia
Brucella melitensis Brucellosis
Burkholderia pseudomomallei Melioidosis

Leptospira icterohaemorrhagiae Leptospirosis

Enteropathogenic Escherichia coli Gastroenteritis

Source: EPA Guidance Manual, Alternative Disinfectants and Oxidants (1999),
p. 2—3. United States Environmental Protection Agency.

normally replicates by binary fission, wherein the cell divides to
form two identical “daughter” cells. Bacterial cells are spherical
(cocci), spiral, or rod-shaped. Typical dimensions range in
length from 1 pm to 50 pm and diameter from 0.3 pm to 4.0 pm
(Metcalf & Eddy, 2003). Table 3.8 lists typical waterborne
diseases caused by bacteria.

Viruses are generally smaller in size (require an electron
microscope for viewing) and simpler in structure and
composition than other microorganisms. They primarily
consist of protein and nucleic acid. According to Viessman et al.
(2009), enteric viruses range in size from 20 nm to 100 nm.
Brock (1979) defines a virus as a genetic element that contains
either deoxyribonucleic acid (DNA) or ribonucleic acid (RNA),
which can alternate between an extracellular infectious state
and intracellular state. Viruses are submicroscopic particles that
are metabolically inert, require no enzymes, use no nutrients,
and produce no energy. Virus particles are called virions and
they can only replicate inside a host (intracellular state). There
are over one hundred enteric viruses that are excreted by
humans that can infect and cause disease or cause some
hereditable changes in cells. Table 3.9 lists typical waterborne
diseases caused by human enteric viruses.

Protozoa are single-cell eukaryotic microorganisms that do not
have a cell wall. Protozoa generally range in size from 10 pm to
50 pm and their food may consist of alga cells, bacteria, and
fungi. They may be found in aqueous environments and in the
soil. Several species are parasitic and live in host organisms.

These parasites exist in two forms: as trophozites and cysts
or oocysts. While in the trophozite form, they are in a
proliferative stage in which they are actively feeding and
growing within the host. The cyst or oocyst form is a dormant
stage which allows protozoa to survive harsh environmental
conditions outside their host. As the trophozites pass through
the intestinal systems of humans and warm-blooded animals,
they transform morphologically to the cyst form.

Most protozoa reproduce by binary fission; however, some
species reproduce sexually or asexually. The most common
protozoan diseases are related to gastrointestinal problems such
as diarrhea and dysentery. Entamoeba histolytica, Giardia
lamblia, and Cryptosporidium parvum are the most prevalent
and have the greatest impact on children, the elderly, and
persons who have compromised immune systems. Table 3.10
lists waterborne diseases caused by protozoans.

Parasitic worms or helminths are classified as cestodes,
nematodes, or trematodes. Asano ef al. (2007) state that,
worldwide, helminths are one of the major causative agents of
human disease, collectively with an estimated 4.5 billion
illnesses per year. Helminths and helminth ova (eggs) are found
in untreated wastewater. Ascarsis lumbricoides (an intestinal
roundworm) causes the infectious disease ascariasis that results
in abdominal pain, vomiting, and the discharge of live worms in
vomit and feces. Schistomsoma mansoni causes schistosomiasis
which is a debilitating infection of the liver and bladder.

Table 3.11 list some of the most common parasitic worms
associated with waterborne diseases and those found in feces.

In most instances, only a few pathogenic organisms are found
in water, wastewater, and/or polluted water, making it difficult
to isolate and identify them. Quite often, large water samples
must be collected, filtered and concentrated, and expensive tests
performed for their identification and enumeration.
Enumeration and identification of viruses in water may require
a 1,000 gallon sample, whereas, only 1-2 gallons of wastewater
may be required (Metcalf & Eddy, 2003). Most water quality
professionals are not trained to work with pathogenic
organisms. Therefore, in lieu of trying to isolate, identify, and
enumerate specific types of pathogens, a surrogate or indicator
organism is used, whose presence indicates the possibility of
harmful or pathogenic organisms being present. The ideal
indicator organism should have the following characteristics
(Metcalf & Eddy, 2003; Lin, 2002):
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Waterborne diseases from human enteric viruses.

Group Subgroup Associated disease
Enterovirus  Poliovirus Muscular paralysis, aseptic meningitis, febrile episode
Enterovirus  Echovirus Muscular paralysis, aseptic meningitis, exanthema, respiratory disease, diarrhea, epidemic

myalgia, hepatitis, pericarditis and myocarditis

Enterovirus  Coxsackie virus  Herpangina, febrile episode with sores in mouth

Enterovirus A Acute lymphatic pharyngitis, muscular paralysis, aseptic meningitis, hand-foot-mouth disease,
infantile diarrhea, hepatitis, pericarditis and myocarditis

Enterovirus B Pleurodynia, muscular paralysis, aseptic meningitis, meningoencephalitis, pericarditis,
endocarditis, myocarditis, respiratory disease, hepatitis or rash, spontaneous abortion,
insulin-dependent diabetes, congenital heart anomalies

Reovirus — Not well known

Adenovirus Respiratory diseases, acute conjunctivitis, acute appendicitis, intussusception, subacute

thyroiditis, sarcoma in hamsters

Hepatitis Infectious hepatitis, serum hepatitis, Down's syndrome

Based on EPA Guidance Manual, Alternative Disinfectants and Oxidants (1999), pp. 2—4, 2-5.

Waterborne diseases from protozoans.

Protozoan Associated disease
Acanthamoeba castellani Amoebic meningoencephalitis
Cryptosporidium muris Cryptosporidiosis
Cryptosporidium parvum Cryptosporidiosis

Entamoeba histolytica Amoebic dysentery

Giardia lamblia Giardiasis (gastroenteritis)

Source: EPA Guidance Manual, Alternative Disinfectants and Oxidants (1999),

p. 2—3. United States Environmental Protection Agency.
Must be present when pathogen is present and absent when
it is not.

The number of indicator organisms present should be equal
to or exceed the number of target pathogenic organisms.

The indicator organism should have similar survival
characteristics in the environment as the target pathogens.

The indicator organism must be easily and inexpensively
quantified.

The indicator organism should be in the intestinal tract of
warm-blooded animals.

The testing procedure used should not pose a threat to

laboratory workers.

Total coliform (TC) bacteria and fecal coliform (FC)
bacteria have been widely used to indicate the presence of

Waterborne diseases from helminths.

Helminth Associated disease
Ancylostoma duodenale Hookworm

Ascaris lumbricoides Ascariasis
Hymenolepis nana (dwarf tapeworm) Hymenolepiasis
Nector americanus (hookworm) Hookwork
Schistosoma mansoni Schistosomiasis
Strongyloides stercoralis (threadworm) Strongyloidiasis

Taenia saginata (beef tapeworm) Taeniasis

Trichuris trichiura (whipworm) Trichuriasis

Based on EPA Guidance Manual, Alternative Disinfectants and Oxidants (1999),
p.2-6.

pathogenic organisms. The intestinal tract of humans contains a
large population of rod-shape coliform bacteria. Viessman et al.
(2009) indicate that humans excrete approximately 50 million
coliform bacteria per gram of fecal matter daily.

Since pathogens are found in excrement from infected
individuals, coliform bacteria should be an excellent indicator
organism. Standard Methods (1998) defines the coliform
group as anaerobic, gram-negative, non-spore forming,
rod-shaped bacteria that ferment lactose broth within 48 hours
at 35°C when the multiple tube fermentation test is used for
detection.
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Other microorganisms that have been identified as potential
indicator organisms include Bacteroides, Klebsiella, Escherichia
coli, Fecal streptococci, Enterococci, Clostridium perfringens,
Pseudomonas aeruginosa, and Aeromonas hyrophila (Metcalf &
Eddy, 2003).

3.6.5.1 Enumeration and Indication of Bacterial Indicator
Organisms

Enumeration and identification of indicator organisms, which
are bacteria, may be accomplished by direct microscopic
counts, pour plates, spread plates, the multiple-tube
fermentation method, or the membrane filter (MF) technique.

Direct Microscopic Counts Counting bacterial cells may
be accomplished by direct measurement with a Petroff-Hauser
counting chamber and microscope or electronic particle
counter. In either method, it is difficult to differentiate between
living and non-living cells.

Pour and Spread Plates The pour and spread plate method
involves adding a diluted sample of water or wastewater to a
Petri dish containing agar culture media-specific to the type of
organism that is being cultured, identified, and enumerated. In
the pour plate method, the serially diluted sample is added to a
Petri dish, then warm liquid agar is added. The sample and
media are mixed and then placed in an incubator under
specified conditions of time and temperature (Standard
Methods, 1998).

After incubation, the number of individual colonies that
have grown are counted and expressed in Colony Forming
Units (CFUs) per unit volume of sample used, typically,
CFU/ml. The spread plate procedure is almost identical, with
the exception that the diluted water sample is placed into a
sterilized Petri dish already containing agar. A sterilized glass
rod or wire is used to spread the sample over the agar media
before incubating. After incubation, colonies are counted and
converted to CFU/ml. If the sample is inappropriately diluted,
however, too many colonies to count accurately may be grown,
so the test must be repeated at a higher dilution so that
individual colonies are distinguishable.

No growth Figure 3.7 Presumptive and confirmed
or coliform testing procedure.
growth
without
gas
production

Negative result

Growth
with
gas
production

Positive result

Multiple-Tube Fermentation Technique A popular
method of detecting coliform bacteria is the multiple-tube
fermentation technique. This procedure involves inoculating a
series of test tubes filled with lauryl tryptose broth with varying
amounts of sample. The standard test is carried out through the
presumptive, confirmed, and completed phases according to
Section 9221 of Standard Methods (1998). Figure 3.7 shows a
diagram of the presumptive and confirmed phases for the basic
total coliform test.

Normally, 15 test tubes are used, with sample volumes of
10ml, 1.0 ml, and 0.1 ml being added to the test tubes. Coliform
bacteria ferment lactose broth under anaerobic conditions,
resulting in gas production (CO,), and bacterial growth as
indicated by a cloudy broth. Statistical tables in Standard
Methods (1998) or the Thomas Equation (Thomas, 1942),
Equation (3.95), can be used for calculating the most probable
number (MPN) per 100 ml of sample. The MPN is a statistical
estimate of the number of coliforms that are potentially present,
since a number of other microbial species can also ferment
lactose.

MPN Number of Positive Tubes X 100
[00ml  [(ml sample neg. tubes) x (ml sample all tubes)]%->
(3.95)

Example 3.17 Calculating the most
probable number

Calculate the MPN in a set of 15 test tubes with the
following number of positive tubes: 3, 1, and 1 for sample
sizes of 10.0 ml, 1.0 ml, and 0.1 ml, respectively.

First, determine the volume of sample used in all the
test tubes.

ml of sample in all tubes = 5(10.0) + 5(1.0) + 5(0.1)
=555
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Next, determine the volume of sample used in the test
tubes that were negative.

ml of sample in neg. tubes = 2(10.00) + 4(1.0) + 4(0.1)
=244
Finally, estimate the Most Probable Number (MPN)

per 100 ml of sample by substituting into the Thomas
Equation (3.95).

MPN  _ Number of Positive Tubes x 100
100ml

(ml sample neg. tubes) 02
X(ml sample all tubes)

MPN (7 x 100) _
100ml ~ [(24.4 ml) x (55.5 m)]%>

From Table 9221.1V of Standard Methods (1998), the
MPN value per 100 ml of sample is given as 14, which is
based on the Poisson distribution equation. The Thomas
equation is an approximation of the Poisson distribution
equation.

The primary drinking water standards require that no more
than 5.0% of water samples test positive for total coliform (TC)
in a given month. For water systems that collect fewer than 40
routine samples per month, no more than one sample can test
positive for TC. Every sample that tests positive for TC must
also be analyzed for either fecal coliforms or Escherichia coli. If
two consecutive water samples test positive for TC and one is
also positive for E. coli or fecal coliform, the water system has
an acute maximum contaminant level (MCL) violation. The
maximum contaminant level goal (MCLG) for total coliform
including fecal coliform and E. coli is zero.

Figure 3.8 Membrane filter testing apparatus.

Membrane Filter Technique In the membrane filter (MF)
technique, a known volume of water or wastewater is passed
through a sterilized filter pad (0.45 pm pores) that retains the
indictor organisms. The filter pad is then placed right-side-up
(grid side up) in a Petri dish containing Endo-type media
containing lactose. Standard Methods (1998), Section 9222,
describes the MF technique procedures to be followed for
either agar-based media or liquid medium. The Petri dish is
inverted and incubated at 35°C for 24 hours. Bacteria that
produce a red colony with a golden, metallic sheen are
considered members of the coliform group. Only membrane
filters containing 20% to 80% coliform colonies, and no more
than 200 colonies of all types, should be counted. The coliform
density is then estimated, using the following equation, and
expressed in terms of colony forming units (CFUs) per 100 ml
of sample. A photograph of a MF apparatus and associated filter
pad is shown in Figure 3.8.

Total coliforms _ colonies counted X 100 (396)
100ml ~  mlsample filtered '

If no colonies appear on the membrane after incubation, the
results should be reported as less than 1 coliform per 100 ml.

3.7 Sample water quality data

This section presents typical water quality data for illustrative
and comparative purposes. Water quality data from the
Hillsborough River is presented in Table 3.12. The Hillsborough
River Water Treatment Plant withdraws water from the river to
supply residents in Tampa and some residents in Hillsborough
County, Florida with potable water.

Water characteristics from Sulfur Springs in Tampa, Florida
are presented in Table 3.13. The notable differences between
this surface water and groundwater source include higher color,
total organic carbon (TOC), and turbidity for the river as
compared with the spring, versus higher concentrations of total
dissolved solids (TDS), specific conductivity, and sulfate for the
groundwater as compared with the river.

Table 3.14 compares the characteristics of several types of
wastewater to rainfall. In general, higher concentrations of each
constituent are observed from stormwater runoff to combined
wastewater to municipal wastewater, with the exception of total
suspended solids. Combined wastewater consists of stormwater
runoff and municipal wastewater. Untreated wastewater or raw
sewage from municipalities has similar characteristics, unless
there is a significant industrial waste component.

Table 3.15 shows the untreated influent and treated effluent
characteristics associated with the Rocky Creek Wastewater
Treatment Plant in Macon, Georgia.

The effluent characteristics from the Howard E Curren
Advanced Wastewater Treatment Plant in Tampa, Florida are
presented in Table 3.16. This reclaimed wastewater is of
high-quality and has the potential to be used as a source of
drinking water.
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Hillsborough River, Florida, water quality Sulfur Spring, Florida, water quality
characteristics, January 2, 2000. characteristics, January 2, 2000.

Parameter Unit Value Parameter Unit Value
BOD, mg/L 30 BOD, mg/L <2
Chloride mg/L 18.3 Chloride mg/L 1390
Color PCU 34 Color PCU Il
Dissolved oxygen mg/L 10.0 Dissolved oxygen mg/L 0.4
Kjeldahl nitrogen mg/L 0.4 Kjeldahl nitrogen mg/L 0.2
Ammonia nitrogen mg/L <0.1 Ammonia nitrogen mg/L 0.1
Nitrite nitrogen mg/L <0.005 Nitrite nitrogen mg/L 0.021
Nitrate nitrogen mg/L 0.19 Nitrate nitrogen mg/L 0.37
Total nitrogen mg/L 0.59 Total nitrogen mg/L 0.69
Ortho phosphate mg/L <0.05 Ortho phosphate mg/L 0.17
Total phosphate mg/L 0.2 Total phosphate mg/L 0.2
pH pH Units 8.1 pH pH units 720
Specific conductivity pmhos/cm 443 Specific conductivity pmhos/cm 5270
Sulfate mg/L 47.6 Sulfate mg/L 383
Temperature °C 16.0 Temperature °C 244
Total Dissolved Solids (TDS) mg/L 288 Total Dissolved Solids (TDS) mg/L 3175
Total Suspended Solids (TSS) mg/L 7 Total Suspended Solids (TSS) mg/L <
Total Organic Carbon (TOC) mg/L 4 Total Organic Carbon (TOC) mg/L 22
Turbidity NTU 2.8 Turbidity NTU 0.7

Characteristics of various types of wastewater

Parameter Unit ‘Raw sanitary ‘Landfill leachate ‘Raw domestic “Urban runoff
BOD mg/L 200 10,040 190 7.8—-10.0
COD mg/L = 7,500 430 70-73
Fecal coliform bacteria ~ MPN/100 ml = = 0% — 108 -
Total nitrogen as N mg/L 35 40 -
TKN mg/L — 350 - 0.965—1.9
NH, mg/L = = 25 =
Nitrate mg/L = = 0 =
Nitrite + Nitrate mg/L = = = 0.54-0.736
Total phosphorus mg/L 10 - 7 0.121-0.383
Soluble phosphorus mg/L 7 — 5 0.026-0.143
Total solids mg/L 800 = 720 67—-101
Suspended solids mg/L 240 900 210 -
Volatile suspended solids mg/L 180 - 160 -

9 Based on Hammer (1986) Water and Wastewater Technology, p. 324.

b Based on Horan (1990) Biological Wastewater Treatment Systems: Theory and Operation, p. 29.
¢ Based on Metcalf & Eddy (2003) Wastewater Engineering: Treatment and Reuse, p. |86.

9 EPA (1983) Results of the Nationwide Urban Runoff Program, p. 6—31.
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2003 calendar year average influent and effluent
wastewater characteristics to Rocky Creek Wastewater Treatment
Plant, Macon, Georgia.

Parameter Unit Influent value Effluent value
BOD, mg/L 130.33 4.46
TSS mg/L 200.83 942
Dissolved oxygen mg/L N.M. 7.30
Ammonia nitrogen mg/L N.M. 0.16
pH (maximum) pH units N.M. 7.62
pH (minimum) pH units N.M. 6.66
Fecal coliform MPN/100 ml N.M. I'1.64

N.M. — Not measured

Effluent characteristics from the Howard F. Curren
Advanced Wastewater Treatment Plant in Tampa, Florida.

Year BOD TSS TN NO,
(mg/lL)  (mglL) (mglL) (mgl)
1980 4.5 3.0 27 0.80
1981 20 22 25 1.05
1982 4.8 27 28 1.23
1983 4.6 39 29 0.90
1984 26 25 24 0.86
1985 22 26 26 0.83
1986 22 24 26 [.10
1987 35 27 30 [.14
1988 42 33 35 1.66
1989 26 [.5 29 [.12
1990 26 19 26 0.83
1991 2.1 ) 23 0.74
1992 25 19 26 0.83
1993 26 1.8 25 0.84
Average 3.1 24 2.7 .00

Reprinted with permission from Biological and Chemical Systems for Nutrient
Removal, 1998.

Copyright ©1998 Water Environment Federation, Alexandria, Virginia,
p. 154.

Physical, chemical, and biological parameters are used for
assessing water quality and for monitoring and operating
water and wastewater treatment facilities.

Aggregate or lumped sum parameters such as biochemical
oxygen demand (BOD), chemical oxygen demand (COD),
and total organic carbon (TOC) do not measure a specific
type of contaminant. However, they provide an indirect
means of measuring the quantity of oxygen required to
oxidize organic compounds.

Physical water quality parameters include color, taste and
odor, solids, temperature, absorbance and transmittance,
and turbidity.

Solids analyses are routinely performed on water,
wastewater, and sludge.

Alkalinity and the carbonate buffering system are important
in chemical reactions involved in both water and wastewater
treatment to prevent significant changes in pH when an acid
or base is added.

The predominant forms of nitrogen encountered in
environmental systems include nitrogen gas (N,),
ammonium (NH}), ammonia (NHj), total Kjeldahl
nitrogen (TKN), organic nitrogen (Organic-N), nitrite
(NO3), and nitrate (NO3).

All forms of life require nitrogen for survival.

Microbes prefer ammonium as their source of nitrogen,
whereas algae prefer nitrates.

The discharge of wastewaters containing
(ammonium/ammonia) may lead to oxygen depletion in
receiving streams, due to the process of nitrification,
which is the oxidation of ammonium to nitrate.

The discharge of wastewaters containing nitrate into
surface waters can lead to cultural eutrophication, i.e.,
excessive growth of algae.

Major forms of phosphorus are orthophosphates
(compounds containing PO "), condensed phosphorus and
organic phosphorus.

Phosphorus is an essential nutrient for all life forms.
Microbes use orthophosphate as their source of
phosphorus for growth and synthesis.

Chemicals such as lime and alum may be added in order
to precipitate orthophosphates from solution.

The discharge of wastewater containing phosphorus into
receiving streams may lead to cultural eutrophication.

Metals that are required for biological growth include
calcium, iron, magnesium, manganese, potassium, and
sodium.

At high concentrations, these pose potential health risks
due to their toxic effects.

Seven gases that are important in environmental
engineering include ammonia, carbon dioxide, fluorene,
hydrogen sulfide, methane, nitrogen, and oxygen.

Henry’s law is used to calculate the solubility or
concentration of a gas in water.

Bacteria, viruses, protozoa, and helminths are the major
categories of pathogens encountered in water quality
management.

Indicator organisms, such as total and fecal coliform
bacteria, are monitored since their presence indicates the
likelihood of pathogenic organisms being present, too.



136

Environmental engineering

o The multiple tube fermentation and membrane filter
techniques are two widely used methods for identifying

the presence of indicator organisms.

o Actual water quality data from surface and groundwater
sources along with actual effluent from a secondary and
advanced wastewater treatment plant are presented for

comparison with typical characteristics of untreated rainfall,

stormwater, combined wastewater, and municipal

wastewater.
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Water quality is classified by physical, chemical,
biological or microbiological, and radiological
parameters. Go to the United States Environmental
Protection Agency’s website at www.epa.gov under the
Oftice of Drinking Water. List four water quality
parameters in each of the four categories (physical,
chemical, microbiological, and radiological), along
with the current maximum contaminant level (MCL),
concentration, or treatment technique (TT). Select
from both primary and secondary standards.

The following data were determined in the laboratory
by incubation at 20°C.

Time (days) | 0 [ 1 2 3 4 5 6 7
BOD (mg/L) | 0 | 72 | 120 | 155 | 182 | 202 | 220 | 237

Determine the BOD reaction rate constant, k, and
ultimate BOD, BOD,,.

Solids analysis is one of the most widely used
parameters for assessing water quality. Use the
following data for calculating total solids (TS), volatile
solids (VS), dissolved solids (DS), total suspended
solids (TSS), and total volatile suspended solids
(TVSS). A sample volume of 150 ml was used in
performing all solids analyses.

Tare mass of evaporating dish = 24.3520 g

Mass of evaporating dish plus residue after
evaporation @ 105°C =24.3970 g

Mass of evaporating dish plus residue after
ignition @ 550°C = 24.3850 g

Mass of Whatman filter and tare = 1.5103 g

Mass of Whatman filter and tare after drying
@105°C=1.5439¢

Residue on Whatman filter and tare after ignition
@550°C=15199g

Use the following data for calculating total solids (TS).
volatile solids (VS), dissolved solids (DS), total
suspended solids (TSS), and total volatile suspended
solids (TVSS). A sample volume of 200 ml was used in
performing all solids analyses.

Tare mass of evaporating dish = 25.334 g

Mass of evaporating dish plus residue after
evaporation @ 105°C = 25.439 g

Mass of evaporating dish plus residue after
ignition @ 550°C = 25.385 g

Mass of Whatman filter and tare = 1.5103 g

Mass of Whatman filter and tare after drying
@105°C=1.5439g

Residue on Whatman filter and tare after ignition
@550°C=1.5199¢

A solids analysis is to be performed on a wastewater
sample. The abbreviated procedure is outlined as
follows:
A Gooch crucible and filter pad are dried @105°C
to a constant mass of 25.439 g.
200 ml of a well-mixed sample of the wastewater is
passed through the filter pad.
The crucible, filter pad, and solids collected on the
pad are dried at 105°C to a constant mass of
25.645g.
100 ml of the filtrate that passes through the filter
pad in Step (b) above is placed in an evaporation
dish that had been pre-weighed at 275.410 g.
The sample in Step (d) is evaporated to dryness at
105°C and the dish and residue are weighed at
276.227g.
Both the crucible from Step (c). and the evaporation
dish from Step (e) are placed in a muffle furnace at
550°C for an hour. After cooling in a dessicator, the
mass of the crucible is 25.501 g and the mass of the
dish is 275.944 g.
Determine the following: suspended solids (mg/L),
dissolved solids (mg/L), total solids (mg/L), organic or
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volatile fraction of the suspended solids (mg/L), and
the organic or volatile fraction of the dissolved solids
(mg/L).

An ammonia nitrogen analysis performed on a
wastewater sample yielded 30 mg/L as nitrogen. If the
pH of the sample is 8.5, determine the ammonium
nitrogen concentration (mg/L) in the sample assuming
a temperature of 25°C.

A 100 ml sample of water is titrated with 0.02N H,SO,.
The initial pH is 9.8 and 6.5 ml of acid are required to
reach the pH 8.3 endpoint. An additional 10.1 ml of
acid are required to reach the pH 4.5 endpoint.
Determine the following: total alkalinity, hydroxide
alkalinity, carbonate alkalinity, and bicarbonate
alkalinity, in terms of mg/L as CaCOj.

A 200 ml sample of water with an initial pH of 7.8 is
titrated with 0.02N H,SO,. 16 ml of acid are added to
reach the endpoint pH of 4.5. Determine the species of
alkalinity present and the concentration in mg/L as
CaCO;,

Calculate the theoretical oxygen demand of a solution
containing 550 mg/L of glutamic acid (C;HyNO,).

Calculate the theoretical oxygen demand (mg/L). of a
solution containing 450 mg of glucose (CsH;,Oy). in
2 L of distilled water.

The result of a seven-day BOD test performed on a
sample of water from an oligotrophic lake was

10 mg/L. The base “e” BOD rate constant determined
from previous studies was estimated to be 0.10d"!.
Determine the ultimate BOD and five-day BOD of the
sample taken from the lake.

A five-day BOD test is performed on an industrial
wastewater sample that contains no bacteria; therefore,
a “seeded” BOD test is run. 10 ml of “seed” are added

to 20 L of dilution water. 30 ml of industrial wastewater
are added to a 300 ml BOD bottle and the remaining
volume consists of “seeded” dilution water. The average
dissolved oxygen concentration of the diluted
wastewater samples and blanks (seeded dilution water)
on the first day of the test is 7.5 mg/L and 9.0 mg/L,
respectively. After incubating separate BOD bottles at
20°C for five days, the average DO concentration of the
diluted wastewater BOD bottles and seeded dilution
water BOD bottles is 3.1 and 8.5 mg/L, respectively.
Use Equation (3.13) for calculating the five-day BOD
of the industrial wastewater.

A multiple tube fermentation test was performed on a
sample of water obtained from the Ocmulgee River in
Macon, Georgia during the summer. A set of 15 test
tubes with sample sizes of 10, 1.0, and 0.1 ml were used
in the analysis resulting in the following number of
positive tubes: 5-5-1. Estimate the most probable
number (MPN) per 100 ml of sample using Equation
(3.95). Compare your answer to the value presented in
Standard Methods (1998).

A multiple tube fermentation test was performed on a
sample of water obtained from the Occoquan
Reservoir near Manassas, Virginia during the winter.
A set of 15 test tubes with sample sizes of 1.0, 0.1, and
0.01 ml were used in the analysis, resulting in the
following number of positive tubes: 1-1-0. Estimate the
most probable number (MPN) per 100 ml of sample
using Equation (3.95). Compare your answer to the
value presented in Standard Methods (1998).

Discuss in your own words what is meant by an
indicator organism. Which group of organisms are
used as indicator organisms and why? List three groups
of pathogenic organisms that may be found in water
and wastewater.
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After reading this chapter, you should be able to:

describe how various organisms and specifically, how
microorganisms are used in the treatment of wastewaters,
sludges, contaminated ground waters, and soils;

differentiate between prokaryotic and eukaryotic cells;

understand the relationship between energy and synthesis
reactions involving heterotrophic and autotrophic
organisms;

how environmental factors such as pH, DO, moisture,
and temperature affect microbial growth rate;

be familiar with the biochemical principles involved in the
production of carbohydrates, proteins, lipids, and nucleic
acids in organisms;

understand the role of enzymes and Michaelis-Menten
enzyme kinetics;

define ecology and primary productivity;

draw and discuss the carbon, nitrogen, phosphorus, and
sulfur cycles, and their role in biology;

discuss how population growth has impacted the
environment in regard to pollution, carrying capacity, and
ecological footprint;

explain how total maximum daily loads and the discharge
of organic wastes affects water quality in rivers;

use the Streeter-Phelps dissolved oxygen model for
predicting the lowest DO concentration in a river;

communicate the understanding of eutrophication,
turnover stratification, and other limnological terms.

Introduction to
microbiological unit
processes

Microorganisms are used in numerous applications in
environmental engineering for treating water, wastewater, and
sludges. Biotechnology involves the use of microorganisms and
biological systems to produce biodiesel, alcohols, other
fermentation products such as methane, antibiotics, and other
pharmaceuticals, and systems to degrade specific organic
contaminants and wastes. A basic understanding of the types of
cells and how organisms obtain energy and synthesize biomass
is critical for the proper design and operation of biological
processes.

Organisms are typically classified according to the Linnaean
system, a descending hierarchical organization of organisms
based on the structure of their bodies, starting with the least
specific to the most specific. Table 4.1 shows the Linnaean
system that culminates with the genus and species.

When referenced in the literature, the genus and species
names for given organisms are italicized or underlined, with the
genus capitalized. For instance, Clostridium botulinum is a
species of bacteria that causes botulism; a severe type of food
poisoning. Clostridium is the genus name and botulinum is the
species name. Several species of clostridia ferment sugar, amino
acids, and cellulose.

Current taxonomic systems include phylogeny, which
classifies organisms based on their genetic characteristics and
evolutionary history. To the taxonomist, structural details
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Table 4.1 Linnaean Classification System of Organisms.
Domain
Kingdom
Phylum
Class
Order
Family
Genus
Species
(morphology) and physiology are the two most important

characteristics used in classifying microorganisms (Gaudy &
Gaudy, 1988, p. 343).

4.2 Cell basics

The cell is the fundamental unit of all living organisms. A single
cell is an entity that is separated from other cells by a cell wall

Capsule
Cell wall
Plasma membrane

Cytoplasm

Ribosomes
Plasmid
Pili

Eukaryote Prokaryote

Membrane-
enclosed nucleus

Mitochondria
Nucleoid

Nucleolus

Cell Membrane

Bacterial Flagellum
Nucleoid (circular DNA)

Capsule
(some prokaryotes)

or membrane. Microbial cells are distinct from animal and
plant cells, because they are capable of carrying out all life
processes (growth, respiration, and reproduction)
independently from other cells. There are two types of
microbial cells: prokaryotic and eukaryotic. Organisms that
contain cells that do not have a nucleus are called prokaryotes
(Figure 4.1). Their genetic material, deoxyribonucleic acid
(DNA), is contained in a single plasmid. Prokaryotic cells
contain few internal structures. Bacteria and cyanobacteria
(Blue-green algae) are eukaryotic microbes.

Eukaryotes contain cells with a true nucleus; this means
their DNA is enclosed in a membrane structure. Eukaryotic
cells are more complex (Figure 4.2). Table 4.2 lists some of the
major differences between these two types of cells.

4.3 Energy and synthesis
(carbon and energy
transformations)

Living organisms must have the capacity to use and transform
energy. Microorganisms consume substrate, use nutrients, and
carry out oxidation-reduction reactions for growth and cellular

Figure 4.1  Prokaryotic cell. Source: http:/
en.wikipedia.org/wiki/File:Average_prokaryote
_cell-_en.svg. Reproduced by kind permission of
LadyofHats (Mariana Ruiz Villarreal).

Figure 4.2 Eukaryotic cell. Source: http://
en.wikipedia.org/wiki/File:Celltypes.svg. Science
Primer (National Center for Biotechnology
Information). Vectorized by Mortadelo 2005.

Flagellum

(in some eukaryotes)
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Comparison of prokaryotic and eukaryotic cells.

Characteristic Prokaryotic
Cell wall Composed of peptidoglycan
DNA Nucleoid or plasmids

Energy generation
Nucleus Absent
Photosynthetic pigments Chloroplasts absent

Phylogenic group
(blue-green algae)

Size range [=2pm by | =4 pm

Part of cytoplasmic membrane

Archea, bacteria, cyanobacteria

Eukaryotic

Absent of peptidoglycan
Chromosomal DNA
Mitochondria

Present

Chloroplasts present

Single cell: algae, fungi, and protozoan.
Multicellular: animals, fungi, and plants.

>5pum

Source: Henze et al. (2008) pp. |0—12; Metcalf and Eddy (2003) page |06; Pelczar et al. (1977) pp. 7—8; Rittman and McCarty

(2001 pp. 10-12.

maintenance. Metabolism is the term that encompasses all the
reactions that cells use to process substrate (food materials) for
obtaining energy, and for producing the compounds for
building new cellular components. Degradative reactions that
produce energy and building blocks for cellular growth are
called catabolic reactions. Anabolic reactions are biosynthetic
reactions that produce compounds necessary for growth and
cell maintenance.

Coupled oxidation/reduction reactions are used to produce
energy for growth, mobility, and producing adenosine
triphosphate (ATP). The quantity of energy produced by
coupled reactions depends on the chemical properties of the
electron donor and electron acceptor. Table 4.3 shows the free
energy of release (AG®) at standard conditions and a
temperature of 25°C for the oxidation of glucose (C4H,,0)
under various conditions.

A significant increase in the quantity of free energy released

is realized when glucose is oxidized by aerobic respiration,
K
(— 120
e"eq

) versus fermentation (— 10;—Jeq ) Anaerobic
respiration results in less free energy released, approximately

kJ
eeq

<—17

(—20 E_‘i . ) when SO2~ serves as the electron acceptor.
Fermentation, aerobic respiration, and anaerobic respiration
are discussed in Section 4.3.1.

Microbes obtain carbon for cell growth from either organic
carbon or carbon dioxide (inorganic carbon). Organisms that
use organic carbon (relatively complex, reduced organic
compounds) for synthesizing biomass are called heterotrophs,
while those that use inorganic carbon (carbon dioxide) for

) when CO, is used as the electron acceptor, versus

producing cell mass are called autotrophs. Heterotrophs
require less energy than autotrophs, since the incorporation of
inorganic carbon into cellular compounds is a reductive process
requiring more energy.

Energy needed for cell synthesis and cell maintenance
activities is primarily provided by oxidizing chemical
compounds or by capturing light. Microorganisms are classified
as phototrophs if they use light as their energy source and as
chemotrophs if they use oxidation-reduction reactions for
supplying their energy. Chemotrophs may be further classified

Comparison of free energy yields for oxidation of glucose by various means.

Oxidation/reduction reaction

Process simulated

Free energy released,
i ()
e eq

2L4C6H‘206 i %Oz = AL}CO2 i %HZO Fermentation and aerobic respiration, O, —120.10
electron acceptor
iCeszos + SLNO; + éHJ’ Fermentation and anaerobic respiration, —113.63
o LN 70 NO, ™~ electron acceptor
= ;CO; + 5N, + 5H,0
ﬁCeH\zOs i éSOi_ 4 E—BHJ’ Fermentation and anaerobic respiration, —20.69
Clhsa lpe +lco. 4 lho SO,* electron acceptor
_EHZ +EH +Z 2+2H2
Z%C()HQO() = éCOz ot éCH4 Fermentation and anaerobic respiration, CO, ~ —17.85
electron acceptor
ﬁCeszos = “—ZCO2 A %CH3CHZOH Fermentation to ethanol —10.17

Adapted from Metcalf and Eddy (2003), pp. 572-573.
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Microbial reactions and their nutritional classification.

Microbial reaction

5CO, + 3H,0 + NH, LN CH,O,N+50, + H,0
CH,O0,N+50, - 5CO, +2H,0 + NH;

C¢H,0, + 60, —» 6CO, + 6H,0

CH 0, = 2C,H,O +2C0O,

5C,H,O, + 24NO3 +24H* — 30CO, + 12N, + 42H,0
2NH; +40, - 2HNO,; +2H,0

C,H,,0, —» 3CO, +3CH,

Nutritional classification

Autotrophic, photosynthetic

Cellular respiration, aerobic

Heterotrophic, aerobic (aerobic oxidation)
Heterotrophic, anaerobic (ethanol fermentation)
Heterotrophic, anoxic (denitrification)
Autotrophic, aerobic (nitrification)

Heterotrophic, anaerobic (methanogenesis)

Adapted from Benefield and Randall (1980) page 26; Rittman and McCarty (2001) page 133.

depending on the type of chemical compound oxidized, i.e., the
electron donor. For instance, a chemoorganotroph is an
organism that oxidizes complex organic compounds such as
glucose (C,H,,0y) as their electron donor, whereas
chemoautotrophs oxidize inorganic compounds such as
ammonia, hydrogen sulfide, and nitrite. Table 4.4 lists

some typical microbial reactions and their nutritional
classification.

Heterotrophs use the same organic material as their source of
carbon and energy. The oxidative reactions carried out by the
heterotrophs are actually dehydrogenations, since they involve
the loss of hydrogen atoms. Remember, oxidation means the
loss of electrons. When a hydrogen ion is removed from a
compound, an electron is lost, too.

Energy released during catabolic reactions is recovered in
two ways: substrate-level phosphorylation and oxidative
phosphorylation. Phosphorylation is the term used for
describing the formation of the high energy carrier adenosine
triphosphate (ATP) from adenosine diphosphate (ADP) and
inorganic phosphate (P;). Energy is conserved in high-energy
phosphate bonds, each yielding a free energy of approximately
8.3 kcal per mole. In substrate-level phosphorylation, a portion
of the energy released during the oxidation or dehydrogenation
of the organic compound is used to drive the endergonic
phosphorylation reaction of the conversion of ADP to ATP
according to the following reaction. An endergonic reaction
requires energy, whereas, an exergonic reaction generates
energy.

|, 3-diphospho-glyceric acid + ADP
— 3-phospho-glyceric acid + ATP 4.1

Substrate-level phosphorylation is not the major mechanism
for producing ATP in aerobic organisms.

In oxidative phosphorylation, electrons that are produced
during the oxidation of the electron donor are passed through
an electron-transport system to a terminal electron acceptor,
typically oxygen. The coenzyme nicotinamide-adenine
dinucleotide (NAD) is involved in electron transfer during
catabolic reactions. NAD™ represents the oxidized form of
NAD, while NADH + H* represents the reduced form.

Another coenzyme, nicotinamide-adenine dinucleotide
phosphate (NADP), is another electron carrier involved in
anabolic or biosynthetic reactions. NADP™ is the oxidized form
of NADP and NADPH is the reduced form. FAD/FADH, also
serves as an electron carrier. FAD stands for flavin adenine
dinucleotide; its oxidized form is represented by FAD and its
reduced form is FADH,. When electrons enter the
electron-transport system or chain at the level of NAD, three
moles of ATP per pair of electrons will be produced. However,
if the electrons enter at the level of FAD, only two moles of ATP
per pair of electrons will be created.

In eukaryotic organisms, the electron-transport system is
located in the mitochondria. Figure 4.3 shows the electron-
transport system used by most bacteria. It uses a series of
electron carriers that capture the energy released during the
oxidation of the electron donor, which drives the endergonic
phosphorylation reaction of the conversion of ADP to ATP.

There are three major pathways used by heterotrophic
microorganisms for converting organic substrate into cellular
components and for energy. These are: fermentation, aerobic
respiration, and anaerobic respiration.

4.3.1.1 Fermentation

Fermentation is one method by which a heterotrophic microbe
can obtain energy, and it occurs in the absence of external
electron acceptors. In fermentation, the organic substrate serves
both as the electron donor and electron acceptor. The organic
compound is degraded by a series of enzyme mediated
reactions, with substrate-level phosphorylation used to capture
a portion of the energy in the form of ATP. The overall
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Energy for synthesis of ATP

Reduced
substrate NAD* Flavoprotein—H, 2 cytb™*
I
I
I
Oxidized NADH Flavoprotein : 2 cytb™
substrate + v
H* !
2H — -

2 cytett

2ceyte

Electron transport system common to most bacteria. Source: Benefield & Randall (1980), page 38.

fermentation of glucose can be expressed by the following
equation:

Glucose + 2ADP — 2 Ethanol +2CO, + 2ATP (4.2)

Figure 4.4 shows the fermentation of glucose under
anaerobic conditions with no external electron acceptors. The
series of enzyme-mediated steps, beginning with glucose and
ending with pyruvate, is called “glycolysis”, or the
Embden-Meyerhof-Parnas (EMP) pathway.

The complete oxidation of glucose to water and carbon
dioxide yields approximately 686 kcal of free energy (Gaudy &
Gaudy, 1988, page 320). Assuming that each mole of ATP
conserves about 8.3 kcal of free energy, only 2.4% of the energy
is stored during glycolysis (2 X 8.3 kcal/686 kcal X 100 = 2.4%).

4.3.1.2 Aerobic Respiration

In aerobic respiration, the organic carbon source is first
oxidized or dehydrogenized by passing through the EMP
pathway or glycolysis to form pyruvate, i.e., fermentation
pathway. When oxygen is present, pyruvate is then converted to
acetyl-coenzyme A, as illustrated in the following reaction:

Pyruvate + CoASH + NAD
— Acetyl CoA + NADH + CO, + H* (4.3)

This is an irreversible reaction that requires the
participation of six cofactors in order to proceed: coenzyme A,
thiamine pyrophosphate (TPP), lipoic acid, NAD, FAD, and
magnesium. Acetyl CoA then enters the tricarboxylic acid
(TCA) cycle, where it undergoes oxidation to CO, and H,O.
Figure 4.5 shows the overall TCA cycle.

A total of 38 moles of ATP can be produced by oxidizing
glucose to carbon dioxide and water by fermentation and the
TCA cycle. Table 4.5 is an accounting of the ATPs produced.
Detailed discussions of this and the TCA cycle can be found in
the following references: Baum (1978), Brock (1979), and
Gaudy & Gaudy (1988). Once acetyl CoA enters the TCA cycle
and when oxygen is present, complete oxidation of the organic
compound to carbon dioxide and water is possible. Oxygen
serves as the ultimate electron acceptor.

2 cytcttt 2cytatt 2 cytag™t H,0
|
|
|
2cytctt 2 cytattt 2eytay™ 1 L 0,
2
A
|
___________________ _’___________a
Glucose
y
A
| Glucose 6-phosphate |
y
v
| Fructose 6-phosphate |
y
v
| Fructose 1, 6-diphosphate |
Glyceraldehyde [« Dihydroxyacetone
3-phosphate > phosphate

y

v

| 1, 3-Diphosphoglyceric acid |

| 3-Phosphoglyceric acid |

!

| 2-Phosphoglyceric acid |

!

| Phosphoenolpyruvic acid |

| Pyruvic acid I—PI Acetaldehyde l—PI Ethanol ‘

Glucose fermentation by yeast under anaerobic
conditions. The steps from glucose to pyruvate is known as

“glycolysis” or as the Embden-Meyerhoff-Parnas pathway. Source:
Adapted from Brock, Thomas D. (1979). Biology of Microorganisms,
Prentice Hall, Englewood Cliffs, NJ, pp. 99.

4.3.1.3 Anaerobic Respiration

Certain microorganisms can use other inorganic compounds,
rather than oxygen, as the external electron acceptor. Typical
inorganic electron acceptors include CO,, SOi_, NO;3, and
NO;3. Lower ATP production from the TCA will occur because
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CH;COCO;

Tricarboxylic acid
cycle. Source: Adapted from Brock,
Thomas D. (1979). Biology of

Pyruvate Microorganisms, Prentice Hall,
CoA Pyruvate Englewood Cliffs, NJ, pp. 99, | I,
dehydrogenase 158, 751.
CoA
CO,
NAD Acetyl-CoA
NADH «—
NADH 4— coy
NAD  CO; I
CH,
Malate dehydrogenase C=0 Aconitase
8 | “0,C—C—OH H,0
CO; HCH Citrate | /COE
| | synthase CH, CH
HO — $H Co; | I
COy _
Oxalacetate 2 C—CO
HCH Citrate 2
_ H,C— COy
CO; Aconitase
Malate H,0
H,0 Aconitase
Fumarase co-
Coy 2
H— (": HC — OH
I
p C—H -0,C—CH
-0 2C Fumarase |
Succinate dehydrogenase CH,
AL C|OE Isocitrate dehéjl)rfgenase Co5
FADH / (|ZH2 o SCOA | 2 Isocitrate
Hz(|3 Succinyl-CoA C =0 NAD — NADH
\synthetase | o-Keloglutarate
CO; HCH  dehydrogenase H(le co
Succinate | 2
HCH HCH
GTP GDP | CoA |
CoA p, C o CO;
O/ \07 2 a-Keloglutarate
Succinyl-CoA NAD
NADH
Overall reaction:  Pyruvate + 4NAD + FAD —— 3CO, + 4NADH + FADH
GDP + phosphate — GTP
GTP + ADP—— GDP + ATP

Electron-transport phosphorylation:
FADH = 2ATP

the redox potential between the electron donor and these
alternative electron acceptors is not as great as can be achieved
using oxygen. Oxidation with these alternative electron
acceptors is called anaerobic respiration. Figure 4.6 is a
schematic of anaerobic respiration, in which alternative
electron acceptors capture electrons that are passed along the
electron transport chain. The reduced organic compound is
denoted as DH,, and the oxidized form as D.

Organisms that use inorganic carbon (carbon dioxide or
bicarbonate) as their carbon source for synthesizing biomass

4NADH = 12ATP | I5ATP

and cellular material are called autotrophs. They derive energy
from oxidizing inorganic compounds (chemoautotrophic), or
from sunlight (photoautotrophic). The aerobic nitrifying
bacteria, collectively called nitrifiers, consisting of the genera
Nitrosomonas and Nitrobacter, are examples of two
chemoautotrophic organisms. The oxidation of ammonium to
nitrate (neglecting cell synthesis) is considered a two-step,
sequential reaction and is presented below:

Nitrosomonas

NH + 1.50, —75 NOj + 2H* + H,0

4GP = —27474 L
mol

(44)
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ATP yield from fermentation and aerobic respiration.

Pathway or process

Fermentation to pyruvate 2 NADH produced

Substrate-level phosphorylation

Aerobic respiration (TCA) cycle 4 NADH produced

| FADH, produced

GTP + ADP — GDP + ATP

2 moles of pyruvate enter TCA

Adapted from Brock (1979), page | I I.

Mechanism for ATP production

Total ATPs produced

3ATPs

2% SADH

= 6ATPs

2 ATPs

Subtotal = 8 ATPs

4x SATPS _ 1) ATPS
NADH
2ATPs
| = 2ATP
* NADH :
| ATP

Subtotal = |5 ATPs pyruvate

x LOATPS _ 30 ATPs
pyruvate
Total = 38 ATPs

Electron transport chain for anaerobic
respiration. Source: Benefield and Randall, page 39
also reference Wilkinson, J.F, introduction to
Microbiology, Halsted Press, a division of John Wiley,
New York, 1975.

The overall equation for the synthesis of glucose from CO,
is shown in the following equation (Rittman & McCarty, 2001,

DH, CO, SO~ NO,” NOj Fe**
\ Electron transport chain
|
/ ADP + Pi
b CH" Hs. N0 NOS N0 Fet
2 2 b Ny e H,S
N, N,
_ Nitrobacter _ 0 kJ
NO2 +050, —— NO3 AGY = —74.14 o (4.5)
Nitrifiers page 78)
NH++ZOZ————>NO +2H++H @)
(4.6)
K
AGY = —348.88 —
mol

As shown in Equation (4.4), there is more energy available
from the oxidation of ammonium than from the oxidation of
nitrite. This could lead to a build-up of nitrite until the growth
of the nitrite oxidizers (Nitrobacter species) have a chance to
catch up. The overall nitrification reaction, including synthesis
of cellular material, can be modeled (Crites & Tchobanoglous,
1998, page 437) by Equation (4.7). Due to rounding of the
coeflicients, the equation does not balance exactly; however,
according to Crites & Tchobanoglous, the error introduced is
negligible.

NH} + 1.731 O, + .962HCO;
— 0.038CsH,0,N + 0.962NOj + 1.769H,CO,

+1.077H,0 4.7)

Almost all autotrophic organisms use the Calvin Cycle for
synthesizing organic matter from carbon dioxide. Figure 4.7 is a
schematic of the Calvin Cycle.

6CO, + I8ATP + 12NADPH + [2H*

— C,H,,O, + IBADP* + 12NADP* + 18P, + 6H,0
(4.8)

Rittman & McCarty (2001) indicate that approximately
3,204 k] of energy is required for producing one mole of
glucose.

Organisms acquire their energy from light or by oxidizing
inorganic or organic compounds. The ultimate source of energy
for all life on earth is the sun. Photosynthesis is the process by
which green plants and various types of microorganisms use
light energy for synthesizing organic compounds from water
and carbon dioxide. Green plants, cyanobacteria, algae, and
other genera of bacteria can use sunlight. These organisms use
energy with a wavelength between 400 and 700 nm, which is
used to synthesize organic compounds and release oxygen from
carbon dioxide and water. The overall simplified equation for
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3- phosphoglycerate
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1, 3-bisphosphoglycerate

The Calvin Cycle. Source: http://en.wikipedia.org/wiki/File:Calvin-cycle4.svg. Mike Jones (Adenosine).

photosynthesis for organisms containing chlorophyll is
presented below:

6CO, + 6H,0O + 2800 kJ energy from sun

chlorophyll
— CH,0,+ 60, (4.9)

Some bacteria that use sunlight as their energy source do
not produce oxygen as a by-product of photosynthesis. When
sunlight is not available, or when the organism is unable to
carry out photosynthesis (e.g., during the night), Equation (4.9)
proceeds in the reverse direction, so that energy can be
produced by aerobic respiration.

4.3.3.1 Chemosynthesis

Another biochemical process similar to photosynthesis is
chemosynthesis. In chemosynthesis, chemoautotrophic
organisms convert carbon dioxide and/or methane into organic

matter in the absence of sunlight. Rather than using sunlight as
a source of energy, these organisms oxidize inorganic com-
pounds for energy. Examples of chemoautotrophic organisms
include sulfur oxidizing bacteria, iron oxidizing bacteria, and
the nitrifying bacteria. Equation (4.10) shows a chemosynthetic
reaction carried out by purple sulfur bacteria, in which glucose
and sulfuric acid are produced from carbon dioxide.

6CO, + 6H,0 + 3H,5 o C,H,,O, + 3H,50,  (4.10)

Several environmental factors impact the growth of
microorganisms. The engineer must provide the proper


http://en.wikipedia.org/wiki/File:Calvin-cycle4.svg

Chapter 4 Essential biology concepts

147

environment in order to optimize and ensure proper treatment
in biological systems. Temperature, pH, moisture, and oxygen
are the principal environmental parameters that must be
controlled.

4.3.4.1 Temperature Effects

Temperature affects both biological and chemical reactions. As
a rule of thumb, a ten degree increase in temperature typically
results in doubling the rate of a biological or chemical reaction.
The growth rate of a microorganism will increase with an
increase in temperature until the maximum rate of growth is
achieved. Figure 4.8 shows the relationship between microbial
growth rate and temperature.

The temperature at which maximum growth occurs is called
the optimum temperature. Once this is achieved, the growth
rate will decrease at a significant rate within a small increase in
temperature. The decrease in the growth rate is attributed to the
denaturation of proteins, amino acids, and enzymes, ultimately
leading to the death of the cell.

Microbes can also be classified according to the temperature
range in which they function best. Table 4.6 shows the normal
and optimum temperature ranges for growth.

4.3.4.2 pH
Most microorganisms function best at a pH near neutrality,
from 6.5 to 7.5 although there are certain types of microbes that

Optimum
temperature

Growth rate

Temperature

Effect of temperature on microbial growth rate.

Temperature classification of microorganisms.

Classification Temperature range, °C

10 to 30%
—7 to 30%*
=5} i(e) A

Psychrophiles

20 to 50
25 to 45%*
8 to 45%**

Mesophiles

35t0 75
45 to 60%*
40 to 70%**

Thermophiles

Hyperthermophiles 65 to | [0%**

Source: *Metcalf & Eddy (2003), page 559; **Pelczar et al. (1977),
pp. | I1=112; #**Rittman and McCarty (2001), page 16.

Growth rate

pH

Microbial growth rate versus pH.

General comments concerning the effect of pH on
various microorganisms.

Classification pH range Optimal pH
*Bacteria Minimum at4 and 6.5 to 7.5
maximum at 9.5
#HFungi Prefer acid 5
environment and
have minimum
between | to 3
##+*Protozoa 5-8 7

Adapted from *Metcalf and Eddy (2003), page 559; **Gaudy and Gaudy
(1988), page 183; ***Pelczar et al. (1977), page 358.

can operate at extreme pH values — those above 9 and those
below 4. Figure 4.9 shows the relationship between microbial
growth rate and pH.

Some general comments concerning pH and microbial
growth as noted by Gaudy & Gaudy (1988) are listed in
Table 4.7.

4.3.4.3 Moisture Content

Water is a major component of microbial protoplasm, and an
adequate supply must be maintained in order for microbes to
grow. Water also is the transport medium that allows nutrients,
organics, inorganics, and dissolved oxygen into microbial cells,
while carrying away waste products. In aquatic ecosystems and
biological wastewater treatment systems, this does not pose a
problem. In bioremediation treatment processes, however, the
moisture of the soil must be in the range of 50-75% of the soil’s
field capacity (US EPA, 1985) for microbes to function at an
optimum level.

4.3.4.4 Oxygen

Some microorganisms require oxygen in order to survive.
Organisms that use molecular oxygen (O,) as their electron
acceptor are called aerobes, whereas organisms that cannot
grow in the presence of oxygen are called obligate anaerobes.
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Organisms that can grow at very low oxygen levels are

known as microaerophiles. Organisms that use molecules
other than oxygen as their electron acceptor are called
anaerobes. Such molecules include CO,, SOi_, NO;, and
NO; . Facultative organisms are capable of using either
molecular oxygen or some other compound as their electron
acceptor; however, their growth is more efficient under aerobic
conditions.

All living cells are essentially composed of the same types of
compounds: carbohydrates, lipids, proteins, and nucleic acids
(RNA and DNA). Anabolism is a synthesis process in which
energy is primarily provided from the high-energy phosphate
bond of ATP. Biochemical reactions are used for synthesizing
cellular material. Microorganisms use carbohydrates for energy
and for synthesizing cell tissue. Some bacteria store
carbohydrates as polysaccharides, within the cell or on the
outside, in the form of a slime layer or capsule. As discussed
previously, simple sugars such as glucose can be metabolized
for energy by the glycolysis pathway, resulting in the
production of pyruvic acid.

4.3.5.1 Carbohydrates

Carbohydrates are compounds that contain carbon, hydrogen,
and oxygen. Their molecular formula is represented as
C,H,,0,. They are generally grouped into three categories:

2n~'n*

simple sugars or monosaccharides;
complex sugars or disaccharides;

polysaccharides.

Carbohydrates serve as building blocks for other organic
compounds or can be metabolized for providing energy for
synthesis or for cell maintenance. Simple sugars or
monosaccharides contain large numbers of hydroxyl groups
(OH). They all contain a carbonyl group (—C = O) in the form
of an aldehyde or a keto group. Glucose is an important
example of a hexose sugar containing six carbons and an
aldehyde group (See Figure 4.10).

Fructose is also a hexose sugar containing six carbons, but it
has a keto group rather than an aldehyde group (See
Figure 4.11).

When two simple sugars are joined together by a glycosidic
bond, they form a disaccharide. There are three sugars with a
general formula of C;,H,,0y;: sucrose, maltose, and lactose.
Sucrose is an important disaccharide and is commonly known

Structure of glucose. Source:
http://en.wikipedia.org/wiki/File:Glucose_chain_structure.svg

OH O
OH
HO -
OH OH

Structure of fructose. Source:
http://en.wikipedia.org/wiki/Fructose

O o . :
HO
S 0
HO OH

Structure of sucrose. Source:
http://en.wikipedia.org/wiki/File:Sucrose_ CASCC.png

as “table sugar.” The structure of sucrose is presented in
Figure 4.12.

Polysaccharides are large macromolecules consisting of
either monosaccharides or derived sugars linked by glycosidic
bonds. There are numerous kinds of polysaccharides, but the
most abundant are those derived from glucose. Starch,
glycogen, and cellulose are the most important polysaccharides.
The generic formula for starch is (C4H;,05),, where x is the
number of monomers per molecule and ranges from 100 to
1,000. When starch is hydrolyzed, the monosaccharide glucose
is formed.

Glycogen is a class of polysaccharides synthesized by
animals and some microbes as a source of stored energy and
carbon (Gaudy & Gaudy, 1988, page 97). Cellulose is the most
abundant carbohydrate and source of organic carbon on earth.
Cellulose does not degrade easily. A few species of
microorganisms can produce cellulose, some species can
metabolize cellulose anaerobically, while a fewer number can
metabolize it aerobically.

4.3.5.2 Lipids

Organic compounds that are soluble in organic solvents such as
ether, benzene, or acetone, and sparingly insoluble in water, are
called ‘lipids’ (Gaudy & Gaudy, 1988, page 74). Simple lipids are
fats and oils or waxes. Each of these is an ester; esters being
organic compounds that are formed by the reaction of an acid
and alcohol. Fats and oils are esters of the trihydroxy alcohols,
glycerol (See Figure 4.13). Waxes, in turn, are esters of
long-chain monohydroxyalcohols and alcohols. The main
functions of lipids are to store energy and to serve as a
structural component of cell membranes.

OH
HO JV OH

Structure of glycerol. Source:
http://en.wikipedia.org/wiki/File:Glycerin_Skelett.svg
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4.3.5.3 Proteins
Proteins are complex molecules consisting of carbon, hydrogen,
oxygen, and nitrogen. A few proteins also contain phosphorus
and sulfur. Amino acids are the building blocks of proteins;
there are approximately 20 amino acids that are found in
proteins. Most plants and bacteria are capable of synthesizing
amino acids which, in turn, are used for constructing proteins.
Higher animals cannot synthesize certain amino acids and,
therefore, to obtain them they must consume plant and animal
protein as a part of their diet. Free amino acids behave like
acids and also like bases, since they contain an amino group.

Amino acids are joined together by peptide links. When two
molecules of amino acids are linked, the molecule formed is
known as a peptide. If more than three molecules of amino
acids are joined, it is called a polypeptide. The general formula
of an amino acid is shown below in Figure 4.14.

Table 4.8 lists some of the most common amino acids and
their structural formula.

4.3.5.4 Nucleic Acids

Nucleic acids are macromolecular polymers that contain the
genetic information of all living organisms. This genetic code
provides the directions that govern the growth of organisms
and the synthesis of proteins in organisms. There are two types
of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA). Nucleic acids are comprised of a five-carbon sugar,
either ribose or 2-deoxyribose; phosphate, and a nitrogen base
(purine or pyrimidine). The nitrogen bases include adenine
(A), cytosine (C), guanine (G), thymine (T), and uracil (U).
Table 4.9 lists the five nitrogen bases, nucleic acids formed, and
the structure of each nitrogen base.

Normally, DNA is a double-stranded nucleic acid with two
nucleic acid chains linked by hydrogen bonding between
nitrogen bases. Some viruses are known to have only a
single-stranded DNA. The nitrogen bases found in DNA
include A, C, G, and T. Adenine pairs with thymine and
cytosine with guanine. Figure 4.15 shows a single strand
of DNA.

RNA is normally a single-stranded nucleic acid; however,
some viruses have been known to have double-stranded RNA.
The nitrogen bases found in RNA include adenine, cytosine,
guanine, and uracil; they can pair in various combinations. An
RNA monomer is presented in Figure 4.16 alongside DNA for
comparison. In-depth discussions of the role of nucleic acids on
growth and protein synthesis may be found in the following
references: Rittman & McCarty (2001), Baum (1978), and
Metcalf & Eddy (2003).

R

General structure of an alpha amino acid. Source:
http://en.wikipedia.org/wiki/File:AminoAcidball.svg

Common amino acids.

Name Structure
Aspartic acid o
(6]
OH
OH NH,
http://en.wikipedia.org/wiki/Aspartic_acid
Glycine + .0
HN /\(_
0
http://en.wikipedia.org/wiki/Glycine
Lysine NH,
(6]
H,N
OH
http://en.wikipedia.org/wiki/Lysine
Tyrosine

http://en.wikipedia.org/wiki/Tyrosine

Michaelis-Menten enzyme
kinetics

Enzymes are complex organic catalysts (protein molecules)
produced by living cells. Recall that the definition of a catalyst
is a substance that increases the rate of a reaction and is
completely recovered or recycled. Enzymes that function
within the cell are known as “intracellular”, while those that are
secreted outside of the cell are called “extracellular”. Enzymes
are specific and will catalyze only certain kinds of reactions;
they will only act on one specific substrate. The enzyme only
combines with the substrate momentarily for a few hundredths
of a second. During the combination, a chemical reaction
occurs, forming a new compound, and the enzyme is released
to combine with another substrate molecule.

Overall rates of biological reactions are dependent on the
enzyme concentration and activity. The Michaelis-Menten
equation describes the enzyme kinetics for a single reaction and
single substrate. The same form of this equation has been
successfully used to model the kinetics observed in biological
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Nucleic acid bases and structure.

Nitrogen Nucleic

base name acid Nitrogen base structure

Adenine DNA & RNA H,N
—N

A/

http://en.wikipedia.org/wiki/
Adenine

Cytosine DNA & RNA NH,

http://en.wikipedia.org/wiki/
Cytosine

DNA & RNA (0]
T

=
N N NH,

Guanine

http://en.wikipedia.org/wiki/
Guanine

Thymine DNA ]

http://en.wikipedia.org/wiki/
Thymine

Uracil RNA o
| NH
N (0)
H
http://en.wikipedia.org/wiki/
Uracil

wastewater treatment plants and in the bioremediation of
hazardous wastes. In these instances, a heterogeneous culture of
microorganisms and diverse array of substrates are found. The
derivation of the Michaelis-Menten equation is presented
below.

Equation (4.11) shows the reversible reaction relating the
concentration of free enzyme [E] and substrate concentration
[S] to the concentration of the enzyme-substrate complex
[ES] where K is the rate constant for the forward reaction.

3' end

Single strand of DNA containing cytosine (C),
adenine (A), and guanine (G). Source: Molecular Cell Biology.
4th edition. Lodish H, Berk A, Zipursky SL, et al. New York: W. H.
Freeman; 2000.

The concentration of [ES] then decreases due to the reversible
reaction with a rate constant of K,,.

K
E+4Se——ES

.11
Ky
where:
[E] = concentration of free enzyme, mass/volume
[S] = substrate concentration, mass/volume
[ES] = concentration of enzyme-substrate complex,
mass/volume.

The concentration of ES is also being removed due to the
production of product, P, as shown below. The rate constant for
this reaction is Kj.

K3
ES— E+P (4.12)

Where [P] is the concentration of product expressed as
mass/volume.

The overall change in the concentration of the
enzyme-substrate complex [ES] with time is given by the
following equation:

ES] _ ¢ [E11S] = K, [ES] = KS[ES]

- (4.13)
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Structure of DNA and RNA. Source: http://www.biology.arizona.edu/biochemistry/problem_sets/large_molecules/06t.html

At steady-state, the concentration of all reactants and
products remains the same; therefore, the change in the
concentration [ES] with time can be set equal to zero and
Equation (4.15) can be rearranged as Equation (4.16):

d[ES]
T (4.14)
K [EIIST = Ky[ES] + K5[ES] (4.15)
K, [E][S]
(B = 2 “.16)

The Michaelis-Menten constant, Ky, is defined as follows:

Ky + K5

Ky = K

4.17)

Where K,; = Michaelis-Menten or saturation constant,
mass/volume.

K, is also equal to the substrate concentration when the
rate of reaction is equal to one-half the maximum rate of
reaction. See Figure 4.17 for this relationship.

Substituting Equation (4.17) into Equation (4.16) yields the
following:

(et = 1 (418)
KM

The total concentration of enzyme present at any time is
given below.

[Ely = [E] + [ES] (4.19)

Where [E] is the total concentration of enzyme in the system
at any given time expressed as, mass/volume.

Or, the free enzyme concentration at any time is determined
by solving Equation (4.19) for [E].

[E] = [Ely - [ES] (420)

An equation can be developed for rate of reaction, 7, as
follows:

dP dsS
= — =—— =K,[ES 421
™ & 3[ES] (421)

where:

r = overall rate of the reaction, mass/(volume - time)

?:I_ =change in product concentration with time, mass/
(volume - time)

j_S =change in substrate concentration with time, mass/

(volume - time).
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6.00
Fanax = 5.5 d7!
5.00
Assuming that r,,, is equal to 5.5 d”!
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Rate of reaction versus substrate concentration.

The overall rate of the formation of product is given as
Equation (4.26); it was developed by first substituting
Equation (4.20) into Equation (4.18) as follows:

[£s) = LI (4.18)
KM

(ES] = ([El+ — [ESDIS] _ [El[SI — [ES][S] 422)

KM KM
[ES]Ky, = [E]1[S] — [ES][S] (4.23)
[ESI(Ky + [SD) = [E]{[S] (424)

[ERIS]

[ES] = Kol (4.25)

Then Equation (4.25) is substituted into Equation (4.21),
yielding Equation (4.26).

P dS
=S = -2 = KIES) 421)
_ Ky[El[S]
= (4.26)

The maximum rate of product formation, r,,,, occurs when
the enzyme-substrate complex concentration [ES] is equal to
the total enzyme concentration, [E]. This is expressed
mathematically as follows, and occurs only at high substrate
concentration wherein no free enzyme exists - it is all bound:

Mnax = KB[E]T (427)

where 7, is the maximum rate of reaction, mass/
(volume - time).
Utilizing Equation (4.27), Equation (4.26) can be written as

follows:

rma>< [S]

There are two limiting conditions for the Michaelis-Menten
equation. At high substrate concentrations, [S] > Ky, and Ky,
may be ignored in the denominator of Equation (4.28). This
reduces the Equation to a zero-order reaction with respect to
the substrate concentration, i.e., the rate of reaction is equal to
the maximum rate of reaction and it is independent of the
substrate concentration.

r= rmax[s] =r
S 0+[S] ™

(429)

When the substrate concentration is very low, Ky, > [S], [S]
can be ignored in the denominator of Equation (4.28).
Equation (4.28) then reduces to a first-order reaction with
respect to the substrate concentration, as shown by
Equation (4.30). Figure 4.17 shows, graphically, the relationship
between the rate of reaction, r, and the substrate
concentration S.

Max[S]

_ . max _ rmax[s]

- - 430
TR+ Ky (430
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Introduction to ecology

Ecology is the branch of biology that deals with the
interrelationships among plants and animals (biota) and their
interactions with the physical and chemical environment
(abiotic or non-living environment). Animals, microorganisms,
and plants are the biotic (living components) of ecological
systems or ecosystems. In ecosystems, the term population
represents a group of organisms belonging to one species. A
number of populations that live within an ecosystem is called a
community.

Whittaker (1975, page 2) defined an ecosystem as “a
community and its environment treated together as a
functional system of complementary relationships, and transfer
and circulation of energy and matter.” Ecosystems vary in size,
ranging from very small to large areas that occupy much of the
Earth’s surface. For instance, a small ecosystem could be
represented by a compost pile in one’s own back yard, or a small
pond. Large ecological systems include rain forests, alpine and
arctic tundra, temperate grasslands, deserts, continental shelf,
and the open ocean. Figure 4.18 is a photo of a freshwater pond
ecosystem in Alaska.

Ecosystems may be artificial instead of natural. Constructed
wetlands are being designed and built to provide tertiary
treatment of municipal wastewater, and for treating stormwater
runoff from urban and agricultural areas. Growing crops on
agricultural land is another form of artificial ecosystem. Best
management practices to minimize the effects of erosion and
the release of nutrients (nitrogen and phosphorus) from these
sites is critical for maintaining high water quality in receiving
streams.

The cycling of nutrients and energy in ecosystems is critical
to their sustainability, as well as for Earth’s continual survival.
Energy flows up through ecological systems through food
chains. Energy is used, and some is lost in the form of waste
heat as it moves through ecosystems. Ultimately, solar radiation
provides the main energy source for autotrophic organisms
here on Earth, while chemosynthesis provides a much smaller
portion of energy to bacteria and other organisms. Nutrients

Freshwater pond ecosystem in Alaska.

are continually used and recycled, as plants and animals grow
and die within ecosystems. These nutrient cycles will be
discussed more thoroughly in later sections of this chapter.

Human activity can have adverse effects on ecosystems. All
ecosystems naturally change over time, because of changes in
climate, e.g., precipitation, temperature, and nutrients. Volcanic
activity, forest fires, and earth quakes can affect ecosystems,
destroying certain species. Although it is not always recognized
by the general public, humans can have a detrimental impact
on the environment through various venues. For instance, the
production of food from agricultural operations results in the
release of nutrients from fertilizers, pesticides, and animal
wastes being released into the environment. Carbon dioxide
and other greenhouse gases are released into the atmosphere
from tractors and other farming machinery. Dust and erosion
from tilling operations can lead to other detrimental effects.

The construction of hydroelectric facilities can have a
negative effect on river ecosystems; not only do they affect the
migration of certain fish populations, but they can affect the
number of fish populations due to changes in water
temperature and dissolved oxygen concentration. Another
important factor that receives less consideration during the
construction and operation of hydroelectric facilities is the loss
of habitat and displacement of animals and other organisms.

Harvesting trees for the pulp and paper industry and
mining coal from strip mines are two other activities that can
have negative consequences on ecosystems if they are not
properly managed. For all of these examples, best management
practices must be employed to minimize adverse effects and
provide sustainable solutions that benefit human beings while
protecting our ecosystems.

The sequence of steps or trophic levels that are involved in
transferring energy in ecosystems may be represented by food
chains and food webs. In the classical food chain, plants
(primary producers) are consumed or eaten by herbivores
(primary consumers) which, in turn, are consumed by
carnivores (secondary consumers). Figure 4.19 represents the
classical food chain.

The primary producers (plants and algae) make up the first
trophic level (level of nourishment) in the classical food chain.
Plants and algae are autotrophic organisms, since they obtain
their carbon from inorganic carbon sources such as carbon
dioxide and bicarbonate. They are also called phototrophs if
they contain chlorophyll for the conversion of sunlight into
chemical energy.

Primary Primary Secondary
producers — consumers [P consumers
(Autotrophs) (Herbivores) (Carnivores)
Trophic Trophic Trophic
Level 1 Level 2 Level 3

Representation of the classical food chain.
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1 > 2 » 3 an ecosystem. Figure 4.22 is a representation of a food web,
Lettuce Rabbit Hawk showing the major pathways which food (energy) moves
through the ecosystem. In this diagram, vegetation and
Simplified food chain for a terrestrial ecosystem. plankton serve as the primary producers, whereas forage fish

such as Chub, Alewife, Smelt, and Sculpin are the primary
consumers. Waterfowl, cormorant, herring gull, snapping

1 > 2 > > 4
turtle, lake trout and salmon, and eagle are secondary
Phytoplankt Zooplankt Fish Wi . . .
vioptankion oopraniton * hales consumers. Humans are at the highest trophic level; in other
\ 2 3 words, they are at the top of the food chain.
Fish Whales

Simplified, parallel, food chain for a marine
ecosystem. Example 4.2 Energy balance and
efficiency

As we move up to the next trophic level, primary consumers A 500 kg horse consumes 5 kg of feed containing 75%
(herbivores) eat the primary producers. Herbivores or primary alfalfa meal and 25% oats each day. The energy content of
consumers are chemoheterotrophic organisms. Incidentally, the feed meal is 4.5 keal/g. Approximately 35% of the total
higher levels of energy are expended as we move up through energy ingested is excreted as undigested material or lost
the food chain. This primarily results due to the expenditure of to methane gas production. Of the 65% of the total energy

more energy by the organism at a higher trophic level. that is digested, 95% is metabolized or lost through heat

Herbivores, for example, must roam around looking for sources . .. . .
’ pie, 8 production. The remaining 5% of this energy is converted

of plants an‘% vegetati.on to consume. to body tissue (data adapted from Pagan & Hintz (1986)).
At the third trophic level, carnivores or secondary Determine:

consumers eat the herbivores. A general rule of thumb is that
only 10% of the energy that is consumed will be converted to
biomass (Davis & Masten, 2009, page 186). Nutrients are
recycled in ecosystems by the decomposers, which consist
primarily of various species of bacteria and fungi
(chemoheterotrophs) that feed upon dead and decaying plant Solution part a
and animal remains.

Figure 4.20 shows a very simplified food chain for a

terrestrial ecosystem. For this terrestrial environment example,
a rabbit (primary consumer) eats lettuce (primary producer), 5 kg feed < 1000 g> <4.5 kcal) —225% 107 keal
which in turn is eaten by a red-tail hawk (secondary consumer). d kg g ’
A simplified, parallel, food chain is presented in Figure 4.21. In
the oceans, phytoplankton are the primary producers; they are
consumed by zooplankton and fish at the second trophic level.
At trophic level 3, fish consume zooplankton and whales

Energy converted into body tissue each day (kcal/d).
Percentage of energy consumed that is converted into
body tissue (%).

The energy content of the feed is calculated as follows:

Draw a schematic to show the energy balance.

consume the fish. At trophic level 4, whales consume fish. '65% 5% Body
2.25 x 10*kcal/d Digested tissue
—
Example 4.1 Draw a simplified food l
chain 35% Undigested  95% Metabolized

and heat produced
Draw a simplified food chain diagram with a minimum of
four trophic levels or organisms in a fresh-water pond
feeding on plankton.

The quantity of energy digested is calculate as:

Solution
| 1 1 | 2.25x|04k%lx0.65=|.46x|04@
Plankton Frog Fish Eagle

The quantity of energy that is converted into body
tissue is calculated below.

| 46 x |o4%xo.05= 730%

A food web differs from a food chain in that it is much more
complex and it shows the actual pattern of food consumption in
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Cormorant

Forage fish

Sculpin
Chub

Invertebrates

Humans

4 Snappin;
Salmon/Lake trout o [ turtle

Plankton Waterfow]

—IMineral nutrients

Bacteria and fun,

Dead animals and plants

Vegetation is simplified representation of the
showing the main pathway,

the arrows. The di
Depictions of the va
not to scale.

Figure 4.22  Example of a food web. Source: http://www.epa.gov/ginpo/atlas/images/big05.gif. United States Environmental Protection Agency.

Solution part b

The percentage of energy consumed that is converted into
body tissue is calculated below.

730%
—k|(|00)=
2.25 % 10* %

The transfer of energy through a food chain is inefficient,
and much of the energy is converted to heat energy which is lost
to the environment. Typically, the energy available for use at the
next trophic level is only 5-20% of the input energy. The actual
energy that is available varies with different species. Figure 4.23
is a hypothetical energy pyramid showing how the quantity of
energy and the number of organisms decreases as one travels
up the food chain. In this pyramid, the energy available for each
trophic level is assumed to be 10% of the input energy.

Research conducted by Lindeman (1942) on Cedar Bog
Lake in Minnesota, as presented by Henry & Heinke (1996,
page 311), shows the flow of energy expressed in kJ/(m?Ayr)
through the food chain (Figure 4.24). The percentage of the
energy available for the herbivores from consuming the
autotrophs is approximately 13.5% (630/4660 X 100 = 13.5).
The carnivores have only 19.8% (125/630 X 100) of the input
energy from the herbivore production.

In general, less energy is lost when there are fewer trophic
levels to contend with in a food chain. Or in other words, a
shorter food chain results in increased efficiency in the transfer
of energy, since less energy is wasted (e.g., lost to heat,
respiration, and decomposition).

4.6 Primary productivity

The rate at which plants and photosynthetic organisms produce
organic carbon compounds from atmospheric or aquatic
carbon dioxide is defined as primary productivity. To a much
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Usable Number of Hypothetical energy
energy organisms pyramid for a typical food chain. Source:
(kcal) From Miller (1975). Living in the
Tty 10 1 Environment. Brgoks/Cole, a part of
e COTSITETS Cengage Learning, Inc. Reproduced by
permission: www.cengage.com
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less extent, chemosynthesis is a viable pathway in which some
organisms, especially bacteria, convert inorganic compounds
into organic compounds without the presence of sunlight.
Primary productivity involves the production of chemical
energy in the form of organic compounds by living organisms,
primarily using the energy of sunlight to drive the reaction.

A simplified chemical reaction illustrating photosynthesis is
presented below. Plants consume carbon dioxide and water in
the presence of sunlight to produce organic compounds
(carbohydrates, CH,O) and oxygen. Simple carbohydrates and
sugars produced from photosynthesis are then, in turn, used for
synthesizing more complex molecules, including amino acids,
proteins, lipids, and nucleic acids.

CO, + H,0 + sunlight - CH,0 + O, “431)

An example of the production of carbohydrate by
chemosynthesis is shown below. Organisms that obtain all their
carbon from carbon dioxide are called chemoautotrophs.

CO, + O, +4H,5 > CH,0 +45+3H,0  (432)

Primary productivity may be expressed as gross primary
production (GPP) or net primary production (NPP). GPP is
the rate at which an ecosystem produces organic compounds in
the form of biomass in a given length of time. Net primary
production accounts for the loss in energy that cannot be
captured and stored as biomass since it is used by an organism

for cellular respiration and maintenance functions (R). Net
primary production is calculated using the following equation:

NPP = GPP — R (433)

The primary productivity of a community in an ecosystem is
expressed as the amount of biomass produced per unit of area
and time. Primary productivity is normally expressed in units
of dry organic matter, kg C/(m?Ayr), or in units of energy,
joules/( m2Ayr). Biomass is defined as the mass of organisms
per unit of area, and is typically expressed in units of dry
organic matter, tons/ha or g/m?. It may also be expressed in
units of energy, joules/m?. In some instances, biomass may be
expressed in units of mass per unit volume. Figure 4.25 shows
the global oceanic and terrestrial photoautotroph abundance.
This is an approximate indicator of primary production.

Standing crop is another important parameter, and is a
measure of the quantity of biomass at a single point in time for
a given area. It is expressed in units of calories or grams per m2.
Dividing standing crop by the production rate yields the
turnover rate as expressed in the following equation:

Standing Crop(kg/m?)
Production(kg/(m? - yr))

Turnover Rate(yr) =

(4.34)

Turnover rate is expressed in units of time and represents
the residence time.
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3000

Figure 4.25 Global oceanic and
terrestrial photoautotroph
abundance, from September 1997 to
August 2000. Source: http://upload
wikimedia.org/wikipedia/commons/4
/44/Seawifs_global_biosphere.jpg.
Provided by the SeaWiFS Project,
NASA/Goddard Space Flight Center
and ORBIMAGE.
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Figure 4.26 Relationship between terrestrial NPP and mean annual temperature. Source: Adapted from Whittaker (1975), page 204.

4.6.1 Distribution on earth

Productivity in the ecosystems of the world varies
tremendously. The climate and availability of nutrients in a
given area control the rate of primary production. Primary
productivity is greatest in the oceans followed by terrestrial
production. Figures 4.26 and 4.27 illustrate the effects of
temperature and precipitation on primary productivity.

Figure 4.26 shows the relationship between terrestrial NPP
and mean annual temperature represented by the line of best fit
as given in Equation (4.35).

PP — 3000

T (1 + exp(1315-0.119xT)) (4.35)

where:
NPP = net primary productivity, above and below ground,
g

(m2-yr)
T = mean annual temperature, °C.
Figure 4.27 shows the relationship between terrestrial NPP
and mean annual precipitation represented by the line of best fit
as given in Equation (4.36).

NPP = 3000(| — exp~0-000644xPy (4.36)

where P = mean annual precipitation, mm.

Equations (4.35) and (4.36) are based on the work
conducted by Lieth (1973) as presented in Whittaker (1975).
Essentially, areas that are warm and receive adequate
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Figure 4.27 Relationship between terrestrial NPP and mean annual precipitation. Source: Adapted from Whittaker (1975), page 202.
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Figure 4.28 Mean net primary productivity for various aquatic and terrestrial ecosystems. Source: Adapted from Whittaker (1975),

page 224.

precipitation are more productive than those that do not, e.g.,
deserts and polar regions.

Figure 4.28 shows the mean NPP, g/(m? - yr), for various
aquatic and terrestrial ecosystems.

On the land, the most productive ecosystems are swamps
and marshes, tropical rain forests, and temperate rain forests
(see Figure 4.28). Almost all primary production is performed
by vascular plants (those having special tissue for conducting

water). As mentioned earlier, climate and nutrient availability
affect the growth of plants. Plants and trees need water for
growth and for photosynthesis. The amount of sunlight and
precipitation for a given region also impact productivity. Plant
growth is curtailed in areas where extreme temperatures and
where limited nutrients and water exist.

The mean World NPP, Gt/yr, is plotted as a function of the
type of ecosystem in Figure 4.29. As shown in Figures 4.28 and
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4.29, the tundra and desert are areas that are not nearly as
productive as other areas, such as temperate and tropical rain
forests.

Unlike terrestrial ecosystems, phytoplankton and other
autotrophic organisms are responsible for primary production
in the oceans. Green algae, brown algae and red algae, along
with vascular plants such as sea grasses, are the major
contributors to primary productivity. Light and nutrients must
be available to the phytoplankton and autotrophic organisms,
so that primary productivity is not limited. The photic or
sunlight zone of the ocean is the depth to which there is
sufficient light available for photosynthesis to occur.

Mixing of the vertical water column occurs due to wind
energy at the surface of the ocean. Mixing is important by
providing nutrients such as nitrogen and phosphorus for
growth of the phytoplankton. However, the deeper the layer of
mixing, the lower the amount of light that is available to the
phytoplankton for photosynthesis. As organisms die and settle
to the bottom of the oceans, they decay and bacteria consume
organics, releasing nutrients that can re-enter the water
column. Stratification at various locations in the ocean may
occur during the summer or winter, resulting in decreased
productivity due to restricted mixing of the water column.
Stratification can restrict the recycling of nutrients and
inorganic compounds, since mixing is limited.

In aquatic systems, there are four major in vitro methods used
for measuring primary productivity (Bender et al., 1986).

14C assimilation into organic matter.

DO light-dark bottle production and consumption.

CO, light-dark bottle consumption and production.

180 tracer method.

Littler (1973) compared pH, DO, and '*C data with
productivity data. He found that the pH and DO methods were
more useful and reliable than the *C methods.

Limnologists and oceanographers typically measure the
dissolved oxygen (DO) concentration variation in samples of
water contained in sealed bottles. DO is usually measured by
titration using the Winkler method or with a DO probe and
meter. The procedure involves collecting several samples of
water in identical bottles. For illustrative purposes, three
samples of water are collected from a lake or water body. For
the first sample, the DO concentration is measured
immediately and the value recorded. The remaining samples are
incubated for some fixed time period, one in light and the other
in the dark. After incubation, the DO of each of these samples
is measured and the values recorded. The DO measurement for
the bottle incubated in the dark is used for determining the
respiration rate (R). The respiration rate is determined from the
following equation:

- (DO —t DOpp) 437)

where:

R =respiration rate, mg/(LAh)

DOy = dissolved oxygen concentration in initial bottle, mg/L

DOy =dissolved oxygen concentration in dark bottle after
incubation, mg/L

t = incubation time, h.

In the bottle that is exposed to light, both photosynthesis
and respiration occur. The difference in DO between the light
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and dark bottles represents gross primary production (GPP),
which is calculated as follows:

(DO 5 — DOpp)
t

GPP = NPP +R = (4.38)

where:

GPP = gross primary production, mg/(LAh)

NPP = net primary production, mg/(LAh)

DO, =dissolved oxygen concentration in light bottle, mg/L.

Net primary production (NPP) is estimated from the
following equation. It represents the difference between the DO
in the light bottle and DO in the initial sample bottle.

NPP

_ (DO - DOy) ")

2.
NPP = _|22me
2n L-h

As a check, recall that GPP = NPP + R,
Equation (4.38).

2.5 [.5 4
=2ME + Lol P . checks!

L-h L-h L-h

(o)°]

GPP =NPP+R =

Example 4.3 Calculating primary
production in a water sample

Water samples were collected from Peak Creek in Virginia
during late spring. Determine the respiration rate (R),
gross primary production (GPP), and net primary
production (NPP) in Peak Creek, given the following data.
The DO concentrations of the water for the initial sample,
light bottle after incubation, and dark bottle after
incubation are 7 mg/L, 12 mg/L, and 4 mg/L, respectively.
The incubation period is 2 hours.

Solution

The respiration rate is calculated by subtracting the DO
concentration in the dark bottle from the DO
concentration in the initial bottle and multiplying by the
incubation time, Equation (4.37).

R (DO — DOpR)
B t
7mg 4mg
R L L _ [.5mg
2h L-h

Gross primary production is determined using
Equation (4.38):

(DO — DOpe)
t

[2mg 4mg
L L 4mg

GPP=NPP4R= —— " = |

GPP=NPP+R =

Net primary production is determined from
Equation (4.39):

\pp — (0Ots = DOy

Introduction to
biochemical cycles

Carbon is the building block of all life on earth. It is found in
the atmosphere, in living organisms, in fossil fuels, rocks, soil,
and in the oceans. The major reservoirs of carbon include the
oceans, geological formations, and plants. Table 4.10 shows the
quantity of carbon in gigatons.

Carbon dioxide is the ultimate source of carbon in organic
matter. Organic matter is primarily derived from CO,, and
CO, enters the food chain from photosynthesis. Green plants,
photosynthetic algae and autotrophic bacteria use carbon
dioxide from the atmosphere to produce organic carbon and
other organic molecules. A simplified equation for
photosynthesis was presented as Equation (4.9).

6CO, + 6H,0 + 2800 kJ energy from sun

chlorophyll
—> CH, 0, + 60, (4.9)

Carbon dioxide is returned to the atmosphere by human
and animal respiration, by oxidation of organic matter by
decomposers consisting primarily of bacteria and fungi, by
forest fires, combustion of fossil and other fuels, and by
diffusion from the oceans. Respiration can be illustrated by the
reversal of Equation (4.9). Carbon compounds such as glucose
are oxidized by animals and other organisms, resulting in the
release of CO,, H, O, and energy in the form of heat.

Major reservoirs of carbon.

Source Quantity, gigatons (Gt) %

Atmosphere 720 1.6
Fossil fuels 4,130 9.1
Oceans 38,400 84.9
Terrestrial biosphere 2,000 44
Total 45,250 100.0

Source: Falkowski et al. (2000), page 29.
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As stated previously, oceans are a major reservoir or sink for
carbon. Carbon dioxide gas from the atmosphere diffuses into
the oceans, resulting in dissolved carbon dioxide, COZ(aq)'
Dissolved CO, gas is in equilibrium with the carbonate (CO3™)
and bicarbonate (HCOY) ions, which make up the carbonate
buffering system. Phytoplankton and zooplankton (which are
primary producers) use the inorganic carbon forms to produce
organic carbon. When plankton die and settle to the bottom of
the ocean, this represents a carbon sink. Cycling of this carbon
occurs due to mixing and upwelling of water from the bottom
of the oceans.

Bacteria, fungi, and other decomposers are responsible for
oxidizing plant and animal matter under both anaerobic and
aerobic conditions, resulting in the release of nutrients and
CO,. In water, the CO, becomes dissolved carbon dioxide gas
and, in terrestrial environments, the CO, is released to the
atmosphere.

The release of CO, from anthropogenic sources such as the
combustion of fossil fuels (i.e., coal, oil, peat, and natural gas)
has resulted in an increase in the concentration of CO, in the
atmosphere from 280 parts per million by volume (ppmv),
pre-industrial (circa 1850), to 380 ppmv in 2006 (NOAA, 2007).
This is partially offset by the diffusion of CO, into the oceans
but, as the concentration of CO, increases in the oceans, the
capacity of the oceans to take up more CO, decreases. The loss
of rain forests and other changes in land use globally have also
contributed to an increase in the CO, concentration in the
atmosphere. Recall that photosynthesis involves the utilization
of carbon dioxide with the production of organic carbon and
release of oxygen as a by-product.

Many scientists believe that there is a direct relationship
between the increase in the CO, concentration in the
atmosphere and the increase in global temperature. Major
detrimental effects include the loss of glaciers, a rise in ocean

levels, and the extinction of various animals, plants, and other
species. This is a complex phenomenon, and one that will be
explored in more detail in the section on Global Warming in
Chapter 9.

Figure 4.30 shows the global carbon cycle, i.e., the flow of
carbon from one reservoir to another and the estimated
quantity stored in each reservoir in terms of gigatonnes. One
gigatonne (Gt) of carbon is equal to 10° tonnes or 10'? kg.
According to Figure 4.30, 750 Gt of carbon is in the atmosphere
and 2,190 GtC is sequestered in terrestrial vegetation, soils, and
detritus. The carbon stored in the oceans is slightly less than
39,973 GtC. This quantity is approximately 53 times the
quantity of carbon found in the atmosphere.

4.7.2 Nitrogen

Nitrogen is an essential nutrient, since it is found in all forms of
life. Based on the elemental composition of a bacterium, as
represented by C;H,, O, N, nitrogen accounts for approximately
12% (14 x 100/113) of the composition. Nitrogen is an essential
element in proteins and in amino acids, which are the building
blocks of proteins. For example, the amino acid gylcine
(CH,NCH,COOH) has a molecular weight of 87 grams per
mole and nitrogen represents 16% (14 x 100/87) of its
composition by weight. All proteins contain carbon, nitrogen,
hydrogen, and oxygen. Some also contain phosphorus and
sulfur. Typically, nitrogen comprises 15 to 18%, averaging 16%
of most proteins (Sawyer et al., 1994, page 250).

Nitrogen exists in several forms in the biosphere. The
movement and transformation of nitrogen compounds in the
biosphere is called the nitrogen cycle. Figure 4.31 is a
generalized characterization of the nitrogen cycle, and several

Vegetation 610
Soils and detritus 1580
2190

Figure 4.30 The global
Atmosphere .
750 carbon cycle, showing carbon
reservoirs (GTc) and flux
T T (GtClyr), based on annual
90 5|~5 averages over the period 1980 to

1989. Source: Intergovernmental
Panel on Climate Change (IPCC),

Fossil fules and
cement production

1995, page 77. Reproduced by
permission of Cambridge
University Press.
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mechanisms are involved in the transformation of nitrogen as it
passes through the cycle. Some of the most important ones
include fixation, nitrification, denitrification, and
ammonification.

The major reservoir of nitrogen on Earth is the atmosphere,
which is the major source of nitrogen. The composition of
nitrogen (N,) in dry air is 78.03% by volume and 75.47% by
weight (Metcalf & Eddy, 2003, page 1737). Other sources of
nitrogen are nitrogenous compounds of plant and animal
origin, potassium nitrate, sodium nitrate in mineral deposits,
and nitrogenous compounds found in animal excrement.

Plants cannot directly use diatomic nitrogen (N,) as a source
of nitrogen. It must be first reduced to ammonia or oxidized to
nitrate before it can be taken up and assimilated by plants.
Microorganisms prefer ammonium/ammonia (NH} /NH;) as
their source of nitrogen. Alternatively, nitrate (NO3') may serve
as their nitrogen source, but this requires a greater expenditure
of energy, since it must then be converted to ammonia.

4.7.2.1 Nitrogen Fixation

Several species of bacteria, fungi, and blue-green algae
(cyanobacteria) are capable of fixing nitrogen. Nitrogen fixation
is the process by which an organism directly incorporates
atmospheric nitrogen into its protoplasm. In the fixation
process, N, is first reduced to ammonium before it is converted
to an organic form.

There are two types of nitrogen-fixing microorganisms:
those that form a symbiotic relationship with plants and are
associated with the roots of legumes such as peas, soybeans, and
clover, and those that are called “free-living” nitrogen fixers.

Nitrogen fixation requires energy, and the following
equation illustrates the overall reaction for nitrogen fixation for
Clostridium (Brock, 1979, page 158).

6HY +6e” + N, + (18 — 24)ATP

— 2NH; + (18 = 24)ADP + (18 = 24)P,  (4.40)

where P, = inorganic phosphate.

4.7.2.2 Nitrification

Nitrification is an aerobic transformation process that uses
autotrophic microorganisms to oxidize ammonium (NHI) into
nitrate (NOJ). Biological nitrification is modeled as a two-step
sequential reaction mediated by bacteria consisting of the
genera, Nitrosomonas and Nitrobacter (U.S. EPA, 1993).
Equations (4.41) and (4.42) show the oxidation of ammonium
and nitrite, respectively. Equation (4.43) is the overall
nitrification reaction excluding the synthesis of biomass.

+ Nitrosomonas _ 4
NH; + 1.50, NO; +2H" +H,O  (4.41)
Nitrobacter
NO; +0.50, ———— NO3 (442)
Nitrifiers
NH} +20, —— NO3 +2H* + H,0 (4.43)

Equation (4.43) indicates that 4.57 g of O, are required per g
of ammonium nitrogen (2 X 32/14 = 4.57) oxidized to nitrate.
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Using the equivalent weight of CaCO; as 50 g per equivalent,
7.14 grams of alkalinity expressed as CaCO, are required per
gram of ammonium nitrogen oxidized ((2 X 1/14) X 50 = 7.14).
If an insufficient concentration of alkalinity is present,
nitrification will be inhibited, since the nitrifiers require
inorganic carbon as their carbon source for synthesizing
biomass.

Example 4.4 Nitrification
stoichiometric coefficients

Calculate the stoichiometric coefficients for oxygen
consumption and alkalinity consumption during
nitrification using Equation (4.43).

Solution

For oxygen consumption:

2 moles O, 32g0, | moleNH} — N
I mole NHF — N / \ I mole O, 14gN

g O, consumed
g NH; — N oxidized

=457

For alkalinity consumption:

2 moles H+ | g H* I moleNH} — N
(ImoleNHI—N)(ImoleHJf)( 14gN >
| eq 50 g Alkalinity as CaCO4

() (=)
7 14 g Alkalinity as CaCO5 consumed
g NH; — N oxidized

4.7.2.3 Denitrification

Denitrification is a biologically mediated, anoxic process that
involves the reduction of nitrate (NO,~) into nitrogen gas (N,).
It is a widely used process in advanced wastewater treatment for
the removal of nitrogen from wastewater. A carbon source is
required since the denitrifiers are heterotrophic organisms.
Biological dissimilatory denitrification is typically modeled as a
two-step sequential reaction as follows when synthesis of
biomass is excluded and methanol (CH;OH) is used as the
carbon source.

6NO3 +2CH;0H —» 6NO; +2C0O, +4H,0  (4.44)

6NO3 +3CH;0H — 3N, +3CO, + 3H,0 + 60OH"
(4:45)

The overall denitrification reaction is summarized in
Equation (4.46).

6NO3 +5CH;OH

Denitrifiers

3N, +5C0O, +7H,0+ 6 OH™  (4.46)

A significant point about denitrification is that a portion of
the alkalinity that is destroyed or consumed during the
nitrification process is restored. Based on the stoichiometric
equation (4.46) for the overall denitrification process, 3.57 g of
alkalinity as CaCO, are produced per g of nitrate nitrogen
reduced (see Example 4.5).

Example 4.5 Denitrification
stoichiometric coefficients

Calculate the stoichiometric coefficient for alkalinity
production during denitrification using Equation (4.46).

Solution

6 moles OH™ 17gOH™ | mole NO3 — N
(6 moles NO3 — N> (I mole OH‘) < [4gN )
I eq 50 g Alkalinity as CaCO4
( 17gOH" > < eq )
g Alkalinity as CaCO; produced
g NO3 — N reduced

=|3.57

4.7.2.4 Ammonification

Ammonification is the conversion of organic nitrogen to
ammonium/ammonia nitrogen NH} /NH;. When plants and
animals die, proteins are first hydrolyzed by hydrolytic enzymes
produced by bacteria. Specific types of bacteria are capable of
removing the amino group (NH,) from amino acids, either
under aerobic or anaerobic conditions, resulting in the release
of ammonia nitrogen and making it available for recycling in
the biosphere.

Figure 4.32 is a representation of the nitrogen cycle in
surface water. Nitrogen (NH; /NH;, organic — N, and NO3)
primarily enters the water column from wastewater treatment
plant (WWTP) discharges and stormwater runoff. Some
nitrogen will enter surface water through precipitation and
dustfall.

Nitrogen fixation, in which certain species of bacteria and
blue-green algae convert nitrogen gas into NH} /NH; and
NO3, is another mechanism involved in the nitrogen cycle. In
the water column itself, nitrification and denitrification may
take place depending on the dissolved oxygen levels.
Nitrification typically requires a DO concentration of
approximately 2.0 mg/L, whereas denitrification requires
extremely low DO levels, approaching 0 mg/L. Ammonification
will occur in both the water column and sediments.

Figure 4.33 is a representation of the nitrogen cycle in soil
and ground water. Nitrogen enters the soil from the application
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of fertilizer, wastewater effluent, precipitation, dustfall, plant
and animal remains, and from fixation. Normally, more than
90% of the nitrogen present in the soil is in the organic form
(EPA, 1993, page 6). Nitrate levels in soil are usually low, since
nitrate is removed by synthesis reactions, leached by water
percolating through the soil, or denitrified under anoxic
conditions.

Most state regulatory agencies have established a ground
water standard of 10 mg/l NO3 — N, since synthesis and
denitrification cannot remove all nitrates from the soil. This can
lead to elevated nitrate levels in ground water at agricultural
sites where nitrogen loadings may exceed the nitrogen uptake
rate of the crop.

The global nitrogen cycle for 1970 is presented in
Figure 4.34. Flux rates are expressed in teragrams (Tg) per year.
A Tg is equal to 10'2 grams. Salient points from Figure 4.34 are

that nitrogen fixation in aquatic systems ranged from
20-120 Tg/yr, the net transport of nitrogen compounds into
the oceans through runoff was estimated at 13-24 Tg/yr, and
approximately 38 Tg of organic nitrogen are permanently
trapped in the sediment.

Table 4.11 shows the quantity of nitrogen found in various
reservoirs on a global basis. The percentages of nitrogen found
in terrestrial, oceanic, and atmospheric reservoirs are 98, 0.012,
and 2.0 %, respectively.

Phosphorus is also an essential element required by all
organisms for growth. Nucleic acids, phospholipids, and several
phosphorylated compounds contain phosphorus. As discussed
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previously, energy is stored in high-energy phosphate bonds
during the synthesis of ATP. Substrate-level and
electron-transport phosphorylation are two processes by which
ATP is synthesized during oxidation-reduction reactions. The
cycling of phosphorus in the biosphere is important, since it
tends to be the limiting nutrient that must be controlled to
prevent and reduce the excessive growth of algae and aquatic
plants in lakes and rivers.

Microorganisms, plants, and algae require phosphorus in
the dissolved or soluble form as an inorganic orthophosphate
species (HPO?™, F’Oi_, etc.). Once taken up by the organism, it
is converted into organic phosphorus. Using the following
chemical formula for a typical microorganism

(C¢oHg,0,3N,,P), phosphorus accounts for approximately
2.3% of the biomass by weight (31 X 100/1374).

In nature, phosphorus is primarily found in soils and rocks
as calcium phosphate [Ca(PO,),] and as hydroxyapatite
[Ca;(PO,);(OH)]. Since these compounds are only slightly
soluble, the concentration of phosphorus found in natural
waters may be as low as 1 ppb (Hutchinson, 1996, page 318).
Higher concentrations of phosphorus exist in polluted waters
due to human activity. Agricultural stormwater runoff contains
phosphorus from the application of fertilizers, which consist of
nitrogen, phosphorus, and potassium, along with phosphorus
that is found in animal feces. The discharge of municipal and
industrial wastewater also contributes a phosphorus load to
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receiving waters. Phosphorus excreted by humans has been
estimated at 0.2 to 1.0 kg phosphorus/(capita - yr), and the
amount of phosphorus in wastewater attributed to detergents
has been estimated at 0.3 kg phosphorus/(capita - yr) (WEF,
1998, page 17).

Figure 4.35 shows a simplified diagram of the phosphorus
cycle in the water column. The most significant attribute of the
phosphorus cycle compared to the carbon and nitrogen cycles
is that no gaseous phosphorus compounds exist. Therefore,
since there is no volatile component, phosphates are only found
in the soil and aquatic environments. In lakes and rivers, much
of the phosphorus is bound to the sediments. Therefore,
sediment in water bodies acts as a sink for organic and
inorganic phosphorus. Anaerobic activity in the sediments
releases orthophosphates back into the water column. Soil
erosion and stormwater runoff containing high levels of
fertilizer has a significant impact on the phosphorus cycle.

Weathering

AN

Subduction

In the northern hemisphere, phosphorus is returned to the
water column during lake mixing that occurs during spring and
fall turnover. As noted in Figure 4.35, algae, phytoplankton, and
zooplankton are active participants in the cycling of
phosphorus in ecosystems. Limnological aspects will be
discussed in a subsequent section in this chapter.

Orthophosphate can be removed from industrial and
municipal wastewater by adding aluminum and ferric salts
for precipitation as metal phosphates or as phosphate
hydroxides. Lime may also be used to precipitate phosphorus
as hydroxyapatite (Ca;(PO,);(OH)). Phosphorus-accumulating
organisms (PAOs) and bacteria such as Acinetobacter
can be used for removing orthophosphates from wastewater
in enhanced biological phosphorus removal (EBPR)
systems.

The natural pre-anthropogenic global phosphorus cycle is
presented in Figure 4.36. Phosphorus reservoirs are shown in
units of teragrams (10'2) of phosphorus (TgP) and fluxes in
TgP per year. According to Filippelli (2002, page 393), nearly
98% of the 122,600 TgP in the soil/biota system is held in soils
in a variety of forms, and the flux rate of soluble phosphorus to
the oceans is estimated at 2 -3 TgP/year for pre-human or
pre-anthropogenic times.

Figure 4.37 shows the global phosphorus cycle and
reservoirs associated with human activities. Fillippelli (2002,
page 395) estimates that the flux of soluble phosphorus now
entering the oceans has doubled, from 2-3 TgP/yr to
4-6 TgP/yr, because of human activities (e.g., use of
commercial fertilizers, deforestation and soil erosion,
discharges from wastewater treatment plants, and other
wastes). This has led to cultural eutrophication, which will be
discussed in the limnological section.

The cycling of sulfur through the biosphere is an important
consideration in environmental systems. Prior to the Industrial
Revolution, the effect of sulfur on the environment was quite
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The natural pre-anthropogenic global phosphorus cycle. Source: Filippelli, 2002, page 392. Reproduced by permission of the
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minimal. Human activities have increased the release of sulfur scientists and engineers are concerned about sulfates, since they
into the environment from the combustion of fossil fuels, can cause taste and odor problems in water supplies and create
mining activities, and metals processing. The three odor and corrosion problems in sewerage systems and at the
predominant forms of sulfur found in nature include sulfates headworks of wastewater treatment facilities. The release of
(SOAZ[), sulfides (5%7), and organic forms. Sulfur is a sulfur oxides into the atmosphere creates air pollution
component of some amino acids and proteins. It is used in the problems related to malodorous gases and acid rain.
synthesis processes of plants, animals, and microorganisms. The major reservoir for sulfur in the biosphere is the oceans
The sulfate ion is one of the major anions found in water which primarily contain sulfate and, to a much lesser extent,
supplies and the oceans. The Secondary Drinking Water living and dead organic matter containing sulfur. Sulfur is
Standard for sulfate is 250 mg/L, since it can produce a cathartic found in sediments and rocks as gypsum (CaSO,) and pyrite
effect on humans at higher concentrations. Environmental (FeS,). Figure 4.38 shows the global transport of sulfur.
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Table 4.12 Scheme of the global sulfur cycle during the mid-1980s.

Number
|
2

Route
Aeolian emission
Volcanic emission into the continental atmosphere

Anthropogenic emission into the atmosphere

Emission of long-lived sulfur compounds into continental atmosphere
Emission of short-lived sulfur compounds into continental atmosphere

Emission of short-lived sulfur compounds into the atmosphere from coastal

regions of the ocean

Emission of short-lived sulfur compounds into the atmosphere from the

open ocean

Emission of long-lived sulfur compounds into oceanic atmosphere

Volcanic emission into the oceanic atmosphere
Emission of sea salt aerosol sulfur from the ocean
Anthropogenic output from the lithosphere
Weathering and water erosion

Wastewaters

Mineral fertilizers

River runoff into the ocean

Scavenging from the atmosphere on the continental surface

Scavenging from the atmosphere on the oceanic surface

Transport from the oceanic atmosphere into the continental atmosphere

Transport from the continental atmosphere into the oceanic atmosphere

COS = carbonyl sulfide; CS, = carbon disulfide; DMS = dimethyl sulfide.

Source: Brimblecombe, et al, 1989, page 83. Reproduced by permission of John Wiley & Sons Ltd.

Table 4.12 is a listing of all the routes, sulfur compounds, and
flux rates associated with Figure 4.38.

4.8 Population dynamics

Population dynamics focuses on how populations (organisms,
animals, and people) change with time, and the models used for
estimating/predicting population growth. For instance,
zoologists and forest rangers may be interested in estimating
the carrying capacity of the number of elephants that could be
supported in the Liwonde National Park in Malawi, Africa
(Figure 4.39). Environmental engineers are concerned about
designing systems that use heterogeneous cultures of
microorganisms for treating industrial and municipal
wastewater or the clean-up of toxic chemicals that have
contaminated groundwater and soil. Worldwide human
population growth continues to be a main concern and is it

Figure 4.39  Elephants in Liwonde National Park, Malawi, Africa,
June, 2010.
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sustainable? We will primarily look at population models for
microbial systems with a follow-up discussion on human
population and growth rate.

4.8.1.1 Pure Culture Growth in Batch Systems

Growth of individual cells is defined as an increase in its size
and weight which usually precedes cell division. In some
instances, cell division may not occur, but the cell’s size and
weight increase. Population growth involves the increase in the
number of cells resulting from cell division. The growth of a
population of cells typically occurs at an exponential rate. This
means that a cell divides to form two daughter cells which, in
turn, divide to produce two new cells. The rate of exponential
growth may be expressed in terms of a generation time, ¢, or
doubling time, t;, (e.g., the time it takes the cell to divide and
form two daughter cells). The generation time for Escherichia
coli ranges from 15-20 minutes (Henry & Heinke, 1996,

page 262).

If a single species of viable bacterial cells or organisms is
introduced into a batch system that contains the appropriate
substrate, nutrients and environmental conditions, a
generalized growth curve as shown in Figure 4.40 will result.
Microbiologists often make similar plots based on the number
of organisms per unit volume versus time or plots of the
biomass measured in terms of optical density versus time.
Environmental scientists and engineers typically measure the
concentration of biomass in dry mass of solids per unit volume
expressed either as total suspended solids (TSS) or volatile
suspended solids (VSS). Figure 4.40 is a semi-log plot showing
the six distinct phases of growth.

Depending on the microbial culture, environmental
conditions, and environmental constraints, one or more of the
phases may not occur. Each of the phases will be described
briefly. Jacques Monod (1949), the famous French
microbiologist, was one of the first to present research on
bacterial cultures.

Lag phase: When a microbial population is inoculated into a
fresh medium, some period of time passes before growth
begins. This is known as the lag phase, and it may be a brief
or extended period of time. There is a null growth rate
during the lag phase. Cells taken from another culture must
acclimate and adapt to their new environment. If the
medium is different from the old medium, the microbes will
have to produce appropriate enzymes to metabolize the new
medium resulting in a lag in growth. The growth phase from
which the inoculum is taken will affect the length of the lag
phase. If cells are taken from a culture growing in the
stationary phase, a longer lag period will be observed. Cells
taken from cells growing at an exponential rate generally do
not exhibit a lag phase when transferred to the new medium.

Acceleration phase: This is normally a brief phase in which
the generation time is shorter and the growth rate increases.

Exponential phase: The maximum rate of growth occurs in
this phase and is constant. Substrate and nutrients are in
excess, so growth in uninhibited. Cells grow and divide
according to the generation or doubling time. Maximum
substrate utilization is observed.

Declining growth phase: The growth rate decreases due to
gradual depletion of substrate and the accumulation of toxic
waste products.

Stationary phase: In a batch or closed system, a population
of organisms cannot grow at an exponential rate indefinitely.
Some limiting nutrient, carbon, energy, nitrogen,
phosphorus, or other growth factor will cause the population
growth rate to cease. In this phase, there is a null growth
rate. The substrate and nutrients have been depleted from
the medium.

Endogenous phase: In this phase, the cells may remain alive
and rely on endogenous metabolism, but most often they
die. Cell lysis typically accompanies cell death, which leads
to a decrease in the number of cells as well as in cell mass. As
this phase proceeds, the death rate increases at an
exponential rate.
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Bacteria multiply by binary fission, and their generation or

doubling rate may be as little as 15-20 minutes; this is the time
it takes a bacterium cell to divide into two daughter cells. The
process is then repeated. The maximum growth of bacteria

[e]¢

curs during the exponential growth phase. Exponential or

logarithmic growth can be expressed by the following equation:

N, = Ny 2t (4.47)

where:
N, = number of organisms initially

N
K

ta
t

of

= number of organisms at a future time, ¢

= growth rate constant, number of doublings per unit time
= doubling time = £, = generation time = 1/k, time

= time period.

Rearranging and taking the natural logarithm of both sides
Equation (4.47) yields.

In(N,) — In(N) = kIn(2)t (4.48)

A plot of In(N,) versus time produces a straight line if

exponential growth is occurring. The slope of the line of best fit
is equal to k X In(2) and the y-intercept is In(N,)). Example 4.6
illustrates how one determines the growth rate constant and
doubling time using data collected from a batch system with a
pure culture of microorganisms.

In(X)

Example 4.6 Determining growth
rate constant from a batch system

A pure culture of microorganisms was inoculated into an
enclosed vessel containing a special medium. One
thousand microbes were added to the batch system
initially. The number of microbes was measured hourly
and the data are presented in the table below.

Determine:

The growth rate constant, k, with units of h'!
The doubling time, ¢4, hours.

30.0

Time, t X
(numbers)

—~
=
=

1.00E+03
8.00E+03
6.40E+04
5.10E+05
4.10E+06
3.30E+07
2.60E+08
2.10E+09
1.70E+10
1.30E+11
1.10E+12

O 00 N QN U kW= O

Ju—
(=]

Solution parta

Determine the natural logarithm of X and then make a
plot of In(X) versus time. The slope of the line of best fit is
equal to the growth rate constant k times In(2).

Time, t X In(X)
(h) (numbers)

0 1.00E+03 6.9
1 8.00E+03 9.0
2 6.40E+04 11.1
3 5.10E+05 13.1
4 4.10E+06 15.2
5 3.30E+07 17.3
6 2.60E+08 194
7 2.10E+09 21.5
8 1.70E+10 23.6
9 1.30E+11 25.6

—_
(=}

1.10E+12 27.7

The slope of the line of best fit from the plot is 2.0798.

Slope = kX In(2) = 2.0798

k= % =13.00 hr~!
n

y =2.0798x + 6.9065
R%=1

25.0 F—

/

/

20.0 /
15.0

Slope = kln (2) = 2.0798

k=3.00 hr!
ty=1/k=1/3hr"'=0.33 hr

5.0

0.0 : ; : :
0 2 4 6 8

Time, hours

10 12
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Solution part b

The doubling time or generation time is equal to the
reciprocal of k.

ty=1=—"_ —[033n1

4.8.1.2 Exponential Growth

Environmental engineers and scientists usually quantify the
population of microorganisms in terms of the quantity of
biomass expressed in terms of mg/L of TSS or VSS, rather than
the number of organisms. The exponential growth of a
population of organisms can be expressed by the following
equations:

aX )
— ) =uX 449
( at /e H ( )
where
(‘%) = organism growth rate, mass/(unit volume - time)
G
U = specific growth rate of organism, time™~!
X = organism or biomass concentration, mass/unit
volume.

Rearranging and integrating Equation (4.49) from X at t =
0 to X, at some future time, t, results in the logarithmic form of
the equation.

InCX,) — In(Xy) = put (4.50)
Taking the antilog of both sides of Equation (4.50) yields the
more familiar, exponential form of the equation.

X, = Xqett (451)
where:

X, = biomass concentration at time, , mg/L

X, = initial biomass concentration at time equal to zero, mg/L
u = specific growth rate of the organism, h~! or d!

t =time, hord.

An equation relating the time required for the biomass
concentration to double, ¢4, is derived below. This assumes that
the microbial population is growing at an exponential rate. In
Equation (4.51), t, is substituted for t, and X, = 2 X X,
resulting in the following equation.

2 X Xy = Xpett (4.52)
2X X
0 ek (4.53)
><O
2x X,
In = In(et™) (4.54)
><O
In(2) = pty (4.55)

U= ) _ G (4.56)
Ly ty
where ¢; = doubling time, h or d.

Example 4.7 illustrates exponential growth of different
microorganisms. Each of the microbes presented have a
different specific growth rate, which gives each a unique growth
curve.

Example 4.7 Plotting biomass
concentrations for various specific
growth rates

Make a plot of the biomass concentration in mg/L versus
time in days for three different microbial species with
specific growth rates of 0.05d71, 0.10d!, and 0.15d7!,
respectively. Vary the time allocated for growth from 0-20
days in increments of one day. Assume that the microbes
have excess substrate and nutrients, and are experiencing
exponential growth. The initial biomass concentration for
each organism is 5 mg/L.

Solution

See Figure E4.4 on page 173.

4.8.1.3 Logistic Growth Model
In natural ecosystems, the logistic growth model provides a
more realistic approach of how populations and communities
of organisms grow. Exponential growth in nature seldom
occurs, since nutrients, substrate, predators, and other
environmental factors, in addition to space limitations, will
limit the organism growth rate until some ultimate capacity is
reached. This carrying capacity, K, is defined as the size of the
population or community of organisms that can be sustained
by the ecosystem. The logistic growth model equation is
presented as follows:

h

(#)-n0-9)

ere:
n ) = change in the number or concentration of organisms

(457)

z

S

in time
= number of organisms
= growth rate constant of the organism, time™~
= carrying capacity, number or concentration of
organisms for a given area.

1

~ z

Integration of Equation (4.57) yields the following equation
that is used for calculating the number or concentration of
organisms at a specific time. A consistent set of units must be
used in Equation (4.58) for N, K, k, and ¢.

(4.58)
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where:
N, = initial number of organisms at time zero Solution
N, = number of organisms at time, ¢ See Figure E4.5.

K = carrying capacity = number of organisms at capacity
R = specific growth rate of the organisms, t=!
t =time, hord.

Example 4.8 Comparison of
exponential and logistic growth
models

Compare the exponential growth and logistic growth
models for a specific microbial species given the following

data: 4 = 0.70d7!, X, = 10 mg/L, K = 2,000 mg/L, and ¢
will be varied from 0 to 20 days in increments of 1 day.

From this plot, one can see there is a significant
difference in the biomass concentration predicted at day 20
between the two models. The models begin to diverge
around six days. In nature, the logistic model is more
appropriate. Predator-prey relationships and competition,
both within and between species, will affect populations.
These and other factors are addressed by Whittaker (1975).

4.8.1.4 Growth in Mixed Cultures

Growth in mixed cultures is similar to that presented in the
preceding discussions by a single population of organisms. In
natural and engineered ecosystems, heterogeneous cultures of
organisms coexist. Predator-prey relationships also exist, and
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Biomass Concentration, mg/L
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25



174

Environmental engineering

7 ~
4 N
/ \
/ \
/ R O
/ | Bacteria
+—

Free-swimming
ciliates

\
|
1
|
1
}
1
1

Relative numbers of microorganisms —»

there is competition among various species for substrate,
nutrients, and water. Figure 4.41 shows the relative numbers of
various organisms as a function of time that would be expected
in a biological treatment process. As shown in the figure,
bacteria are the predominant microbe present, and the
concentration of the various microbial species varies with the
residence time in the system.

Modeling of continuous flow, mixed culture systems,
such as activated sludge, is presented in Chapter 7. The
following equation, which is developed in Chapter 7 and
includes a Monod type function, is the most widely used for
modeling growth rate in biological wastewater treatment
systems. In these systems, a specific substrate or nutrient will
limit growth rate rather than the carrying capacity of the
ecosystem.

(4.59)

where:

0. = mean cell residence time, d

Y =yield coefficient, g VSS/g BOD;

k = maximum specific substrate utilization rate, d-!

K, = half-saturation coefficient, substrate concentration at
which half the maximum specific substrate utilization rate
occurs, mg BOD;/L

S. = effluent soluble substrate concentration, mg BOD/L

k, = endogenous decay coefficient, d~!.

Estimating and predicting populations is a critical aspect in the
determination of design flow rates for water supply reservoirs,
wastewater treatment facilities, and water treatment facilities. It
is also imperative to predict future populations, so that natural
resources and pollution management plans may be developed
for a given area.

/ Rotifers

Relative numbers of
microbes versus time during biological
wastewater treatment. Source: McKinney's
Microbiology for Sanitary Engineers,
McGraw-Hill, 1962.

4.8.2.1 Historical Population Growth and Population
Growth Models

Some of the models that have been used for predicting human
population growth are presented below. Environmental
engineers require population data, which serve as the basis for
developing design flows for water and wastewater treatment
facilities, the capacity of water supply reservoirs, and for
estimating quantities of solid wastes that must be handled,
recycled, and eventually disposed of. There are several
methods used for making population projections. Three of

the most widely used mathematical projections are based

on the logistic or S-shaped logistic curve (Figure 4.42). As seen
in this figure, population growth may occur at an exponential
rate, an arithmetic rate, or at a decreasing rate of increase when
the carrying capacity or saturation population is being
approached.

Exponential Growth Exponential growth can be modeled
as a first-order or exponential equation as shown below:

dp
— =k,P 460
ke (4.60)

where:

dP = change in population

dt = change in time

P = population

kg = geometric growth rate constant, persons/yr.

Integrating Equation (4.60) between time (¢,) and some
future time (t,) yields:

/PZ | i)

—dP=l</ dt 461)

P, P ¢ t

InP, —InP, =ky(t, — 1)) (4.62)
P, = P e&~t) (4.63)
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Saturation population

Generalized S-shape
population growth curve.

Population

,/Constant rate :
of growth

Increasing rate
of growth

Decreasing rate of growth

Time, years

Arithmetic Growth In the middle of the logistic growth
curve, a uniform rate of growth (k) can occur. Arithmetic
growth is modeled using Equation (4.64).

dP

— =k 4.64

==k, (464
Integrating Equation (4.64) between time (¢;) and some

future time (t,) yields:

Py t
/ dP = ku/ dt (4.65)
Py t

Py =P, =k, —t) (4.66)

Py =P, +k,(t; —t) (4.67)

Decreasing Rate of Increase Growth As the population
approaches the carrying capacity or saturation population of a
given area, the decreasing rate of increase model is used for
population forecasting. The rate of growth varies and is denoted
by r4. Mathematically, the decreasing rate of increase growth
model is expressed as follows:

dP
Z= ky(Z=P) (4.68)

where Z = saturation population.
Integrating Equation (4.68) yields the following equation:

o '
A m = kd/o‘ tdt (469)

n(2=F2) =« 470
_n<Z—P|>_ 4t —t) (4.70)

Rearranging the above equation results in:

Z—P, =(Z-P)e =) (471)

Next, subtracting both sides of Equation (4.71) from
(Z - P,) yields:

Z=P)=(Z=P)=(Z~P)=Z=P)e™ (472)
Rearranging Equation (4.72) results in Equation (4.74),

which is useful for predicting future populations in the
short-term:

Z—P —Z+P,=(Z-P)(| —e Tt (473)

Py =P, +(Z—P)(I —e k=t (474
2PoP P, — P2(Py + P,)
_ o Th 2o 2 475)
PoPy — P
where:
Z = saturation population

Py, P, P, =population at ¢, t, t,.

Example 4.9 Predicting future
populations by various models
Estimate the 2010 population using three population

models available for short-term forecasting: arithmetic,
geometric, and declining.

Census date Population
1980 10,000
1990 15,000
2000 18,000
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Solution part a

First determine the arithmetic growth rate constant by
rearranging Equation (4.67) and solving for k.

P,—P
/<=2|

- |
=it = 18,000 |5,OOO=300peOpe
2=Y

2000 — 1990 yr

P =P, +k,(t — 1)
P = 18,000 + 300 2227’ (2010  2000) = [2T.000
(2010) — s yr_ - 5

Solution part b

First determine the geometric growth rate constant by
rearranging Equation(4.62) and solving for k.

L= In(Py) —In(P,)

¢ H=
_ In(18,000) — In(10,000) _ 9.798 — 9.210
g 2000 — 1980 20
=0.029 yr~!

P10 = (18,000)e®9% yr=!+(2010-2000) _ 54056

Solution part c

First, determine the saturation population from Equation
(4.75):

L _2PPiPa = PPy + Py)
PoPy — P2

2(10000)(15000)(18000)
—(15000)2(10000 + 18000)

(10000)(18000) — (15000)2
Z =720,000

Next, determine the decreasing rate of growth rate
constant by rearranging Equation (4.70) and solving for k4:

_n(Z=P) (29,000 - 18,000
Z-P, 20,000 — 15,000

ky = -
d t—t) (2000 — 1990)
=0.0916yr"!
P, =P, +(Z=P)(l — el

Pao10 = 18000 + (20000 — 18000)(| — e~0%1¢-10yr)

- [15.200)

World population growth has had a significant impact
on the utilization and exploitation of Earth’s natural resources.

Before the industrial revolution, this was not a problem, since
the population was spread out and relatively small in comparison
to a world population approaching seven billion today. Wastes
that were generated were easily assimilated (e.g., the solution

to pollution is dilution). As population increases, however,

the air, water, and soil cannot handle the environmental
problems associated with this population explosion.

The industrialization that is taking place in developing
countries has exacerbated these problems. The shift from the
majority of the world’s population living in rural areas to urban
areas has created new environmental problems resulting from a
higher density of people and a more industrialized society.
Figure 4.43 shows this population shift.

In 2010, the rural population was still around 60% in Africa
and Asia, whereas in the other four larger geographical areas
(Europe, Latin America, North America, and Oceania), the
urban population was 70% or greater. By the year 2050, it is
estimated that 60% or more of the world’s population will live
in urban areas.

As the quality of life improves, citizens tend to waste more.
In the past, we have not managed our natural resources in a
sustainable way. The depletion of our fossil fuel reserves and the
relatively, uncontrolled emission of greenhouse gases are two
classic examples illustrating non-sustainable development.

The historical growth of the world population is presented
in Figure 4.44. A J-shaped curve representing exponential
growth is observed.

The world’s population from 1950 through 2050 is presented
in Figure 4.45. In the 40-year period between 1959 and 1999,
the world population doubled from 3 billion to 6 billion people.
The Census Bureau’s latest projections suggest that the world
population will grow more slowly in the 21st century. By 2044,
the world population is projected to grow to 9 billion, which is
an increase of 50 percent in a 45-year span.

Human population growth is often characterized as
exponential growth according to Equation (4.76).

*_ rpP (4.76)
dt

where:

dP = change in population

dt = change in time

P = population

r = growth rate constant.

Integrating Equation (4.76) between time (¢,) and some
future time (t,) yields:

/Pz ldP—k/tzdt 4.77)
p, P & '

InP, =P, =kt — ) (4.78)
P, = P, et (4.79)

The growth rate constant is typically expressed as a percent
increase per year or as the increase in the number of people per
1,000 people for a given population in a year. The growth rate of
a population is dependent upon four major components: birth
rate, death rate, immigration rate, and emigration rate.
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World urban population by
major geographical area (% of total
population). Source: http://esa.un.org/unpd
/wup/Fig_I.htm Accessed January 31, 201 1.
United Nations, Department of Economic
and Social Affairs, Population Division: World
Urbanization Prospects, the 2009 Revision.
New York, 2010. Reproduced with
permission.
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Growth rate can be defined by the following equation:

r=b—d+i-—e (4.80)
where:

b = birth rate

d = death rate

i = immigration rate

e = emigration rate.

All of the above terms are expressed as % increase per year
or increase # of persons/(1,000 people per year).

Figure 4.46 indicates that the world population growth rate
has been declining since the early 1960s. In the year 2010, the
world population growth rate was approximately 1.2% per year.

The natural increase in population is defined as the
difference between excess births and the number of deaths. Net
migration is the difference between immigration and
emigration rates for a given area. Gender ratio, fertility rate, age
structure, and cultural factors also affect population growth.
The total fertility rate represents the total number of children
that a woman is expected to bear during her lifetime. The
average worldwide net reproductive rate from 2005 through
2010 is 1.2 (http://esa.un.org/unpd/wpp2008
/tab-sorting_fertility.htm). Figure 4.47 shows the predicted
world population using different fertility rates.

Population pyramids are often used to show how the age
and gender of various populations vary over time. Figures 4.48,
4.49, and 4.50 are population pyramids for the United States in


http://esa.un.org/unpd/wup/Fig_1.htm
http://www.prb.orghttp://www.prb.org/Articles/2002/HowManyPeopleHaveEverLivedonEarth.aspx
http://esa.un.org/unpd/wpp2008/tab-sorting_fertility.htm
http://esa.un.org/unpd/wpp2008/tab-sorting_fertility.htm
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World Population: 1950-2050
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World population from 1950 through 2050. Source:
http://www.census.gov/ipc/www/idb/worldpopgraph.php Accessed
January 30, 201 |. US Census Bureau.
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The world population growth rate from
1950—-2050. Source: http://www.census.gov/ipc/www/idb
/worldgrgraph.php Accessed January 30, 201 1. US Census Bureau.

2000, 2025, and 2050. The population of the US continues to
age. Over time, the pyramid changes from a “pyramid” to more
of a rectangular shape. This represents a slow-growing
population. The top of the pyramids (the older ages) indicate
there are decreasing numbers of people and that females are
outliving males.

River water quality
management

The quality of some lakes, rivers, and streams throughout the
United States has been impaired by the discharge of pollutants
from point and non-point sources of pollution. Since the
promulgation of the federal Clean Water Act (1972), the water
quality of receiving waters has greatly improved by the
regulation of point sources of pollution. This has been
accomplished by permits issued by the US EPA or state agencies
under the National Pollution Discharge Elimination System
(NPDES). These permits are required for discharging
municipal and industrial effluent to receiving waters. The
concentration and quantity of various pollutants that may be
discharged are established in the permit; this is known as the
waste load allocation (WLA) from a point source. To better
manage our water resources, a holistic approach is now being
practiced by regulatory agencies, wherein an entire watershed is
considered when establishing the pollutant load that can be
allowed in a given stream or lake.

Non-point sources of pollution, such as those resulting from
runoff associated with rainfall from agricultural areas and

11.5

110 o === ———m—m e m
105 —————

10.0 4~
9.5+ 1
9.0 11
8.5 41
8.0 4
R R s
T

6.5 — T ——— _

—7/x— Constant fertility variant
—&— High fertility variant
Medium fertility variant

=O= Instant replacement fertility variant

—— Low fertility variant

L
5.5 I Rt A —————— S
e ——————————————— T ——
454+—-H————m—————————4 Z 77777777777777777777777777777777

AT
354------5 D

30— T — —

Population of the world
(in billions) 1950—2050 according to
different projections in fertility rate.
Source: http://esa.un.org/unpd/wpp/
Analytical-Figures/htm/fig_I.htm Accessed
February 27, 2012,

25 T
20— m oo
1S~ —m—mmm oo
10— —m—m oo
0.5 == m e m e m e m

0.0

1950
1955 —


http://www.census.gov/ipc/www/idb/worldpopgraph.php
http://www.census.gov/ipc/www/idb/worldgrgraph.php
http://esa.un.org/unpd/wpp

Chapter 4 Essential biology concepts 179

Age

Over 100
95 to 99
90 to 94
85 to 89
80 to 84
75t079
70 to 74
65 to 69
60 to 64
55t059
50 to 54
45to 49
40 to 44
35to0 39
30 to 34
25t029
20 to 24
15t0 19
10to 14

5t09

Under 5

50 45 40 35 30 25 20 15 1.0 05 00 05 1.0 1.5 2.0 25 3.0 3.5 40 45 5.0

Age

Over 100
95 to 99
90 to 94
85 to 89
80 to 84
751079
70 to 74
65 to 69
60 to 64
55t0 59
50 to 54
45 to 49
40 to 44
35t0 39
30 to 34
251029
20 to 24
15to 19
10to 14

5t09

Under 5

50 45 40 35 30 25 20 15 1.0 05 0.0 05 1.0 1.5 20 25 3.0 3.5 40 45 50

(NP-P2) Projected Resident Population of the United States as of July 1, 2000, Middle Series.

Male

Perecent

Female

(NP-P3) Projected Resident Population of the United States as of July 1, 2025, Middle Series.

Male

Perecent

Female

Figure 4.48 Population
pyramid for the United States
in 2000. Source: http://www
.census.gov/population/www
/projections/np_p2.gif
Accessed January 31, 201 1.
US Census Bureau.

Figure 4.49 Population
pyramid for the United States
in 2025. Source: http://www
.census.gov/population/www
/projections/np_p3.gif
Accessed January 31, 201 1.
US Census Bureau.
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(NP-P3) Projected Resident Population of the United States as of July 1, 2050, Middle Series.
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urban areas, contribute significant quantities of pollutants into
receiving waters. These diffuse sources are sometimes difficult
to identify and quantify. In some cases, even when the effluent
standards from a wastewater treatment facility are met, water
quality or stream standards are still not achieved.

Under section 303(d) of the Clean Water Act, states,
territories, and authorized Indian tribes are required to develop
lists of impaired waters. The law requires that these
jurisdictions establish priority rankings for these impaired
waters and to develop total maximum daily loads (TMDLs).
The TMDL rule was promulgated in 2000 (US EPA, 2000).

A TMDL is the maximum amount of a pollutant that a water
body can receive and still safely meet water quality standards. It
represents the sum of the waste-load allocation from individual
wastewater treatment plants (point sources of pollution),
waste-load allocation from non-point sources (agricultural and
stormwater runoff), natural background levels in the water
body, and a safety margin (US EPA, 2011). The calculation of a
TMDL is determined as follows: w

TMDL = WA + LA + MOS 481)
where:

TMDL = total maximum daily load

WLA = waste load allocation ( point sources)

LA = load allocation (non-point sources)

MOS = margin of safety.

Dissolved oxygen (DO) concentration is an important water
quality parameter, because fish and other aquatic organisms

Population
pyramid for the United States
in 2050. Source: http:/iwww
.census.gov/population/www
/projections/np_p4.gif
Accessed January 31, 201 I
US Census Bureau.

|
20 25 3.0 35 40 45 50

require oxygen for survival. In streams, a minimum of 2 mg/L
of DO is required for higher life forms (Peavy et al., 1985,

page 83). A DO concentration of 4 mg/L or more is necessary to
support game fish. The discharge of degradable organic wastes
into surface waters results in oxygen depletion, due primarily to
bacterial metabolism. Oxygen utilization is modeled by the
biochemical oxygen demand (BOD) test, as previously
discussed in Chapter 3. Oxygen is primarily transferred into a
stream by dissolution from the atmosphere (reaeration) and, to
a much lesser extent, by algal photosynthesis. Overall, algal
production of oxygen does not exceed the quantity of oxygen
used by algae during the night.

Streams have natural assimilative abilities to oxidize organic
and nitrogen compounds discharged into rivers by indigenous
heterotrophic and autotrophic bacteria. When oxygen
consumption exceeds the reaeration rate, the water body’s
assimilative capacity is exceeded. This leads to unfavorable
conditions for aquatic life, often resulting in “fish kills.” The DO
concentration will decrease with time and distance downstream
from the point of discharge. This process is known as
deoxygenation, and it is modeled by a first-order removal
reaction as shown below:

> = kol 05)

where:

rp = rate of deoxygenation, which is equal to the rate at which
oxygen is being removed from a stream, mg/(L - d)

kp, = deoxygenation rate coeflicient (base e), which is equal to
the BOD rate constant (k), d~!

L = ultimate biochemical oxygen demand (BOD), mg/L.

The ultimate BOD represents the total quantity of oxygen
consumed by bacteria at 20°C for the oxidation of organic
compounds to carbon dioxide and water.
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Solubility of oxygen in water exposed to water-saturated air at atmospheric pressure.

Oxygen

Temperature solubility Temperature
o) (mglL) o)
0 14.62 Il

I 14.22 12

2 13.83 I3

3 13.46 14

4 13.11 I5

5 12.77 16

6 12.45 17

7 12.14 18

8 [1.84 19

9 I1.56 20
10 129 2|

Oxygen Oxygen
solubility Temperature solubility
(mg/L) o) (mg/L)
[1.03 22 8.74
10.78 23 8.58
10.54 24 8.42
1031 25 8.26
10.08 26 8.1

9.87 27 797

9.66 28 7.83

9.47 29 7.69

9.28 30 7.56

9.09 31 743

892 32 7.30

Developed using on-line program from the USGS: http://waterusgs.gov/software/DOTABLES/

4.9.2.1 Reaeration

The equilibrium concentration of dissolved oxygen in water is
temperature dependent and can be calculated from Henry’s law.
The solubility of oxygen increases as temperature decreases, as
seen in Table 4.13. The actual DO concentration may be less
than or greater than the equilibrium concentration.

In most streams, the actual DO concentration is less because
of microbial activity which uses the DO for degrading the
organics and nitrogenous compounds that have been
discharged into it. The difference between the equilibrium
dissolved concentration and actual DO concentration is called
the deficit, as shown in Equation (4.83).

D=C —C (4.83)

where:

D = dissolved oxygen deficit, mg/L

C, = equilibrium dissolved oxygen concentration, mg/L
C = actual dissolved oxygen concentration, mg/L.

Reaeration is the process by which oxygen is transferred by
diffusion across the water surface exposed to the atmosphere.
Water traveling over rocks and through rapids entrains more
oxygen than does a slower moving river. The rate of reaeration
is modeled as a first-order removal reaction as shown below:

ra = —kgD (4.84)

where:

rg = rate of reaeration, equal to the rate at which oxygen is
transferred into the stream or water body, mg/(L - d)

kg = reaeration rate coefficient (base e), d!

D = dissolved oxygen deficit, mg/L.

A negative sign precedes the reaeration coefficient, because
it increases the supply of oxygen to the river while reducing the
oxygen deficit. This will become more apparent when
examining Equation (4.87). The reaeration rate coefficient is
stream-specific, i.e., turbulence of stream, stream velocity, and
temperature. O’Connor and Dobbins (1958) developed the
following equation for estimating ky.

(DL X U)O.S
where:
D; = oxygen diffusivity coefficient in water = 8.1 X 10~° ft*/h at
20°C

U = stream flow velocity, ft/h
H = depth of flow, ft.

The Arrhenius-van’t Hoff model is used for correcting the
deoxygenation and reaeration rate coefficients for temperature
variations:

_ T°C-20°C
kroc = kzo"c(e) (4.86)
where:
ko = rate coefficient at temperature, T, in °C, d-!
kypoc = rate coefficient at 20°C, d~!
0 = temperature correction coefficient, dimensionless

T  =actual temperature of the receiving waters, °C.

A temperature correction coefficient (0) value of 1.047 was
recommended by O’Connor & Dobbins (1958) for correcting
the reaeration rate coeflicient. Peavy et al. (1985, page 86)
recommend a value of 1.016 for . Most recently, a theta value
of 1.024 has been used for correcting the reaeration coefficient
for temperature (Davis & Masten, 2009, page 363). Reaeration
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Reaeration Coefficients.

Water body kg at 20°C, d~!
Small ponds and backwaters 0.10-0.23
Sluggish streams and large lakes 0.23-0.35

Large streams at low velocity 0.35-0.46

Large streams at normal velocity 0.46-0.69

Swift streams 0.69—1.15
Rapids and waterfalls >.15

Reaeration coeffients, kg, were calculated using self-purification
constants, f, and a deoxygenation constant k of 0.23d~" from Fair,
Geyer, and Okun (1968) page 33—-26.

rate coeflicients for various types of water bodies are presented
in Table 4.14. Metcalf & Eddy (1991, page 76) recommend
temperature correction coefficients of 1.056 in the temperature
range between 20 and 30°C and 1.135 in the temperature range
between 4 and 20°C.

4.9.2.2 Streeter-Phelps DO Sag Model

The concept of “dissolved oxygen sag” was first described by
Streeter and Phelps (1925). They provided what is now
considered the classical approach for modeling the impact of
organic wastes discharged into receiving streams. The basic
model assumes that there is no dispersion of the organic
pollutant as it moves downstream, and that there is complete
mixing of the pollutant with depth and along each cross-section
of the river. The oxygen deficit within a stream is a function of
both oxygen consumption and reaeration. Reaeration causes
the oxygen deficit to decrease, while oxygen consumption
increases the deficit. The overall rate of change in the oxygen
deficit depends on the deoxygenation and reaeration reactions.
The Streeter-Phelps model describes the simultaneous transfer
and uptake of oxygen in a river by the following differential
equation:

dD
= =kpl— kD

(4.87)
where ‘;—? = change in DO deficit (D) with time, mg/(L - d).

A plot of the DO concentration versus time shows the
characteristic dissolved oxygen sag curve (Figure 4.51). The
time at which the deoxygenation rate equals the reaeration rate
results in the greatest oxygen deficit and the lowest DO
concentration in the stream, and is known as the critical
time, .

All other terms have been previously defined. The ultimate
BOD (L) as a function of time “¢” is modeled as a first-order
reaction as shown below. This equation was derived in
Chapter 3. The value of the BOD rate coefficient, k, is used
for kpy:

_ —kt _ —kpt
L=Le™" =L,e

(4.88)

where:
L, = ultimate BOD concentration after the stream and
wastewater discharge have mixed, mg/L

DO Saturation concentration

Critical
deficit

Reaeration rate
exceeds deoxygenation rate

Dissolved oxygen concentration

Deoxygenation rate
exceeds reaeration rate

Time of travel

Dissolved oxygen sag curve.

K = BOD rate constant, d!
t = time of travel of wastewater discharge downstream, d
e =base “e”,2.71828.

The ultimate BOD concentration (L) is calculated using
Equation (4.89).

| _ 99+ Q) )

== a5 A o
QS + QWW

where:

Qg = flow rate in stream, volume/time

Q, = flow rate of wastewater discharged into stream,
volume/time

Lg = ultimate BOD concentration of stream prior to
wastewater discharge, mg/L

L,, = ultimate BOD concentration of wastewater, mg/L.

Substituting Equation (4.88) into Equation (4.87) results in
Equation (4.90):

o =kploge™t—k;D

o (490)

Equation (4.90) may be integrated using the boundary
conditionsat t =0, D =Dy, and L= Ly, andatt=¢t, D= D,,
and L = L,, resulting in the general form of the Streeter-Phelps
Equation (4.91), used for estimating the DO deficit at
downstream locations from the point of discharge.

ko L
D, = P D E [e(—ko 0 _ ok f)] + Doe(—kR 8] (491)
R~ D
where:
D, = DO deficit at any time ¢, downstream of the discharge
point, mg/L

t = time of travel from discharge to any point downstream, d
D, = DO deficit at the point of discharge, mg/L.
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To calculate the oxygen deficit at the point of discharge, the
DO concentration at the point of discharge must be calculated
using Equation (4.92):

_ Qs(D09) +Q,,(0O,,)
DO, = 0.+ 0, (4.92)

where:

DOg = DO concentration upstream of the wastewater
discharge, mg/L

DO,,, =DO concentration of wastewater, mg/L.

The DO deficit (D,) at the point of discharge can then be
calculated using Equation (4.93).

Dy = C, - DO, (493)

The maximum dissolved oxygen deficit will occur where the
reaeration rate equals the deoxygenation rate. This point is
known as the critical point and the time required to reach it can
be determined by differentiating Equation (4.91) and setting the
derivative equal to zero. Solving for time gives Equation (4.94).

k Dy (kg — k
t = I Y O(R—D) (494)
kR—ko | ko ko Lo

where ¢_ time of travel to the critical deficit point in stream, d.

The distance traveled (x) for a river flowing at a constant
velocity (1) can be determined by multiplying the stream
velocity by the travel time (f). Example 4.10 illustrates how to
use the Streeter-Phelps equations for locating the critical deficit
point in a stream.

Example 4.10 Calculating critical DO
concentration in a stream

A municipal WWTP discharges 0.5 m*/s of secondary
effluent, at a temperature of 25°C, that contains 30 mg/L of
ultimate BOD. To meet regulatory requirements, the
effluent is aerated to achieve 5.0 mg/L of dissolved oxygen
prior to discharge. The stream flow is 3.0 m®/s and the
temperature upstream of the discharge point is 15°C. The
background ultimate BOD in the stream is 15.0 mg/L. The
reaeration (k) and deoxygenation (kp,) rate coeflicients
are 0.40 d~! and 0.20 d~1, respectively, at 20°C. In-stream
standards require a minimum of 7.0 mg/L of DO at all
times. Determine the following:

temperature of the combined wastewater and stream;
dissolved oxygen concentration of the mixture of
wastewater and stream;

DO deficit of the mixture of wastewater and stream;
ultimate BOD concentration of mixture of wastewater
and stream;

critical time to reach point of minimum DO
concentration, and

minimum DO concentration in stream.

Solution part a

The temperature of the mixture of the stream and
wastewater is determined as follows:
Q19 +Q,,T,,)
Qs +Quy
3.0m3/s(15°C) + 0.5 m3/s(25°C
_ 30m/s(15°0) + 05 m*/s25°0) _ s

3.0m3/s+0.5m3/s

To

Solution part b

Determine the DO concentration of the combined water
and wastewater at the point of discharge. Assume that the
stream is saturated with oxygen. Therefore, at T = 15°C,
the DO saturation is 10.08 mg/L from Table 4.13.

_ Qs(D0Oy) +Q,,(DO,,,)
DO, = 070,

_3.0m?/s(10.08 mg/L) + 0.5 m? /s(5.0 mg/L)
B 3.0m3/s+0.5m3/s

Solution part c

Calculate the initial oxygen deficit (D) at the point of
discharge. First, estimate the DO saturation value (Cg) at a
temperature of 16.4°C by interpolation of the values in
Table 4.13. The DO saturation concentration of water at
16.4°C (the temperature of the mixture of water and
wastewater), which is 9.79 mg/L.

Dy = (Cg)g = DOy = 9.79 mg/L —9.35 mg/L
=10.44 mg/L

Solution part d

Determine the ultimate BOD concentration (L) of the
mixture of water and wastewater at the point of discharge.

Q59 + 0,0,

- CSEROM

30 m3/s(15.0 mg/L) 4+ 0.5 m?/s(30 mg/L)
a 3.0m3/s+0.5m3/s

Solution part e

Lo

Next, correct the reaeration and deoxygenation rate
coeflicients for the temperature of 16.4°C. Use theta values
(0) of 1.024 and 1.135 for correcting ky and kp,,
respectively.

_ (T°C-20°C)
k(T° o= k(zo" Q) ©)

16.4°C—20°C
kR( 16.4°C) = kR(20°C)( | -024)( )

= 0.40d~'(1.024)22°C20°0) — 9374~
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kp(eaecy = kD(I6A4°C)(|'|35)(|6‘4 SO
=0.20d7'(1.135)(164°C=20°0) — 0 |34~

Solution part f

Determine the time of travel (¢.) to reach the point of
minimum DO in the stream.

v | (- Dlako)
C_kR_kD I<D kDLO

|
= ] i
0.37d-! -0.13d

0374~ <| B 0.44 7E (O.37—O.I3d‘)>]

0.13d-! 0.13d~"(17.1 mg/L)
t.=[4.24d]

In

Solution part g

The value of the minimum deficit is found by substituting
the critical time (t,) into Equation (4.91).

e, (L
D, = - D_E [e(—kD t) _ g (=ks tc)] + Doe(—kR to)
R~ D
_ 0.13d="(17.1 mg/L)
€7 0.37d"! -0.13d"!
(-0l 3d7'x4.2d) _ (=037 d='x4.2 d)]

X[

404418 (-037d'x429)

D, = 3.50mg/L

The minimum DO concentration in the stream may be
calculated by substituting into Equation (4.83) and
rearranging it:

D.= (s — DO,
DO.=Cs—=D.=9.79mg/L—3.50mg/L =629 mg/L
The in-stream standard of 7.0 mg/L will be violated. To
remedy this, the WWTP must achieve a higher level of

BOD removal or reduce the volume of wastewater
discharged into the stream.

Limnology

Limnology is the study of the biological, chemical, and physical
characteristics of fresh water, e.g., lakes and rivers. Primary
productivity in lakes is attributed to plankton. Plankton, in

turn, are subdivided into phytoplankton, which are plant
species such as algae, while zooplankton are animal species,
such as crustacean, rotifers, and protozoa. Large aquatic plants
(macrophytes), that may be either free-floating or attached to
the bottom (emergent), also contribute to primary productivity.
Water quality data for various lakes are accessible by the
internet at: http://waterdata.usgs.gov/nwis. Typical data that are
collected include conductivity, dissolved oxygen (DO)
concentration, pH, and temperature as a function of depth.

It is important for environmental engineers and scientists to
understand limnological concepts, since lakes and rivers are
used for water supplies, recreational areas, and sources of food
(fish). In the United States, approximately 80% of all the water
used by municipal water treatment systems comes from surface
supplies (USGS, 2005). Proper management of land use in the
drainage basin or watershed of the lake or river is critical for
maintaining a high quality source of water. Precipitation that
falls in the watershed provides the primary source of water for
lakes and rivers and contributes to ground water flow. The
stormwater that runs off the watershed is directly related to
land use in the drainage basin.

Where there is sufficient vegetation and ground cover, the
quality of runoff will be higher than from an area where trees
and vegetation do not exist. This is a significant problem in
many developing countries in Africa, since trees are cut down
by the natives for heating, cooking, and making charcoal. As a
result, many drainage basins have been deforested and
denuded, causing extreme erosion and leading to poor water
quality and low productivity in freshwater systems.
Deforestation has not only affected water quality in these areas,
but contributes to the devastation and loss of animal habitat.
Lightning strikes that cause forest fires can result in poor water
quality during storm events until vegetation and ground cover
have been reestablished. In areas where there is heavy
agricultural activities, runoff from the land may contain high
concentrations of nutrients such as nitrogen, phosphorus, and
potassium from fertilizers, soil particles from erosion during
tilling and planting operations, and biological pathogens that
may be found in animal excrement if it is used as a fertilizer.

Urbanization has affected both the volume and quantity of
stormwater runoff, since there are more impervious areas, i.e.,
pavements, highways, sidewalk, roofs, and parking lots that
hinder the percolation of rainfall into the ground. Trash, litter,
oil, soil particles, and fertilizers are all found in stormwater
runoff in cities. Eventually, stormwater runoff from rural and
urban areas reaches lakes and rivers, thereby impacting the
water quality.

Colloidal and suspended solid particles that make their way
into lakes and rivers can affect the clarity of the water by
interfering with the transmission of light and the transfer of
oxygen into the water. The depth to which light penetrates into
a lake or water body will have a tremendous impact on primary
productivity and the aquatic life. In general, the light intensity
will vary from 100% at the surface to less than 1% as depth
increases. Light is absorbed by the water, by substances
dissolved in the water such as organic matter, and by particles
suspended in the water.
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Secchi disk. Source: http://en.wikipedia.org/wiki/File:
Secchi_disk_pattern.svg. Courtesy of Mysid (Oona Rdisdnen).

The depth to which algal growth occurs is called the
eutrophic zone. In shallow lakes, this zone may extend down to
the bottom but, in most cases, only about 50% of the mass of
water within a lake is available for primary productivity (Henry
& Heinke, 1996, page 324). Fish, bacteria, fungi, and
zooplankton, reside below the eutrophic zone for short time
periods, if not permanently. In the bottom sediments, or
benthos, benthic invertebrates and anaerobic organisms
predominate. Bacteria and fungi use the organic matter from
dead algal cells, thereby releasing nitrogen and phosphorus
back into the water column to be recycled and reused by
phytoplankton. In freshwaters, benthic micro-invertebrates that
may be found include crayfish, clams, snails, and aquatic
worms.

The Secchi Disk, a circular disk painted with a black and
white design, as shown in Figure 4.52, is used for measuring the
clarity or transparency of water. The disk is attached to a pole or
line, then lowered into the water until the pattern on the disk is
no longer visible; this depth is reported as the Secchi depth. The
clarity of the water is thus correlated to the Secchi depth. For
example, if Secchi disk readings were taken from two different
lakes with values of 6 meters and 20 meters, the water clarity in
the lake with a Secchi disk reading of 20 meters would be much
better than the clarity of the water in the lake with a reading of
6 meters.

Over time, any freshwater body naturally ages and becomes
enriched with nutrients. Eventually, it fills up with detritus and
debris from dead animal and plant matter, and also from
sediments that are carried in from the watershed (e.g., a peat
bog forms). This aging process normally takes thousands of
years to complete and is known as natural eutrophication.
Stimulation of algal growth is primarily due to the nutrients,

nitrogen and phosphorus, that are released from sediments in
rivers and lakes, and from the decay of animal and plant matter.

Cultural eutrophication is the term used when natural
eutrophication is accelerated due to human activities. Point
sources of pollution from municipal and industrial wastewater
plant discharges have had created adverse affects on receiving
waters. In the past, organic compounds, as measured by BOD
and COD, in addition to suspended solids, were the primary
culprits. More recently, ammonia, nitrate, and phosphate, and
chlorine residual have been major parameters that were
targeted for removal to enhance water quality. Most recently,
however, regulators have been concerned with removing
microconsituents that involve very low concentrations of
pharmaceuticals, beauty and health care products, human and
animal hormones, and other endocrine-disrupting chemicals
that are not adequately treated by conventional wastewater
treatment methods.

The level of nutrients in a lake affects primary productivity
and the types of fish and aquatic species that can be supported.
Plankton are the small, freely-suspended organisms that live in
the water column of fresh waters, seas, and the oceans. Plankton
are divided into two groups: phytoplankton, which represent
the plant species — primarily algae and other photosynthetic
organisms; and zooplankton, the animal species, consisting of
crustaceans, rotifers, and protozoa that feed on phytoplankton.
As discussed earlier in the chapter, productivity in aquatic
ecosystems is primarily attributed to plankton. Some fish and
whales feed off plankton in marine environments.

Lakes may be classified according to their nutrient levels,
temperature profile, clarity, or biological productivity.
Oligotrophic lakes contain low levels of nutrients, low
biological productivity (algae and macrophytes), high clarity,
and abundant oxygen. A lake with high nutrient levels, high
productivity, poor clarity, and low oxygen levels in the
hypolimnion is called a eutropohic lake. Algal blooms are
observed frequently during the summer in this type of lake, and
cold-water fish are absent. Lakes that contain moderate levels of
nutrients, biological productivity, and oxygen are referred to as
mesotrophic.

To reduce the adverse affects of cultural eutrophication on
water bodies, nutrient release into the environment, especially
into rivers and lakes, must be controlled. Nutrient removal
processes are being implemented routinely at industrial and
municipal wastewater treatment facilities to meet stringent
limits for nitrogen and phosphorus for discharges into
receiving waters to minimize algal stimulation. Stormwater
runoff from agricultural and urban areas, at a minimum,
should employ best management practices to reduce nutrients
and sediments from entering aquatic ecosystems. These diffuse
sources of pollution are the main contributors to nutrient
enrichment of receiving waters.

Research suggests that the most important nutrient to
control is phosphorus, since there are several species of bacteria
that are capable of fixing nitrogen from the atmosphere.
Lieberg’s Law of the Minimal states that the growth rate and
amount of biomass that can be produced is dependent on the
nutrient that will limit growth. Phosphorus is the
growth-limiting nutrient in most aquatic ecosystems, and every
effort should be made to reduce the quantity of phosphorus
released into the environment by human activities. According
to Mihelcic (1999, page 296), it is generally accepted that the
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Figure 4.54  Lake stratification.

boundaries between oligotrophy and mesotrophy, and between
mesotrophy and eutrophy, are based on total phosphorus
concentrations of 0.01 and 0.02 mg/L as P, respectively.

4.10.4 Stratification and turnover
in lakes

Changes in temperature cause changes in the density of water
in lakes, resulting in stratification or formation of layers.
Climate and the changing of the seasons result in temperature
changes. The density of water, as shown in Figure 4.53,
increases from 983.8 kg/m? at —30°C to 999.9 kg/m? at 4°C
(39°F), before decreasing to 958.4 kg/m? at 100°C. That is why
a lake may freeze over during the winter, allowing ice to float
over a layer of water that is warmer and denser. This allows fish
and other aquatic life to survive beneath frozen lakes.

The sun provides the energy for heating the water in the
lake, resulting in thermal stratification or formation of three
distinct layers (Figure 4.54).

60

120

25°C 8mg/L

Epilimnion

Metalimnion

Hypolimnion

Figure 4.55  Temperature and DO profile during summer
stratification.

At and near the surface, where the temperature is highest, a
layer called the epilimnion forms. It is well-mixed, and
primary productivity is greatest in this layer, with high
dissolved oxygen (DO) levels due to photosynthesis. Beneath
the epilimnion is the metalimnion, which is a transition layer
with a significant decline in temperature with depth. The
significant drop in temperature (> 1.0°C per meter of depth)
that is observed in this layer is known as the thermocline. The
hypolimnion is the layer at the bottom of the lake and below
the metalimnion. It is generally well-mixed and DO levels tend
to remain low, resulting in anaerobic conditions in the
sediments. Water density is the highest at the bottom of the
lake, since the temperature there is lowest, with exception of ice
formation at the surface during the winter.

In temperate latitudes, lakes undergo stratification
during the summer and winter. Figure 4.55 shows the DO
and temperature profile in a lake during summer
stratification.
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Figure 4.56  Temperature and DO profile during winter
stratification.
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Figure 4.57  Temperature profile during winter stratification.

The DO concentration will vary, from saturation at the
surface to zero at the bottom of the lake. The temperature
profile decreases from approximately 25°C at the surface to 4°C
at the bottom. The thermocline in the metalimnion layer results
in a temperature gradient of > 1.0°C per meter of depth.

During winter stratification, the DO profile is similar to that
observed in the summer, decreasing from approximately
9.5mg/L to 0 mg/L at the bottom (Figure 4.56). The major
difference is that the temperature gradient slightly increases
from the surface, from 0°C to 4°C with increasing depth. Recall
that ice is less dense than liquid water, causing it to float on top
of denser water that is typically around 4°C.

During spring and fall, complete-mixing of the lake occurs,
which causes nutrients and sediments to re-enter the water
column. This is knows as turnover, resulting in uniform levels
of DO, nutrients, and temperature throughout the water
column. Figures 4.57 and 4.58 show the temperature profiles
that can be expected during winter stratification and spring
turnover.

Algal blooms often follow spring turnovers, since nitrogen
and phosphorus have been re-introduced into the water
column. It is not unusual for a lake to appear as “pea green
soup” due to algal growth. Depending on the type of algae

Figure 4.58 Mixing profile during spring turnover.

Figure 4.59  Temperature profile during summer stratification.

present, the color of the lake may take on a red or brownish
color.

As winter transitions into spring, energy from the sun
caused the ice to melt and the water temperature in the
epilimnion to rise above 0°C. Recall that the density of water
increases from 0°C to 4°C. The resulting increase in
temperature in the epilimnion causes this denser water to sink
towards the bottom of the lake, creating currents that bring
colder water to the surface. Eventually, the entire contents of
the lake become mixed. With the onset of summer, thermal
stratification again occurs, resulting in the temperature profile
shown in Figure 4.59.

As the seasons change, the cycle is repeated. During the fall,
the temperature of the air decreases, causing the temperature in
the epilimnion to decrease. This results in water with a higher
density than the water beneath it. Ultimately, mixing currents
are created, as this denser water settles to the bottom of the lake
(Figure 4.60).

Once again, complete mixing of the lake occurs (fall
turnover), allowing organics, nutrients, and sediments to
re-enter the water column. Color and turbidity changes
accompany these turnover events. As the air temperature
continues to drop as winter approaches, the lake cools and ice
may form on the surface. Regardless, the lake will undergo
thermal stratification as depicted in Figure 4.57, with a
temperature profile varying from 0°C or below at the surface to
4°C at the bottom.
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Figure 4.60 Mixing profile during fall turnover.

Summary

Organisms are typically classified according to the Linnaean
system, a taxonomic grouping starting with the least specific

to most specific.

o The Linnaean classification system is as follows:
Domain — Kingdom — Phylum — Class — Order —
Family — Genus — Species.

o Environmental engineers and scientists use genus and
species in identifying pathogens and microorganisms of
importance.

The cell is the fundamental unit of life and there are two
types of microbial cells:

o Prokaryotic cells do not have a nucleus and their DNA is
contained in a single plasmid.

o Eukaryotic cells have a true nucleus and are more
complex than prokaryotic cells.

Living organisms consume substrate, utilize nutrients, and
carry out oxidation-reduction reactions for growth and
maintenance functions.

Microorganisms are further classified according to their
carbon and energy source:

o Microbes that use organic carbon as their source of
carbon for synthesis and for oxidation for energy are
called heterotrophs.

o Autotrophic microbes use inorganic carbon as their
source of carbon for synthesis of biomass and typically
oxidize inorganic compounds for energy.

o Microbes that use light as their source of energy are called

phototrophs.

Heterotrophs use the same organic material as their source
of carbon and energy. Energy that is released during
catabolic reactions is recovered by substrate-level
phosphorylation and oxidative phosphorylation.

o In substrate-level phosphorylation, energy released
during the oxidation or dehydrogenation of organic
compounds is used to convert ADP to ATP.

o In oxidative phosphorylation, electrons that are produced

during oxidation of the electron donor are then passed
through an electron-transport system to a terminal
electron acceptor, typically oxygen.

o Heterotrophic organisms use three major pathways for
converting organic compounds into energy and synthesis
reactions:

Fermentation is the process by which an organic
compound is degraded by a series of enzyme mediated
reactions and the energy is captured in the form of
adenosine triphosphate (ATP) by substrate-level
phosphorylation. This pathway is called “Glycolyis” or the
Embden-Meyerhof-Parnas (EMP) pathway when starting
with glucose and ending with pyruvate.

Aerobic respiration involves the oxidation of the organic
compound by passing through the EMP pathway until
pyruvate is formed, which then is converted into
acetyl-coenzyme A that enters the tricarboxylic acid
cycle, where it undergoes oxidation to carbon dioxide and
water. Oxygen serves as the ultimate electron acceptor.
Anaerobic respiration is the process by which certain
microorganisms use inorganic compounds such as
carbon dioxide, sulfate, nitrite, and nitrate as the external
electron acceptor rather than oxygen. These inorganic
compounds accept electrons that are passed through the
electron transport chain. Lower ATP production will be
realized than what can be achieved during aerobic
respiration.

o Organisms acquire their energy from light (phototrophs) or
by oxidizing inorganic or organic compounds
(chemotrophs).

o Temperature, pH, moisture, and dissolved oxygen
concentration are the principal environmental factors that
affect the growth rate of microorganisms.

o All living cells are composed of carbohydrates, lipids,
proteins, and nucleic acids.

Carbohydrates are compounds that contain carbon,
hydrogen, and oxygen; they are used as energy sources or
in synthesis of cellular components.

Lipids are organic compounds that are soluble in organic
solvents and sparingly soluble in water. The main
functions of lipids are to store energy and serve as a
structural component of cell membranes.

Proteins are complex molecules consisting of carbon,
hydrogen, oxygen, and nitrogen. Amino acids are the
building blocks of proteins.

Nucleic acids are macromolecular polymers that contain
the genetic information of all living organisms. There are
two types of nucleic acids: deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA).

o The Michaelis-Menten equation is used for modeling
enzyme kinetics for a single reaction and single substrate.

o Ecology is the branch of biology that deals with the
interrelationships among plants and animals (biota) and
their interactions with the physical and chemical
environment (abiotic or non-living environment).

o The sequence of steps or trophic levels involved in
transferring energy in ecosystems may be represented by
food chains and food webs.

o Primary productivity is the rate at which plants and
photosynthetic organisms produce organic carbon
compounds from atmospheric or aquatic carbon dioxide.
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Primary productivity may be defined on a gross primary
productivity (GPP) or net primary productivity (NPP)
basis.

Terrestrial net primary productivity generally increases
with an increase in mean annual temperature or an
increase in mean annual precipitation.

The mean world net primary productivity is the greatest
for the oceans and is approximately 40 Gt/yr.

Major biochemical cycles important in environmental
engineering include: carbon, nitrogen, phosphorus, and
sulfur.

The major reservoir for carbon on Earth is found in
terrestrial systems and represents approximately 86% of
the total carbon available.

The movement and transformation of nitrogen
compounds in the biosphere is called the nitrogen cycle.
Some of the most important transformation mechanisms
include fixation, nitrification, denitrification, and
ammonification.

Phosphorus is also an essential element required by all
organisms for growth. Energy is stored in high-energy
phosphate bonds during the synthesis of ATP.
Environmental scientists and engineers are concerned
about the sulfur cycle since sulfates cause taste and odor
problems in water supplies and create odor and corrosion
problems in sewerage systems, and the release of sulfur
oxides into the atmosphere creates air pollution problems
related to malodorous gases and acid rain.

Population dynamics focuses on how populations
(organisms, animals, and people) change with time and the
models used for estimating/predicting population growth.

The six phases of growth involving pure cultures of
microorganisms in batch systems are: lag, acceleration,
exponential, declining, stationary, and endogenous.

Most microorganisms, especially bacteria, multiply by
binary fission, forming two new daughter cells every 15-20
minutes.

The logistic growth model is used for estimating populations
in ecosystems that are limited by some carrying capacity,
e.g., land area.

Human population projections are often modeled using
arithmetic, exponential, and increasing rate of decrease
mathematical models.

Engineers use human population projections for
developing design flows for water and wastewater
treatment facilities, the capacity of water supply
reservoirs, and for estimating quantities of solid wastes
that must be handled, recycled, and eventually disposed.

Various factors such as birth rate, death rate, immigration
rate, and emigration rate affect the overall growth rate.

The world population is approaching seven billion people,
and this impacts our ecosystems and the utilization of our
natural resources in numerous ways. Earth’s resources have
been exploited and, as the world’s populations have shifted
from rural to urban areas, higher levels of pollution are now
being generated and ecosystems are being compromised.

Population pyramids are drawn to show how various
characteristics such as gender and age change with time.

Water quality management is now based on a holistic
viewpoint, in which an entire watershed is evaluated.

Total maximum daily loads (TMDLs) are being
established for water bodies in the United States to
improve and protect water quality.

A TMDL is the maximum amount of a pollutant that a
water body can receive and still safely meet water quality
standards.

The Streeter-Phelps dissolved oxygen sag model serves as
the basis for modeling the discharge of organic wastes into
lakes and receiving streams.

This model is used to determine the distance downstream
from the point of discharge to the location where the
lowest dissolved oxygen concentration will occur.

Lakes and streams require high levels of dissolved oxygen
(>5mg/L) if game fish and other aquatic life are going to
flourish.

Limnology is the study of the biological, chemical, and
physical characteristics of fresh water.

Lakes may be classified according to their nutrient levels,
temperature profile, clarity, or biological productivity.

In the northern hemisphere, most deep lakes turnover in
the fall and spring, causing nutrients and sediments to be
reintroduced into the water column.

In these same lakes, there is stratification, or layers form,
at different temperatures during the summer and winter.

Due to the unique characteristic of water having its
maximum density at 4°C, lakes freeze from the surface
down. This allows fish and other aquatic organisms to
survive under a layer of ice during the winter.

ADP ecology limnology
aerobes electron trans- Linnaean
aerobic port chain lipids
respiration Embden- logistic growth
amino acids Meyerhof- mesophiles
ammonification Parnas mesotrophic
anaerobes enzyme kinetics metalimnion
anaerobic epilimnion Michaelis-
respiration eukaryotic Menten
ATP eutrophication NAD
autotroph exponential NADP
binary fission growth net primary
Calvin cycle facultative productivity
carbohydrates organisms nitrification
carbon cycle FAD nitrogen cycle
carrying FADH, nitrogen fixation
capacity fats nucleic acids
chemosynthesis fermentation oils
chemotroph food chain oligotrophic
citric acid cycle food web optimum pH
community free energy optimum
cultural eu- glycolysis temperature
trophication growth phosphorus
decomposers pyramids cycle
denitrification heterotroph photosynthesis
deoxygenation hypolimnion phototroph
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phytoplankton prokaryotic sulfur cycle
population proteins TCA
population psychrophiles thermocline
.dynamics reaera.tio.n thermophiles
primary Secchi disk TMDL
consumers secondary hic level
primary consumers trophic feve
producers standing crop turnover
primary stratification turnover rate
productivity Streeter-Phelps zooplankton
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Discuss some of the major differences between
prokaryotic and eukaryotic cells.

Define the following terms:
Heterotroph
Autotroph
Phototroph
Chemotroph
Chemosynthesis
Trophic level
Food chain
Nitrification
Denitrification
Eutrophication
Ecology

Define phosphorylation and explain what is meant by
substrate-level phosphorylation versus oxidative
phosphorylation.

Prepare a brief paragraph discussing how pH,
temperature, oxygen, and moisture affect microbial
growth rate.

Perform a “Google” search on nucleic acids. Discuss
the major differences between DNA and RNA.

The Michealis-Menten equation describes the enzyme
kinetics for a single reaction and single substrate. It is
also used for modeling the kinetics observed during
biological wastewater treatment. Given the following
data collected in the laboratory, determine the values
for r,,. and Ky, by rearranging Equation (4.28) and
plotting 1/r versus 1/S.

Substrate concentration (mg/L) Rate of reaction, h™!

4.0 0.28
5.0 0.33
6.6 0.40
10.0 0.50
20.0 0.66

A pure culture of Nitrosomonas was grown at 20°C
under batch conditions. The following experimental
data were collected.

Time (h) Nitrosomonas Concentration, X, (mg/L)
2.0 102
5.0 105
10.0 117
20.0 123
25.0 130
30.0 137

Rearranging of Equation (4.50) results in the following
equation which can be used for determining the
specific growth rate of the culture.

In(X,) = In(X,) + pt

A plot of In(X,) versus time () will yield a straight line
with the slope equal to p and the y-intercept equal to
In(X,) or X, = e¥Inereept, Determine the specific
growth rate .

Draw a simplified food chain with three trophic levels
for a fresh-water pond.

Draw a simplified food chain with three trophic levels
for an ecosystem in a tropical rain forest.

How does climate affect primary productivity? Give
examples of ecosystems (both aquatic and terrestrial)
that yield the highest net primary productivity levels in
Gtly.

Water samples were collected from Mountain Lake
near Blacksburg, Virginia during early summer.
Determine the respiration rate, gross primary
production, and net primary production in the lake
given the following data: the dissolved oxygen
concentrations of the water for the initial sample, light
bottle after incubation, and dark bottle incubation are
9mg/L, 15mg/L, and 5 mg/L, respectively; the
incubation period was one hour.

List, by rank (most to least), the six major global
reservoirs of carbon in terms of GtC.

Draw a sketch of the generalized nitrogen cycle,
showing nitrogen fixation, nitrification,
ammonification, and denitrification.

Nitrification is an aerobic process in which
ammonium/ammonia nitrogen is transformed into
nitrate. The genera, Nitrosomonas and Nitrobacter are
the two bacterial organisms that mediate the process.
Equations (4.41), (4.42), and (4.43) show the reactions
when synthesis of biomass is neglected. Metcalf &
Eddy (2003) show the following overall nitrification
reaction including synthesis of biomass. Due to
rounding of the coefficients, the equation does not
balance exactly, but this error is negligible:

NH + 1.8630, + 0.098CO,
— 0.0196CsH,O,N + 0.98NOj3 +0.941 H,0
+1.98H*

Calculate the quantity (grams) of alkalinity as
CaCOj; consumed per gram of ammonium nitrogen
(NH;r —-N) oxidized?

How does this compare with the alkalinity
consumption from Equation (4.43)?

Calculate the quantity (grams) of oxygen required
per gram of -N oxidized.

How does this compare with the oxygen
consumption from Equation (4.43)?

The following stoichiometric equation shows the
overall denitrification reaction when the biodegradable
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organic matter in the incoming wastewater represented
as C;,H,,0;N; is used rather than adding an external
source such as methanol or acetate.

CyoH1903N, + 10NO3
— 5N, 1 +10CO, + 3H,0 + NH; + 10 OH™

Calculate the grams of alkalinity as CaCO,
produced per gram of nitrate nitrogen utilized.
Determine the grams of organic matter required per
gram of NOS — N converted to nitrogen gas.

The following stoichiometric equation shows the
overall denitrification reaction when acetate serves as
the organic carbon source for the denitrifiers rather
than methanol.

5CH;COOH + 8NO3
- 4N, 1 +10CO, + 6H,0 + 8 OH~

Calculate the grams of alkalinity as CaCO,
produced per gram of nitrate nitrogen utilized.
Determine the grams of organic matter required per
gram of NO — N converted to nitrogen gas.

Based on the global nitrogen reservoir data presented
in Table 4.11, calculate the % terrestrial, oceanic, and
atmospheric nitrogen, based on the total quantity of
1.943 x 10! TgN.

A municipal WWTP discharges 20 million gallons
per day of secondary effluent containing 30 mg/L of
ultimate BOD at 27°C with 2.0 mg/L of dissolved oxy-
gen. The stream flow is 150 cubic feet per second (cfs)
at a velocity of 1.5 feet per second (fps) and an average
depth of 5 ft. The temperature of the stream before
the wastewater enters the river is 19°C. The stream
is 90% saturated with oxygen and has an ultimate BOD
of 8.0 mg/L. The reaeration (k) and deoxygenation
(kp) rate coefficients are 0.50 d~! and 0.19d~!,
respectively, at 20°C. Determine the following:

wastewater flow rate in cfs;

temperature of the combined wastewater and

stream;

dissolved oxygen concentration of the mixture

of wastewater and stream;

DO deficit of the mixture of wastewater and stream;

ultimate BOD concentration of mixture of

wastewater and stream;

time of travel to the point of minimum DO

concentration;

minimum DO concentration in stream;

plot the DO deficit versus time, starting

at 0 and going to 3.0 days in increments of 0.1 days.

A municipal WWTP discharges 0.75 m®/s of secondary
effluent at a temperature of 28°C that contains 32 mg/L
of ultimate BOD. To meet regulatory requirements,

the effluent is aerated to achieve 6.0 mg/L of dissolved
oxygen prior to discharge. The stream flow is 3.5 m?/s
and the temperature upstream of the discharge point

is 18°C. The background ultimate BOD in the stream is

8.0 mg/L. The reaeration (ky) and deoxygenation (ki)
rate coefficients are 0.35d~! and 0.22d7!, respectively,
at 20°C. In-stream standards require a minimum of
5.0 mg/L of DO at all times. Determine the following:
temperature of the combined wastewater and stream;
dissolved oxygen concentration of the mixture
of wastewater and stream;
DO deficit of the mixture of wastewater and stream;
ultimate BOD concentration of mixture of
wastewater and stream;
critical time to reach point of minimum DO
concentration;
minimum DO concentration in stream.

A municipal WWTP discharges 22.5 million
gallons per day of secondary eftfluent containing
30 mg/L of ultimate BOD at 25°C with 2.0 mg/L
of dissolved oxygen. The stream flow is 160 cubic
feet per second (cfs) at a velocity of 1.5 feet per second
(fps) and an average depth of 5 ft. The temperature
of the stream before the wastewater enters the river is
20°C. The stream is 85% saturated with oxygen and has
an ultimate BOD of 5.0 mg/L. The reaeration (ky) and
deoxygenation (kp) rate coefficients are 0.35d~! and
0.20 d=1, respectively at 20°C. Determine the following:
wastewater flow rate in cfs;
temperature of the combined wastewater and
stream;
dissolved oxygen concentration of the mixture
of wastewater and stream;
DO deficit of the mixture of wastewater and stream;
ultimate BOD concentration of mixture of
wastewater and stream;
time of travel to the point of minimum DO
concentration;
minimum DO concentration in stream;
plot the DO deficit versus time starting
at 0 and going to 3.0 days in increments of 0.1 days.

A municipal WWTP discharges 0.5 m?/s of secondary
effluent at a temperature of 22°C that contains 30 mg/L
of ultimate BOD. To meet regulatory requirements, the
effluent is aerated to achieve 5.0 mg/L of dissolved
oxygen prior to discharge. The stream flow is 3.0 m®/s
and the temperature upstream of the discharge point is
18°C. The background ultimate BOD in the stream is
10.0 mg/L. The reaeration (ky) and deoxygenation (k)
rate coefficients are 0.40 d=! and 0.20 d ™!, respectively
at 20°C. In-stream standards require a minimum of
6.0 mg/L of DO at all times. Determine the following:

temperature of the combined wastewater and

stream;

dissolved oxygen concentration of the mixture of

wastewater and stream;

DO deficit of the mixture of wastewater and stream;

ultimate BOD concentration of mixture of

wastewater and stream;

critical time to reach point of minimum DO

concentration;

minimum DO concentration in stream.
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Use the following data from Norris Lake, Tennessee, to
plot temperature profile. Estimate the magnitude of the

thermocline.

Depth,m  Temperature, °C

0.0
0.9
2.1
3.0
4.0
4.9
6.1
7.0
7.9
ONl}
10.1
11.0
11.9
13.1
14.0
14.9
15.8
17.1
18.0
18.9
20.1
21.0
21.9
22.9
24.1
25.0
259
27.1
28.0
29.0
29.9

29.1
29.1
29.1
29.1
29.1
29.1
29.1
28.6
27.2
25.7
24.5
23.7
22.3
22
20.0
19.0
18.0
172
16.4
15.9
15.1
14.5
14.0
13.6
13.4
13.1
12.9
12.7
12.5
12.2
12.0

Use the following world population data and make an
appropriate plot, using a spreadsheet, to determine the
world population growth rate as a percentage. How
does the rate that you determined compare to the
growth rate shown in Figure 4.46?

Year World population (billions)

1959 3.0
1974 4.0
1987 5.0
1999 6.0
2011 7.0

Estimate the 2020 population of a city, using three

population models available for short term forecasting:

arithmetic, exponential, and declining.

Census date  Population

1990 25,000
2000 39,000
2010 55,000

Estimate the 2020 population of a city using three

population models available for short term forecasting:

arithmetic, exponential, and declining.

Census date  Population

1990 40,000
2000 55,000
2010 60,000







Chapter 5

Environmental systems:
modeling and reactor design

Richard O. Mines, Jr.

Learning Objectives
After reading this chapter; you should be able to:

o apply the Law of Conservation of Matter in performing
material balances on processes or systems;

o determine the rate of reaction and order of reaction;

o describe complete-mix, plug, and dispersed-plug flow
regimes;

o design complete-mix batch reactors, complete-mix flow
reactors, and plug flow reactors containing reactive and
non-reactive contaminants;

o apply the Law of Conservation of Energy in performing
energy balances on natural and engineered systems.

5.1 Introduction

Environmental engineers use the mass or materials balance
concept to model environmental systems, something similar or
analogous to balancing a checkbook. The mass of materials
entering a control volume must be equal to the mass of
materials leaving the control volume, plus any mass that is
accumulated within the control volume. Two important laws
are used in conjunction with performing material balances:

o The Law of Conservation of Matter states that matter
cannot be created nor destroyed. The exception is in the case

of nuclear reactions, where a portion of matter is changed
into energy.

o Equally important is the Law of Conservation of Energy,
which states that energy cannot be created or destroyed.
However, the form of energy can change.

As energy conservation continues to be a priority
world-wide, it is essential that environmental engineers be able
to perform energy balances around all types of systems. The
ability to perform energy balances on an ecosystem or
coal-fired power plant is a skill that all engineers should
possess. The kinetics (how fast a reaction occurs) of biological
and chemical reactions that occur within a system will
influence the efficiency and sizing of engineered systems. For
instance, in designing an aeration basin to treat municipal
wastewater, knowledge of the oxygen uptake and substrate
utilization rates are required to size the aeration system
properly and to determine the dimensions of the reactor. When
chlorine is added to drinking water, it is essential to know the
required contact time to ensure efficient pathogen inactivation,
i.e., the kinetics of chlorine disinfection. The kinetics of
reactions in natural systems is important, too. An example of
this involves the transfer of oxygen from the atmosphere to
water, known as the process of reaeration in river systems.

5.2 Material balances

Material or mass balances are used for modeling the mass rate
of flow of materials entering and exiting a control volume (C¥).
The control volume is the specific region of space on which the
mass balance is performed. Examples of control volumes
include reactors, lakes, landfills, rivers, tanks, aquifers, and the
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air basin above a city. Normally, a dashed line is placed around
the control volume to indicate a boundary on which the mass
balance is being performed.

There are three potential fates for a substance entering the
control volume. The substance on which the materials balance
is being performed may be mass, energy, momentum, or some
other property. A substance may accumulate within the control
volume; some of it may leave the control volume without
undergoing any type of change, or some of it may be
transformed into a different compound, e.g., a gas, a precipitate,
or synthesized into biomass. Note there are inputs and outputs
to the control volume, as well as the possibility of accumulating
mass within it.

Equation (5.1) is a qualitative equation that expresses what
happens in a materials balance when no reaction is occurring,
i.e., a non-reactive or conservative process. This word
“equation” is typically used by environmental engineers when
starting a materials balance.

[accumulation] = [inputs] — [outputs] (5.1

The accumulation term is similar to the balance in a
checkbook. When the flow and concentration in each stream
entering and exiting the control volume remain constant,
steady-state conditions exist and the accumulation term is
equal to zero. During transient or nonsteady-state conditions,
the accumulation term will increase or decrease. Inputs
(deposits) represent all flows and materials entering the system,
whereas outputs (withdrawals) represent all flows and materials
exiting the system.

Chemical and mechanical engineers often use another form
of the equation in which each term is expressed on a mass per
unit time (77) basis. The conservation of mass principle for a
control volume or system undergoing a process without a
reaction can be expressed as follows:

net change total mass total mass
in mass within [ =| entering [ —| exiting (5.2)
C¥ C¥ C¥
Or:
dmey _
T =m;—mg (53)
where:
dmey . s
= net change of mass contained within the control
dt mass
volume, —
. time . mass
1; = mass flow rate across inlet, ==
1, = mass flow rate across outlet, "
time

Figure 5.1 illustrates the conservation of mass principle for a
two-inlet and one-exit steady-state flow process.

Remember that at steady-state, the mass within the C¥
remains constant, therefore 22 or the accumulation term is
set equal to zero. The total mass flow rate exiting the C¥is
equal to the sum of the mass flow rates entering the C¥~.

A detailed presentation of the six-step method discussed in
Chapter 1 will be used in solving the first three examples in

my =5 kg/s
—a ; ti1y = rity + i
j C¥- : —_—
5 7Mg/s +4 kg/s
iy =4 kg/s 73 =9 kels
Figure 5.1  Conversation of mass for a two-inlet and one-exit

steady-state flow system.

Chapter 5. In subsequent examples, however, an abbreviated
problem-solving approach will be followed. Example 5.1 shows
a simple mass balance on a swimming pool that has a leak in
the bottom. This is an example of a “conservative” or
non-reactive substance, since no biochemical or chemical
reaction occurs in the control volume (swimming pool).

Example 5.1 Mass balance on flows

The owner of a swimming pool desires to fill it up with
three garden hoses. The dimensions of the pool are
2-meters deep, 10-meters long, and 5-meters wide. Garden
hose #1 is flowing at 1,000 cm?/min, garden hose #2 is
flowing at 15,000 cm®/min, and garden hose #3 is flowing
at 2,000 cm?/min. To the owner’s dismay, a small crack in
the pool results in a leak that flows from the bottom of the
pool at a rate of 750 cm®/min. Determine how many hours
it will take to fill the pool if all the hoses are turned on and
the leak begins at the same time.

Solution

Identify and summarize the problem:
Draw a diagram showing all flows entering and exiting the
pool.

Q3= 2000 cm*/min

Q,= 1500 cm*min 0, = 1000 cm*/min

\

L=10m

Qleq = 750 cm*/min

Figure E5.1

Determine: how many hours it will take to fill the pool up
if all the hoses are turned on and the leak begins at the
same time.
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Known values:

e Poollength =10m

e Pooldepth=2m

e Pool width=5m

o Flow in garden hose #1 = 1000 cm®/min
o Flow in garden hose #2 = 1500 cm®/min
o Flow in garden hose #3 = 2000 cm®/min

o Leak in pool bottom results in a flow = 750 cm?/min
Assumptions:

o No leaks develop in the garden hoses
e No other leaks develop in the pool

o Density of water (p) = 1 g/cm?

Theory and relevant equations:

The volume of the pool is equal to length times width
times depth. Calculate the volume of the pool using the
following equation:

¥=LxWxD

The volumetric flow rate, Q, is equal to the volume of
water divided by time. This is expressed mathematically as
follows:

The mass flow rate (ri1) is equal to density times flow, or
expressed mathematically as follows:

m=pxQ

Recall that a material balances may be qualitatively
expressed as Equation (5.1) when no reaction is occurring
within the system.

[accumulation] = [inputs] — [outputs]

Solve:

Sufficient information and theory is available for solving
the problem. First, calculate the volume of the pool in
cubic meters and convert to cubic centimeters.

Y=LXWxD=10mx5mx2m=100m’

100° cm?

Y= |oom3x<
m3

> =1.00x 108 em’

Calculate the mass of water in the pool when it is full.
Recall that mass is equal to density times the volume. This
value represents the accumulation term in the mass
balance Equation (5.1):

m =pX¥

accum

accum

|
Moceum = —== (100 108 m®) = 1.00x 10° g
cm

The mass of water flowing into and out of the pool is
equal to the volumetric flow rate multiplied by the density
of the water.

[ 31000
m‘szQ‘=—g3x|OOO,Cm - g
cm min min

. l'g _ 1500cm’ 1500 g
mz=PXQz=FX—._

min min

| 3 2000
m3=pr3=_g3x2000.cm _ . g

cm min min

. lg  750cm? 750¢
Mk = 6% Qg = o X T mn

Next, substitute the mass flow rates of water calculated
above into Equation (5.1), realizing that the inputs and
outputs must be multiplied by time, ¢, so that the units on
both sides of the equation are in terms of mass of water.

[accumulation] = [inputs] — [outputs]

m = () X t) + () X 1) + (M3 X 1) = (Mg X O

accum

1.00% 08 g = (|oooi xt) + (|5ooixt)
min min

+ (2000 £ x¢) - (750 £ x t)
min min

1.00% 108 cm? = 3750 = x ¢
min

_1.00x 10°%g

t= —— 2 =267% 10"mi
3750 g/ min X min

Communicate final answer:

time = 2.67 X |O4minx(ﬁ> (%) —185d

Check or validate answer:

Using the time of 2.67 X 10* minutes, calculate the volume

of water that should accumulate in the pool by multiplying
the time by the flow into minus the flow out of the pool. It

should equal to the volume of the pool which is 1.00 X

108 cm?. See calculations below.

¥=(Q X+ (Qy X ) +(Q3 X ) = (Qpep XV
l'Lz(Ql +Q2+Q3_Q/eak)Xt
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3 3 3
1.00 % 108 cm® = <|oooﬂ + 1500 =& 4+ 2000 L&
min min min

3
—750 ﬂ) % 2.67 % 10% min
min
1.00x 10cm?® = 1.00 x 10 cm?

The time of 2.67 X 10* minutes is correct!

It is not unusual for reactions to be occurring within the
GV In some systems, a destructive type of reaction will occur,
resulting in the removal or reduction of a certain chemical or
contaminant. Often, the reaction will result in the production
or synthesis of a compound, so the concentration of the
compound leaving the reactor will be greater than the
concentration entering it. Sometimes, the reactant is
transformed to a new product. The biological mediated
reaction carried out by the genus Nitrosomonas involves the
transformation (oxidation) of ammonium (NH4+) to nitrite
(NO3). In most environmental engineering applications, mass
balances are performed on all flow and material streams
entering and exiting the control volume. Energy balances are
usually performed separately and in some instances may not be
required. Equation (5.4) is a modification of Equation (5.1) to
account for reactions that occur within the process.

[accumulation] = [inputs] — [outputs] + [reaction]  (5.4)

Depending on the type of system or process, a chemical or
biochemical reaction may take place, resulting in the
production of or the removal of a substance. The positive sign
in front of the reaction term may actually be negative if the
reaction involves the removal or destruction of a constituent. If
the reaction results in the formation of a product, then it
remains positive. In biological treatment systems,
microorganisms are grown, so the reaction term would be
positive. Simultaneously, substrate, in the form of biochemical
oxygen demand (BOD), is being removed from these systems.
Therefore, a negative sign precedes the reaction term when
material balances are performed on substrate in biological
processes.

5.2.1 Steady-state modeling

In several situations, steady-state or equilibrium conditions will
be assumed when performing the mass balance. For
steady-state to exist, all flow rates, concentrations, pressures,
temperatures, etc. entering and exiting the control volume must
remain constant. Although steady-state conditions are seldom
achieved for extended periods of time, it simplifies the
mathematically modeling of the system and represents a good
approximation of the system. Process designs are normally
based on the steady-state assumption. The accumulation term
in Equations (5.1), (5.2), (5.3), and (5.4) can then be set equal to
zero. Assuming steady-state conditions for a conservative

substance, i.e., nonreactive, Equation (5.1) can be simplified as
follows:

[inputs] = [outputs] (5.5)

This type of analysis is often used to determine the
concentration of a conservative pollutant when two or more
flow streams combine. The following equation is used for such
and Example 5.2 illustrates the use of Equation (5.6):

_ Q¢ +QG _ Q¢ +Q,G
T +Q Qs

(>:6)

where:

C; = concentration of conservative substance in combined
streams, mass/volume

C, = concentration of conservative substance in stream #1,
mass/volume

C, = concentration of conservative substance in stream #2,
mass/volume

Q, = flow rate in stream #1, volume/time

Q, = flow rate in stream #3, volume/time

Q; = flow rate of combined streams #1 and #2, volume/time.

In the following example, the effluent from a domestic
wastewater treatment plant (WWTP) is discharged into a river.
The concentration of suspended solids is to be determined at
the point of discharge.

Example 5.2 Material balance on
suspended solids

Determine the concentration of suspended solids (SS) in
the river at the point of discharge from the WWTP. Five
million gallons of wastewater containing 20 mg/L of SS are
discharged into the river each day. The SS concentration in
the river upstream of the discharge is 8 mg/L, and the flow
rate in the river upstream from the point of discharge is

10 million gallons per day (10 MGD).

Solution

Identify and summarize the problem:

Draw a diagram showing the river and the discharge from
the WWTP along with the flow rates and suspended solids
concentration values in each.

Wastewater Discharge
O,y =5 MGD
C,,,=20 mg/L of TSS

ww

Upstream of
Discharge Point of Discharge
Qdixcharge =15MGD
Ostream= 10 MGD Cdischarge =7mg/L of TSS
=8 mg/L of TSS

Cstream

Figure E5.2
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Determine: the suspended solids concentration in the
river at the point of discharge.

Known values:

o Flow rate in river upstream of discharge = 10 MGD
o Flow rate in WWTP discharge = 5 MGD

o Concentration of SS in river upstream of discharge =
8 mg/L

o Concentration of SS in WWTP effluent = 20 mg/L

Assumptions:

o Suspended solids in the effluent do not immediately
degrade due to biological activity so there are no
reactions occurring within the control volume.

o Steady-state conditions prevail, meaning that the flow
rates and concentration of suspended solids in each of
the streams is not changing with time.

Theory and relevant equations:
Recall, that the materials balance equation may be
qualitatively expressed as Equation (5.1).

[accumulation] = [inputs] — [outputs]

Since steady-conditions exist and the suspended solids
concentrations are assumed to be a conservative substance,
Equation (5.1) reduces to Equation (5.5).

[inputs] = [outputs]
Solve:

Solve the problem by rearranging Equation (5.6) and
substituting appropriate values.

QG+ QG =0G
8 mg SS 20 mg SS
IOMGDXT+5MGDX—

= (I0MGD + 5MGD)G;

Communicate final answer:

o (10MGD) x (8 mg/L) + (5 MGD) X (20 mg/L)
3= (I10MGD + 5 MGD)

_|1p M8
L

A box is often used to model air quality problems in a
simplistic, idealistic way. Example 5.3 illustrates the mass
balance concept for a conservative pollutant (particulate
matter) wherein steady-state conditions are assumed and a
reaction that generates particulate matter is occurring.

Example 5.3 Material balance on
particulate matter

Estimate the rate of particulate matter generated from a
forest fire. Particulate matter is a form of air pollution that
can be retained in the lungs, causing permanent lung
damage in addition to aggravating asthma and
emphysema. The fire is burning 200 hectares of forest,
resulting in a particulate concentration of 9,500 pg/m? in
the air above the ground. The particulates rise to a height
of 700 meters above the ground and the wind velocity is
constant at 0.5 meters per second.

Solution

Identify and summarize the problem:
Draw a diagram showing the concentration of particulates
entering and exiting the box above the forest fire area.

Uy =05 mls 700 m
Cou=900 Mg | F o = 0.5 m/
Ic - 9300 ulg/m3 g;: -0 ig/m%
8
1 /1414 m
1414 m

Figure E5.3

Determine: the rate of particulate generation from the
forest fire (kg/s).

Known values:

¢ Wind speed into the box above the area (U,,) = 0.5m/s

o Wind speed out of the box above the area (U,,,) =
0.5m/s

o Concentration of particulates upwind of the forest
fire = 0 pg/m>

o Concentration of particulates downwind of the forest
fire = 9500 pg/m?

o Height of plume rise = 700 meters

o Length and width of forest = 1,414 meters

Assumptions:

o The volume of air above the area is completely and
uniformly mixed. Therefore, the concentration of
particulate matter within the box and immediately
downwind of the box is the same. Complete-mix reactors
will be discussed in more detail later in this chapter.

o Steady-state conditions prevail, meaning that the air
speed and concentration of particulate matter in the air
upwind, downwind, and within the box, remains
the same.
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Theory and relevant equations:
The volume of the box is determined by multiplying the
length by width by height.

¥=LxWxH

Recall that the materials balance equation may be
qualitatively expressed as Equation (5.4).

[accumulation] = [inputs] — [outputs] + [reaction]

Since steady-conditions exist and the accumulation
term is zero, the reaction term or in this case — the rate of
particulate generation - will be equal to the difference
between the input and output streams.

0 = [inputs] — [outputs] + [reaction]

The continuity equation states that volumetric flow
rate, Q, is calculated by multiplying the velocity by the
cross-sectional area using the following equation.

Q=AxU

The mass flow rate of any contaminant is estimated by
multiplying the volumetric flow rate by the concentration
of the contaminant.

m=QxC

Solve:
First, calculate the volume of the air above the area
denoted as the forest fire.

¥=LXWxH=14l4mX 414 mXx700m

=140%x 10°m’

Next, calculate the air flow rate as follows:

A=LxXW=1414mx700m = 9.90 x 10° m?
Q=AXV=9.0x10°m?x0.5m/s=4.95x 10’ m>/s

Determine the mass of particulates entering and exiting
the box.

My, = QX C, = 4.95% 10°m?/sx O pg/m? = 0
Moue = Qoue X Coue = 4.95 X 10° m? /5 x 9500 pg/m?

out

=470x 107 pg/s

Solve for the rate of particulate generation due to the
forest fire by substituting the mass flow rates into the
materials balance equation as shown below.

0 = [inputs] — [outputs] + [reaction]

[reaction] = [outputs] — [inputs] = 4.70 X IOgyg/s +0
Communicate final answer:

Rate of particulate generation

I Ik ks
o '8 '8 _ g

=4.70x 10 =4
S |06'Jg |OOOg S

5.2.2 Dynamic or transient modeling

Thus far we have primarily focused on steady-state modeling of
environmental systems. More often than not, however,
nonsteady-state or transient conditions prevail. Although zero,
first, and second order reactions will be discussed in significant
detail in future sections, it is imperative to illustrate a
nonsteady-state application to show how it is handled. Let us
examine a continuous flow reactor with a first-order decay
reaction occurring within as shown in Figure 5.2.

We will assume that biochemical oxygen demand (BOD) is
being removed in a complete-mix flow reactor (CMFR) at a
first-order rate, where r = —kC. When performing a mass
balance, begin with our qualitative equation (Equation (5.4)), as
shown below.

[accumulation] = [inputs] — [outputs] + [reaction]  (5.4)

(%)v:cgco—ch.é G7)

We will need to solve for the steady-state solution in order
to solve the differential equation that results during transient or
nonsteady-state conditions. Recall that the accumulation term
is equal to zero when all parameters remain constant with
respect to time, i.e., steady-state conditions, and the effluent
concentration will be C_ at time equal to infinity.

Figure 5.2 Nonsteady-state CMFR with first-order removal
reaction.
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0=0QC, - QC,, —kC ¥ (5.8)

0=0C, - C (Q+k¥ (59)
QG

o= T oD (.10)

To solve the differential equation as presented as Equation
(5.7), it must be rearranged in the following manner in order to
arrive at the solution:

<%>=QCO—(iC—kCVZ(—kVV—Q)C_I_% a0
k+ 8

(o YerSE e
¥

(£)--(k+3) C‘%m B8
:

<%>=_<k+%>x[c"(k§io@ 19

QG

Next, replace
(5.10).

Targ 0 Equation (5.14) with Equation

dacy _ Q
(E>——<k+g>x[C—Cm] (5.15)

One way to solve this differential equation is to make a
change in variables as follows:

y=C-C, (5.16)

Differentiating y with respect to time results in Equation
(5.17).

dy dC
Y = 22 5.17
dt ~ dt G17)

Substituting Equations (5.16) and (5.17) into Equation
(5.15) yields Equation (5.18).

@\ _ Q
(&)=~ (c+3) % o1

Rearranging Equation (5.18) for integration results in the
following equation, with limits of y = y, at time is equal to zero,
and y = y, at time is equal to “¢”:

y1| Q) t
—dy=—(k+ = di 5.19
/yo L <+V /Ot (5.19)

Integrating Equation (5.19) yields:

Iny, —In y0=—<l<+%)t (5.20)

From Equation (5.16), y, = C, - C_,, therefore,
¥y = C, - C,. Substituting these into Equation (5.20) yields the
following equation:

i (S k+ 2 521
"\G-c.) T \"w e
Taking the antilog of both sides of Equation (5.21) results in
Equation (5.22).

(Ct B Coo) _ Q

Equation (5.22) can be rearranged and solved for C, as
follows:

G =Cy+(Cy—Cexp [— <I< + %) t] (523)

At time is equal to zero, the exponential portion of Equation
(5.23) is equal to 1 and, therefore, C, = C,. Alternatively, at time
is equal to infinity, the exponential function is equal to zero,
and the concentration of C, then becomes equal to C,.

Example 5.4 Nonsteady-state lagoon
with non-conservative pollutant

A wastewater lagoon with a volume of 1,500 ft3 receives
industrial wastewater containing a non-conservative
pollutant at a concentration of 20 mg/L at a flow rate of
100 ft*/day. The first-order removal rate coefficient k for
the pollutant is 0.20 d~!. Determine the following:

The concentration of the pollutant leaving the lagoon,
assuming that completely-mixed conditions exist in the
lagoon and that steady-state conditions exist.

The concentration of the pollutant leaving the lagoon
seven days after the influent concentration is suddenly
increased to 120 mg/L.

Solution

Part a

Start with Equation (5.4) to derive a first-order removal
equation assuming that steady-state conditions exist.

[accumulation] = [inputs] — [outputs] + [reaction]

(54)

dc
<E>¥ = QC, — QC — kC¥ (5.24)
0= QC, — QC — kC¥ (5.25)
QC, — QC = k¥ (5.26)
QC, = C(k¥ + Q) (5.27)
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100ft> (20 mg
QG d L

C=W+0" <

3
0.20d7" x 1500 + %)
(5.28)

c=50T8
L

Part b

Calculate the effluent pollutant at steady-state or infinity
when the influent pollutant concentration increases to
120 mg/L by substituting into Equation (5.10).

100ft> (120 mg
QG d L

= (Q+KH <|oo&3
d

+0.20d7" x I500ﬁ3>

(5.10)

.= 30.0mg
L

Finally, calculate the final effluent pollutant
concentration from the lagoon seven days after the influent
pollutant concentration is increased to 120 mg/L by
substituting into Equation (5.23).

The influent pollutant concentration is equal to
5.0 mg/L from Part a, since the lagoon is assumed to have
reached steady-state before the influent pollutant
concentration is increased to 120 mg/L.

G, =Cy +(Cy—Cy)exp [— </< " %) t] (5.23)

30mg 5mg 30mg
C = ——— —_—— —
/ L +< L L
100
xexp[—<o.2d—‘+—/d)7d]
1500 ft>
c=2.118
L

Reaction kinetics

The study of the rates of reactions and the mechanisms that
cause them is referred to as kinetics. Chemical kinetics deals
with how fast a reaction occurs. Chemical reactions involving
oxidation/reduction and acid-base neutralizations generally
occur rapidly. However, biological reactions mediated by
microorganisms that degrade organic compounds found in
wastewater or contaminated groundwater generally do not
reach equilibrium quickly. Thermodynamic principles are used
to determine which direction a process or reaction will proceed

of its own accord (e.g., will it occur spontaneously, requiring no
additional energy to proceed?). These principles will not tell us
how fast the process will reach equilibrium. Environmental
engineers are concerned about how fast chemical and biological
reactions occur in nature and in engineered systems.

The rate of a reaction (r) is the rate of formation or
disappearance of a chemical compound or species.
Homogeneous reactions are those that occur within a single
phase, i.e., liquid, gas, or solid. Examples of homogeneous
reactions include biochemical oxygen demand (BOD) by
bacteria during biological treatment of wastewater, and the
chemical reactions between aqueous chlorine and pathogens
during disinfection of drinking water. Heterogeneous reactions
occur between two phases, such as the air-water interface or
solid-water interface. Examples of heterogeneous reactions are
the transfer of oxygen into water or wastewater to increase the
dissolved oxygen (DO) concentration, and the adsorption of
organic contaminants onto activated carbon.

The rate of a reaction is affected by concentration, pressure,
and temperature. In most applications in environmental
engineering, the pressure and temperature are assumed to
remain constant; therefore, the concentration of chemical
species will primarily control the reaction rate. Temperature
effects cannot be overlooked when designing biological
treatment and oxygen transfer systems. Engineers must ensure
that these systems will operate properly under both low and
high temperature conditions.

The units for the rate of reaction (r) are normally expressed
in moles per unit of volume per unit time, %,

(mr}ll; S\golumeﬂme)
m. The rate
equation can be written in several ways. The chemical reaction
rate, r, can be expressed as the time rate of change of any of the
reactants or products. For example, given the simple
stoichiometric reaction as shown in Equation (5.29); one mole
of species A reacts with one mole of species B to form one mole
of product, C.

mass per unit of volume per unit time,

A+B—C (5.29)

The rate of appearance of product equals the disappearance
of the reactants. Mathematically, this is expressed as follows:

s e ) [

dt dt dt (5:30)

where:
r = rate of reaction, moles/(L- time)
[ ] = concentration, moles/L or M.

When the stoichiometric coefficients are not all unity, as in
Equation (5.29), it is customary to divide the change in
concentration or derivative by the stoichiometric coefficient.

2A - 3C (6.31)
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The rate of reaction for Equation (5.31) can be expressed as
follows:

_1dal_ 1Al
"TITq T4 (5:32)

5.3.2 Rate law and order
of reaction

The rate law (written in the form of an equation) expresses the
mathematical relationship between the rate of the reaction and
the concentration of species involved in the reaction.
Determination of the rate law is important to understanding
the kinetics of a reaction. The rate law for any reaction must be
determined by experiment, and cannot be inferred from the
reaction stoichiometry. However, for elementary reactions, it is
possible to determine the reaction order from the
stoichiometric equation. The reader is referred to other texts to
learn more about determining rate laws (Levenspiel, 1999;
Snoeyink & Jenkins, 1980; Eisenberg & Crothers, 1979).

Equation (5.33) represents a stoichiometric equation for an
irreversible reaction, where a, b, and c represent the
stoichiometric coeflicients or the number of moles of species A,
B, and C, respectively.

aA +bB = cC (533)

The theoretical rate equation for Equation (5.33) can be
expressed in the following manner.

r = —k[A]*[B]? = k[C]" (5.34)

Alpha (), beta (f), and gamma (y) represent the order of
the reaction with regard to each individual chemical species.
The overall order of the reaction presented in Equation (5.34)
based on the reactants A and B is a + f ; or the reaction is said
to be a-order with respect to A and f-order with respect to B.
Alternatively, the overall reaction order based on product
formation is y and the reaction is said to be y-order with respect
to species C. Fractional reaction orders are possible too; often
an integer value is assumed or used when writing the rate law.

Example 5.5 Determination of
reaction order

For the rate law equation given below, determine the order
of the reaction with respect to each chemical species and
give the overall order of the reaction.

_dIA]l _ 2
r= = =kAIE]

Solution

The reaction is considered to be first-order with respect to
A and second-order with respect to B. The overall order of
the reaction is third.

Example 5.6 Determination of rate
equation
(Ladon, 2001, http://pages.towson.edu/ladon/kinetics
.html; Accessed March 5, 2012)

As noted earlier, the rate law must be determined

experimentally. Consider the following overall chemical
reaction:

2NO) + Oyp) === 2 NO,(g)
The proposed rate law for this reaction is as follows:
r = k[NOJ*[0,]

Three experimental runs were performed to confirm
the proposed rate law presented above. The table below
show the data collected during each run.

Rate of Initial [NO] Initial [O,]
Run reaction, concentration, concentration,
Number M/s M M
1 1.2x1078 0.10 0.10
2 2.4x1078 0.10 0.20
3 1.08x 1077 0.30 0.10

Solution

To develop the rate law, pick the first two runs and
determine how the rate of reaction is affected by doubling
the concentration of oxygen since the concentration of
nitrous oxide [NO] is held constant. The rate of reaction
has doubled by doubling the concentration of [O,].
Showing this mathematically as follows:

2=2

Therefore, the value of x must be equal to 1 and the
order of the reaction with respect to oxygen is 1.

Now select Runs 1 and 3, in which the concentration of
oxygen is held constant at 0.10 M: and the rate of reaction

1.08x10~7
12;W =9 ). The rate of

reaction increases nine-fold, while the concentration of
nitrous oxide is tripled. This is expressed mathematically
as follows:

increases by a factor of 9 (

9=3"

Therefore, the value of x must be 2; this means that the
order of reaction with respect to [NO] is 2. The proposed
rate law is correct.
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Determine the value of the reaction rate constant, k,
using data from one of the runs. Let us use the data from
Run #3:

r = kINOJ*[0,]

P S 1.08 x 107" M/s
~ [NOP[O,] — (0.30M)2(0.10M)

=12x10°M %!

The relationship among rate of reaction (r), concentration of
reactant (conc), and reaction order (n), can be simply expressed
as Equation (5.35).

r = (Conc)" (5.35)

Taking the natural logarithm of both sides of the equation
yields the following:

In(r) = nln(Conc) (5.36)

Equation (5.35) can be applied to experimental data by
taking the natural log (In) of the instantaneous rate of change of
the reactant concentration as a function of time, plotted against
the natural log (In) of the reactant concentration. Plotting

raised to the first power whereas, for second-order reactions,
the rate is proportional to the square of the reactant
concentration. Fractional orders may exist, too; however, for
developing rate equations in environmental applications,
integers values are typically assumed or used.

5.3.3 Reactions

Reactions that proceed according to simple, irreversible
reactions are typically zero-, first-, and second-, and perhaps
third-order with respect to one or more of their reactants.
Table 5.1 presents the general form of the equation that can be
derived for zero-, first-, and second-order removal and
production reactions. These equations only apply to
unimolecular, irreversible reactions that can be described as a
single reactant, A, being converted to a single product, P,
according to the following equation: A — P. The reaction rate
constant is denoted as “k” and the reaction time as “t”. “C” is
the concentration of a given species. A “removal” or
“consumption” reaction denotes the removal or conversion of a
given species during the reaction or process. Similarly, the
increase in concentration of a given species would signify a
“production” or “generation” reaction.

The equations in Table 5.1 may be used to determine the
required reaction time for a specified degree of conversion
within a reactor or process, or they may be used to predict the
effluent from a process, if the reaction time and reaction rate

Table 5.1 General form of zero-, first-, and
second-order reactions.

equation (5.36) yields a straight line with slope equal to the Order Removal Production
reaction order.
Figure 5.3 shows a In-In plot for determining the order of a Zero CG=C -k C=C+kt
reaction. Note that there is a difference in the increments used ‘ _
. . First C, =Ce™X C, =Cel
on the X and Y scales. A zero-order reaction results in a & © & g
horizontal line and the rate of reaction is independent of the Second I ke |l _
concentration of reactant. For a first-order reaction, the rate of o - G ¢ - @
reaction is directly proportional to the reactant concentration
14 Figure 5.3 Determination of reaction
order by In-In plot.
nd
1k 2"¢ Order
10
8 L
:;/ 1% Order
6 -
4
1
7k 1 Zero Order
e e S
O 1 1 1 1 1 1
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constant are known. The following sections illustrate the
derivation of some of these equations.

5.3.4 Zero-order reactions

A zero-order reaction is one that proceeds at a rate that is
independent of the concentration of any reactant. For example,
consider the irreversible conversion of a single reactant (A) to a
single product (P), according to Equation (5.37):

AP (5.37)

Assuming a zero-order removal reaction, the rate law
equation is written as follows:

e 6
dt

(5.38)
where:
i rate of change in the concentration of A with time or rate

f di ran fA, —Dass
of disappearance of A, e——
. S:

k = reaction rate constant, ——————.
(volume-time)

Equation (5.38) is a differential equation and can be
expressed in integral form as Equation (5.39) with limits from
C,» the initial concentration of A at time equal to 0 to C,, the
concentration of A at any time, t, as shown in Equation (5.39).

@ t
/ dC = —k/ dt
@ 0

The integrated form of Equation (5.39) is presented below:

(5.39)

C, —Co=—kt (5.40)
Environmental engineers apply Equation (5.40) in one of
two ways. Knowing the rate constant, k, and the initial and final
concentrations to a specific process, it is possible to determine

the required reaction time, ¢, as shown in Equation (5.41).

(541)

Alternatively, Equation (5.40) can be used as a predictive or
modeling tool by rearranging and solving for the final
concentration for a given reaction time and given reaction rate
constant as shown in Equation (5.42):

C, =Co—kt (5.42)
A zero-order removal reaction will plot as a straight line on
arithmetic paper with a negative slope (Figure 5.4). The value of
the reaction rate constant, k, is equal to the slope of the line.
The value of the Y-intercept for this plot is equal to the initial
concentration of reactant, C;. Similarly, a zero-order

+~— Y-intercept = C

Slope = k

Time (7)

Figure 5.4  Plot of zero-order removal reaction.

Slope = k

“—Y-intercept = C,

Time (1)

Figure 5.5 Plot of zero-order production reaction.

production reaction will plot as a straight line on arithmetic
paper with a positive slope.

The value of k is equal to the slope of the line and the
Y-intercept is equal to C;, (Figure 5.5).

5.3.5 First-order reactions

Reactions that proceed at a rate that is proportional to the
concentration of one of the reactants raised to the first power
are called first-order. Since the concentration of the reactant
changes with time, an arithmetic plot of product concentration,
C,, for a first-order removal reaction will be decreasing
exponentially, as shown in Figure 5.6.

Consider the irreversible conversion of a single reactant (A)
to a single product (P), as shown by Equation (5.43).

AP (5.43)

Y-intercept = C,
— P 0

Time ()

Figure 5.6  Arithmetic plot of first-order removal reaction.
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Writing the rate law equation, assuming a first-order
removal reaction, results in the following equation:

(5.44)

The integral form of Equation (5.44), with the same
integration limits as used for the zero-order derivation, where
C, = initial concentration of A at time equal to zero and
C, = concentration of A at any time, , results in Equation

(5.45):
C t
—dC= —I</ dt
JL, w==

The integrated form of Equation (5.45) is presented below.

(5.45)

In(C) = In(Cy) = —kt (5.46)

Taking the antilog of both sides of Equation (5.46) results in
the familiar form of a first-order or exponential equation,
Equation (5.47).

C,=Cpe™ (5.47)

where:

C, = concentration of A at time ¢, mg/L

C, = concentration of A at time zero, mg/L
K = reaction rate constant, time™!.

A plot of the natural logarithm of concentration versus time for
a first-order removal reaction, as shown in Figure 5.7, wil