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Preface

Without water, life cannot exist. Thus, securing an adequate supply of fresh,
clean water is essential to the health of humankind and the functioning of
modern society. Water is also known as the universal solvent„ it is capable
of dissolving a vast number of natural and synthetic chemicals. Increasing
population and the contamination of water with municipal, agricultural,
and industrial wastes has led to a deterioration of water quality and nearly
all sources of water require some form of treatment before potable use.
This textbook is designed to serve as an introduction to the “eld of water
treatment and the processes that are used to make water safe to drink.

The authors of this book have collaborated on two books that are
intertwined with each other, both published by John Wiley and Sons, Inc.
The other book, MWH•s Water Treatment: Principles and Design,3rd ed.
(Crittenden et al., 2012), was the source for a signi“cant portion of the
material in this book. The focus of this present book is on principles of
water treatment; it is suitable as a textbook for both undergraduate and
graduate courses. The other book is an expanded edition, nearly triple
the length of this one, that provides more comprehensive coverage of
the “eld of drinking water treatment and is suitable as both a textbook
and a reference for practicing professionals. The unit process chapters
of MWH•s Water Treatment: Principles and Designcontain a detailed analysis
of the principles of treatment processes as well as in-depth material on
design.MWH•s Water Treatment: Principles and Designalso provides extensive
chapters on the physical, chemical, and microbiological quality of water,
removal of selected contaminants, internal corrosion of water conduits,
and case studies that are not included in this book. Students who use this
textbook in a class on water treatment and go on to a career in design of
water treatment facilities are encouraged to consultMWH•s Water Treatment:
Principles and Designon topics that were beyond the scope of this textbook.
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Securing and maintaining an adequate supply of water has been one
of the essential factors in the development of human settlements. The
earliest communities were primarily concerned with the quantity of water
available. Increasing population, however, has exerted more pressure on
limited high-quality surface sources, and contamination of water with
municipal, agricultural, and industrial wastes has led to a deterioration
of water quality in many other sources. At the same time, water quality
regulations have become more rigorous, analytical capabilities for detecting
contaminants have become more sensitive, and the public has become
more discriminating about water quality. Thus, the quality of a water source
cannot be overlooked in water supply development. In fact, most sources
of water require some form of treatment before potable use.

Water treatment can be de“ned as the processing of water to achieve
a water quality that meets speci“ed goals or standards set by the end
user or a community through its regulatory agencies. Goals and standards
can include the requirements of regulatory agencies, additional require-
ments set by a local community, and requirements associated with speci“c
industrial processes.

The primary focus of this book is the principles of water treatment for
the production of potable or drinking water on a municipal level. Water
treatment, however, encompasses a much wider range of problems and ulti-
mate uses, including home treatment units and facilities for industrial water
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2 1 Introduction

treatment with a wide variety of water quality requirements that depend
on the speci“c industry. Water treatment processes are also applicable to
remediation of contaminated groundwater and other water sources and
wastewater treatment when the treated wastewater is to be recycled for new
uses. The issues and processes covered in this book are relevant to all of
these applications.

This book thoroughly covers the fundamental principles that govern the
design and operation of water treatment processes. Following this intro-
duction, the next three chapters provide background information that is
necessary to understand the scope and complexity of treatment processes.
Chapter2describes the relationshipbetweenwaterqualityandpublichealth,
introduces the types of constituents that are present in various water sup-
plies, and outlines some of the challenges faced by water treatment pro-
fessionals. Chapter 3 introduces how the physicochemical properties of
constituents in water and other factors guide the selection of treatment pro-
cesses. Chapter 4 introduces the core principles necessary for understanding
treatment processes, such as chemical equilibrium and kinetics, mass bal-
ance analysis, reactor analysis, and mass transfer. Chapters 5 through 13 are
the heart of the book, presenting in-depth material on each of the principal
unit processes traditionally used in municipal water treatment. Chapter 14
presents material on the processing of treatment residuals, a subject that can
have a signi“cant impact on the design and operation of treatment facilities.

1-1 The Importance of Principles

From the 1850s to about the 1950s, water treatment facilities were frequently
designed by experienced engineers who drew upon previous successful
design practices. Improvements were made by incremental changes from
one plant to the next. Treatment processes were often treated as a ••black
box,•• and detailed understanding of the scienti“c principles governing the
process was not essential in completing a successful design. In recent years,
however, signi“cant changes have taken place in the water treatment indus-
try that require engineers to have a greater understanding of fundamental
principles underlying treatment processes. Some of these changes include
increasing contamination of water supplies, increasing rate of technological
development, and increasing sophistication of treatment facilities.

Early treatment practices were primarily focused on the aesthetic quality
of water and prevention of contamination by pathogenic organisms. These
treatment goals were relatively clear-cut compared to today•s requirements.
Since about the 1950s, tens of thousands of chemicals have been developed
for a wide variety of purposes„about 3300 chemicals are produced in quan-
tities greater than 454,000 kg/yr (1,000,000 lb/yr) in the United States.
Some chemicals have leaked into water supplies and have carcinogenic or
other negative health impacts on humans. Many water supplies are now
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impacted by discharges from wastewater treatment plants and urban storm
sewers. Engineers may be required to identify and design treatment strate-
gies for chemicals for which no previous experience is available. As will be
demonstrated in Chap. 3, treatment processes depend on well-established
physicochemical principles. If the scienti“c principles are understood, it is
possible to identify candidate processes based on the expected interaction
between the properties of the contaminants and the capabilities of the
processes. For instance, by knowing the volatility and hydrophobicity of a
synthetic organic chemical, it is possible to predict whether air stripping or
adsorption onto activated carbon is a more suitable treatment strategy.

Technology has been accelerating the pace at which treatment equip-
ment is being developed. Engineers are faced with situations in which
equipment vendors and manufacturers have developed new or innovative
processes, and the engineer is assigned the task of recommending to a
client whether or not the equipment should be evaluated as a viable option.
Potable water is a necessary part of modern society, properly working pro-
cesses are a matter of public health, and consumers expect to have water
available continuously. Practical knowledge of previous successful design
practices may not be suf“cient for predicting whether new equipment
will work. Understanding the scienti“c principles that govern treatment
processes gives the engineer a basis for evaluating process innovations.

Treatment plants have gotten more complex. Sometimes facilities fail
to work properly and the engineer is called in to identify factors that are
preventing the plant from working or to recommend strategies to improve
performance. Often, the difference between effective and ineffective per-
formance is the result of scienti“c principles„a coagulant dose too low
to destabilize particles, a change in water density because of a change in
temperature, treatment being attempted outside the effective pH range. In
these instances, scienti“c principles can guide the decision-making process
regarding why a process is not working and what changes to operation
would “x the problem.

As a result, the range of knowledge and experience needed to design
water treatment facilities is extensive and cannot be learned in a single
semester in college; today•s design engineers need both knowledge about
the fundamental principles of processes and practical design experience.
This book provides a solid foundation in the former; other books focus
more on the latter, such as books by Kawamura (2000) and AWWA and
ASCE (2004). In addition, a companion book written by the authors, MWH•s
Water Treatment Principles and Design,3rd ed. (Crittenden et al., 2012), covers
both principles and design. While the coverage of that book is broad, it
is nearly triple the length of this book and is dif“cult to cover in detail
in a single engineering course. This book takes a focused approach on
principles of water treatment and does so with the perspective of applying
principles during design and operation so that it will serve as a useful
introduction into the “eld of water treatment.



4 1 Introduction

1-2 The Importance of Sustainability

Another concept in this book is that sustainability and energy consumption
should be considered in selecting treatment processes, designing them,
and operating them. There are several reasons for this approach. First, the
withdrawal, conveyance, treatment, and distribution of potable water„and
subsequent collection, treatment, and discharge of domestic wastewater„ is
one of the most energy-intensive industries in the United States. Only
the primary metal and chemical industries use more energy. A focus
on sustainability and energy considerations will help the water treatment
industry develop ways to be more ef“cient while conserving resources.

Water demand has grown in urban areas and adequate supplies of
locally available, high-quality water are increasingly scarce. Simultaneously,
the ability to detect contaminants has become more sophisticated, negative
health effects of some constituents have become more evident, regulations
have become more stringent, and consumer expectations of high-quality
water have become more strident. The growing trend toward use of poor-
quality water sources, coupled with these other effects, has stimulated a
trend toward more advanced treatment that requires more energy and
resources. Increasing energy and resource use will contribute to greater
pollution and environmental degradation; incorporating sustainability and
energy consumption into process and design practices will offset that trend
and allow higher levels of water treatment without the negative impacts.

Ultimately, the most important reason to consider sustainability in water
treatment plant design is an issue of leadership. Environmental engineering
professionals„the engineers who design water treatment facilities„ought
to be more knowledgeable about environmental considerations than the
general public and should demonstrate to other professions that successful
design can be achieved when the environmental impacts are taken into
account. The section on sustainability and energy considerations at the end
of each of the process chapters in this book is a small start in that direction.

References

AWWA and ASCE. (2004) Water Treatment Plant Design,4th ed., McGraw-Hill,
New York.

Crittenden. J. C., Trussell, R. R., Hand, D. W., Howe, K. J., and Tchobanoglous, G.
(2012) MWH•s Water Treatment: Principles and Design,3rd ed., Wiley, Hoboken, NJ.

Kawamura, S. (2000) Integrated Design and Operation of Water Treatment Facilities,
Wiley, New York.
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The primary purpose of municipal water treatment is to protect public
health. Water can contain a wide array of constituents that can make people
ill and has a unique ability to rapidly transmit disease to large numbers
of people. The purpose of this chapter is to introduce the relationship
between water quality and public health and identify the major sources
of contaminants in water supplies. The basic features of drinking water
regulations in the United States are introduced. The chapter ends with a
description of some of the challenges, competing issues, and compromises
that water treatment engineers must balance to successfully design a water
treatment system.

2-1 Relationship between Water Quality and Public Health

History of
Waterborne

Disease

Prior to the middle of the nineteenth century, it was commonly believed
that diseases such as cholera and typhoid fever were primarily transmitted
by breathing miasma, vapors emanating from a decaying victim and drifting
through the night. Serious engagement in treatment of public drinking
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6 2 Water Quality and Public Health

water supplies began to develop in the last half of the nineteenth century
after Dr. John Snow identi“ed the connection between contamination of
drinking water and waterborne disease. Snow•s discovery was later supported
by the advocacy of the germ theory of disease by the French scientist Louis
Pasteur in the 1860s and the discovery of important microbial pathogens
(microorganisms capable of causing disease) by the German scientist Robert
Koch. These developments led to the understanding that gastrointestinal
disease spreads when the pathogens in the feces of infected human beings
are transported into the food and water of healthy individuals„exposure
via the so-calledfecal-to-oral route. As a result, a number of strategies were
developed to break the connection between drinking water systems and
systems for disposal of human waste. These strategies included the use of
water sources that are not exposed to sewage contamination, the use of water
treatment on contaminated supplies, the use of continuously pressurized
water systems that ensure that safe water, once it is obtained, could be
delivered to the consumer without exposure to further contamination, and
the use of bacterial indices of human fecal contamination.

Continuous chlorination of drinking water as a means for bacteriological
control was introduced at the beginning of the twentieth century. In the
next four decades, the focus was on the implementation of conventional
water treatment and chlorine disinfection of surface water supplies. By
1940, the vast majority of water supplies in developed countries had ••com-
plete treatment•• and was considered microbiologically safe. The success
of “ltration and disinfection practices lead to the virtual elimination of
the most deadly waterborne diseases in developed countries, particularly
typhoid fever and cholera, as depicted on Fig. 2-1 (CDC, 2011).

In 1974, however, both in the United States and in Europe, it was dis-
covered that chlorine, the chemical most commonly used for disinfection,
reacted with the natural organic matter in the water to produce synthetic
organic chemicals, particularly chloroform. Since that time, decades of
research have shown that chlorine produces a large number of disinfec-
tion by-products (DBPs), and that alternate chemical disinfectants produce
DBPs of their own. The challenge to protect the public from waterborne
diseases continues as engineers balance disinfection and the formation of
treatment by-products.

In the 1970s and 1980s, it became apparent that some waterborne
diseases spread by means other than from one human to another via
the fecal-to-oral route. First among these are zoonotic diseases, diseases
that humans can contract via the fecal-to-oral route from the feces of
other animals. Examples of zoonotic pathogens areGiardia lambliaand
Cryptosporidium parvum.Second are diseases caused byopportunistic pathogens
that make their home in aquatic environments but will infect humans
when the opportunity arises. Examples of opportunistic pathogens are
Legionella pneumophila, Aeromonas hydrophilia, Mycobacterium aviumcomplex,
and Pseudomonas aeruginosa. An opportunistic pathogen is a microorganism
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Figure 2-1
Decline in the incidence of typhoid fever in the
United States due to the provision of higher quality
drinking water and other sanitation and hygiene
practice improvements. [Data from CDC (2011).]

that is not ordinarily able to overcome the natural defenses of a healthy
human host. Under certain circumstances, however, such organisms are
able to cause infection resulting in serious damage to the host. There
are two circumstances when opportunistic pathogens are more successful:
(a) when the immune response of the host has been compromised [e.g.,
persons with human immunode“ciency virus (HIV), persons on drugs that
suppress the immune system, the very elderly] or (b) when the host is
exposed to such high levels of the organism in question that the infection
becomes overwhelming before the body can develop a suitable immune
response. As a result of the possible presence of zoonotic pathogens,
“nding a water supply free of sewage contamination does not assure the
absence of pathogens and does not obviate the need for water treatment.
Also, understanding the role of opportunistic pathogens makes it clear
that purifying water and transporting it under pressure does not provide
complete protection, and growth of opportunistic pathogens must also be
controlled in distribution systems and in water system appurtenances.

Role of Water
in Transmitting

Disease

A unique aspect of water as a vehicle for transmitting disease is that a
contaminated water supply can rapidly expose a large number of people.
When food is contaminated with a pathogen, tens to hundreds of persons
are commonly infected. If a large, centralized food-packaging facility is
involved, thousands might be infected. However, when drinking water is
contaminated with a pathogen, typically hundreds of people are infected
and occasionally hundreds of thousands are infected. For example, it is
estimated that 500,000 people became ill from contaminated drinking water
in the 1993 Milwaukee Cryptosporidiumincident (MacKenzie et al., 1994).

The principal mechanisms for the transmission of enteric(gastrointesti-
nal) diseases are shown on Fig. 2-2. Suppose that, while infecting an adult,
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Figure 2-2
Schematic of routes of transmission for enteric disease.

a pathogen causes a severe, debilitating enteric disease that immobilizes
and seriously injures the infected person. The route of transmission can
be analyzed using Fig. 2-2. If an adult with severe illness is too debilitated
to prepare food, the organism cannot get into the food supply. However,
the organism does get in the sewer even if the sick person cannot get
out of bed. Once in the sewer, the organism is then transported to the
wastewater treatment plant. If the organism is not removed or inactivated at
the wastewater treatment plant, it enters the receiving watercourse. If that
watercourse serves as a water supply and water treatment does not remove
or inactivate the organism, both healthy toddlers and adults who drink the
water are exposed and may get infected. Thus, the entire population drink-
ing the water supply is potentially exposed to the disease-causing agent.
Under these conditions, an organism can successfully reproduce even if it
causes a severe disease from which the host rarely recovers. According to
some historical accounts, the classic form of Asiatic cholera that appeared
in the middle of the nineteenth century behaved in this way. The route of
transmission can be interrupted by removing or inactivating the organism
from the water either at the wastewater treatment plant or at the drinking
water treatment plant.

Figure 2-2 can also be used to consider the spread of the disease via
the food route. Adults with mild symptoms of the disease, if they do
not use adequate hygiene, may contaminate food when they prepare it.
Both toddlers and adults who eat the contaminated food may then get
infected. Some of those who get infected will be asymptomatic; others may
exhibit mild symptoms. Infected adults may again prepare and contaminate
food, and some infected toddlers will go to child-care centers. Toddlers
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in child-care centers will expose other toddlers. Adult caregivers can also
expose themselves while handling the sick toddlers.

Debilitating diseases are less likely to spread this way because seriously ill
adults are unlikely to be preparing food for others and seriously ill children
are unlikely to go to child-care centers. Furthermore, the drinking water
has no connection to this route of communication so treating the drinking
water will not stop it. The value of a water treatment intervention is much
greater where severe, debilitating disease is concerned.

Enteric organisms that cause seriously debilitating disease can be nearly
eliminated through water treatment because they depend on this route of
exposure for survival. When enteric organisms cause mild disease or asymp-
tomatic infections, water treatment can prevent the largest scale epidemic
events but the disease remains in the community. This is because mildly ill
or asymptomatic carriers will spread the disease via food preparation and
in child-care centers.

2-2 Source Waters for Municipal Drinking Water Systems

Designing on effective water treatment plant is a complex process because
of the wide variety of undesireable constituents that can be in the source
water. Even waters thought of as ••pristine•• might contain some constituents
that should be removed. The speci“c constituents in water, the relative con-
centrations of those constituents, and other water quality parameters that
affect treatment depend heavily on local conditions of geology, climate, and
human activity. Thus, treatment processes must be tailored to the speci“c
source water. The speci“c treatment challenges, however, are heavily in”u-
enced by the type of source water, which can include groundwater, lakes
and reservoirs, rivers, seawater, and wastewater impaired waters. Each type
of source will require different treatment processes and present different
challenges to the water treatment engineer. Constituents can enter the
water supply through several pathways, as depicted on Fig. 2-3. Potential
types of contamination and general characteristics of each type of source
are described in the following sections.

GroundwaterGroundwater is water that exists in the pore spaces between sand, gravel,
and rocks in the earth and can be brought to the surface using wells.
About 35 percent of people served by public water systems in the United
States are supplied with groundwater; nearly all the rest are supplied
with fresh surface water. Undesirable constituents in groundwater can be
either naturally occurring or anthropogenic(of human origin). The natural
constituents result from dissolution caused by long-term contact between
the water and the rocks and minerals. Some natural constituents that might
need to be removed by water treatment include:

� Iron and manganese: Depending on local conditions, groundwater
can be aerobic (in the presence of oxygen gas) or anaerobic (in
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Figure 2-3
Sources of naturally occurring constituents and contaminants in drinking water supplies.

the absence of oxygen-containing electron acceptors). In anaerobic
conditions, iron- and manganese-containing minerals are relatively
soluble and can dissolve into the water. When the water is aerated
and/or chlorinated, the iron and manganese react to form insoluble
species that precipitate and cause rust- and black-colored stains on
laundry and plumbing “xtures.

� Hardness:Hardnessis a characteristic of water caused by the presence
of calcium and magnesium, which are abundant in the Earth•s crust.
Hard water does not cause negative health impacts, but it reacts
with soap to form a white precipitate (soap scum), leaves water spots
on surfaces, and forms precipitates in water heaters, tea pots, heat
exchangers, boilers valves, and pipes, clogging them and/or reducing
their ef“ciency.

� Trace inorganics: Minerals can contain many trace elements, includ-
ing arsenic, barium, chromium, ”uoride, selenium, and species that
exhibit radioactivity such as radium, radon, and uranium. Many trace
inorganics exhibit toxicity, carcinogenicity, or other adverse health
effects, if concentrations are too high.
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� Salinity: Brackish groundwater with low to moderate salinity, ranging
from about 1000 to 5000 mg/L total dissolved solids (TDS), is rel-
atively common. Brackish wateris too salty for potable, industrial, or
agricultural applications (the United States secondary drinking water
standard for TDS is 500 mg/L). Interest in desalinating these sources
has increased in areas short on freshwater, such as Florida, Texas, and
the Southwest region of the United States.

� Natural organic matter: Most groundwaters have low concentrations
of natural organic matter (NOM), but some locations have shallow
groundwater that is hydraulically connected with swampy areas. The
Biscayne Aquifer in southeast Florida is an example of this type of
water source. These waters are highly colored (like weak ice tea),
which is not only undesirable aesthetically but can react with chlorine
during disinfection to form disinfection by-products that may be
carcinogenic.

In addition to these natural constituents, groundwater can contain a variety
of anthropogenic contaminants. The potential number of anthropogenic
contaminants is vast. In the United States, about 70,000 chemicals are
used commercially and about 3300 are considered by the U.S. Environ-
mental Protection Agency (EPA) to be high-volume production chemicals
[i.e., are produced at a level greater than or equal to 454,000 kg/yr
(1,000,000 lb/yr)]. Anthropogenic contributions to groundwater can come
from the following sources:

� Leaking underground storage tanks: Gas stations store gasoline
in underground tanks, which can corrode, leak, and contaminate
groundwater. Benzene, toluene, ethylbenzene, and xylene (BTEX)
are constituents in gasoline that must be removed from groundwater
to make it potable, and methyl t-butyl ether (MTBE) is a gasoline
additive that is particularly dif“cult to remove with conventional
water treatment processes.

� Leaking residential septic systems: Improperly constructed septic sys-
tems can leak nitrate, household chemicals, and other contaminants
into the water supply.

� Industrial contamination: Past practices of discharging chemical
wastes on the ground, in land“lls, in open pits, or into waste disposal
wells have contaminated water supplies with many kinds of indus-
trial chemicals. Industrial solvents like trichloroethene (TCE) and
tetrachloroethene (PCE) are particularly common contaminants in
groundwater. Inadvertent chemical spills also lead to contamination.

� Agricultural contamination: During irrigation, plants uptake some
water but excess water can percolate downward and reach the
underlying groundwater table. Pesticides, herbicides, and fertilizers
applied to the land can travel down with the water and contaminate the
groundwater. In addition, irrigation water will contain some dissolved
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salts and the plants can selectively uptake water, leaving the excess
water with higher salinity that can contaminate the groundwater with
excess salts.

In aquifers where groundwater withdrawals exceed rates of recharge, sea-
water migrates inland. This process, calledsaltwater intrusion, can result in
high concentrations of TDS (mainly sodium and chloride) at potable water
supply wells. Coastal areas in Florida and California have been affected by
saltwater intrusion. The only long-term solution is to balance supply and
demand, but saltwater intrusion can be slowed or reversed by injection of
water between the supply wells and the ocean, as shown on Fig. 2-4. Such
saltwater intrusion barriers typically consist of a network of wells arrayed
parallel to the shoreline to form a hydrostatic barrier. In several cases,
including four saltwater intrusion barriers in southern California, highly
polished reclaimed water has been used to create the groundwater barrier.

Despite the potential for many constituents to be in groundwater, an
advantage of this type of water supply is that the quality tends to be consistent
over time with little or no seasonal variation. Changes due to migration of
contaminants tend to happen slowly. Groundwater withdrawn from properly
constructed wells is free from pathogenic organisms and does not need to
be “ltered. A disadvantage, however, is that the quality of the water is not
known until the well has actually been drilled and pumped long enough to
exert its full zone of in”uence for some time. While general water quality can
often be predicted from the local geology, there have been many cases of
wells drilled to different depths or a few hundred meters apart that contain
signi“cantly different concentrations of trace constituents such as arsenic,
which then affects treatment requirements. The lack of reliable information
on the speci“cs of water quality prior to installing a well complicates the
treatment selection and design process in some locations.

It is important to realize that not all groundwaters will exhibit all of these
problems. Con“ned aquifers(isolated from the surface by a zone of lower
permeability) can be less susceptible to anthropogenic contamination,
depending on where the recharge zone is. Depending on local geology
and human activity, many groundwaters might be relatively pure and have
essentially no treatment requirements, others might have excessive iron
and manganese or high hardness, still others might have contamination
from septic tanks or fertilizers, and some will have a combination of these
problems. The treatment required will be different in each case, leading to
the reality that treatment practices must be tailored to the individual water
supply.

Rivers The water in rivers often has less mineral content than groundwater but
can dissolve natural materials during overland ”ow after rain or during
interaction with groundwater. Surface waters can contain ”oating and
suspended material like sediment, leaves, branches, algae, and other plants
or animals that wash into the water during overland ”ow or live in the
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water itself. The key element that distinguishes all surface waters from
groundwater is the potential for the presence of pathogenic bacteria and
other microorganisms that must be eliminated to make water safe to drink.
The necessity of removing pathogenic organisms makes surface water
treatment dramatically different from groundwater treatment; nearly all
surface water treatment plants have “ltration systems designed to physically
remove microorganisms and engineered disinfectant contact basins to
disinfect the water. In contrast, treatment facilities for groundwater have
processes focused on removing dissolved contaminants.
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Large storm events in the watershed can have a signi“cant impact on
water quality in rivers. A rainfall event can lead to rapid increases in turbidity
and simultaneous changes in the temperature, pH, alkalinity, dissolved
oxygen, and other water quality parameters. These changes in water quality
often require rapid changes in treatment operation to successfully treat
the water. Rivers in which water quality can change rapidly are known as
••”ashy•• rivers. Turbidity in the Rio Grande in the southwestern United
States can change from less than 100 NTU (nephelometric turbidity units)
to greater than 10,000 NTU in a matter of hours after a storm event. In
addition, surface waters are susceptible to seasonal changes in water quality;
in temperate climates, surface waters are warm in the summer and cold in
the winter and many other water quality parameters can change seasonally
as well.

The presence of plants and animals living in the watershed contributes
to NOM in river water supplies. Natural organic matteris the term used to
describe the complex matrix of organic chemicals originating from natural
biological activity, including secretions from the metabolic activity of algae,
protozoa, microorganisms, and higher life forms; decay of organic matter
by bacteria; and excretions from “sh or other aquatic organisms. The
bodies and cellular material of aquatic plants and animals contribute to
NOM. Natural organic matter can be washed into a watercourse from land
originating from many of the same biological activities but undergoing
different reactions due to the presence of soil and different organisms.
Surface water generally contains more NOM than groundwater and is more
likely to require treatment to remove NOM prior to disinfection than are
groundwater sources. The amount NOM and the chemical by-products
it forms when reacting with chlorine often in”uences the choices for
disinfection.

Surface water can be susceptible to exposure to anthropogenic con-
tamination, particularly if wastewater treatment facilities, industrial plants
discharges, or farms that use fertilizers and pesticides are located upstream
of the water treatment facility intake. Some utilities are successful in
limiting access to their watershed; for instance, Portland, Oregon, has
been able to remain exempt from “ltration requirements in their Bull
Run supply because of their ability to protect the high quality of their
source water.

In general, naturally occurring inorganics such as arsenic and selenium
are less of a concern in surface water than in groundwater because of
the shorter time for exposure to minerals. Hardness in an exception;
surface water can be fairly hard in regions with large deposits of limestone
and other calcium-bearing minerals. Many treatment facilities using the
Missouri, Mississippi, and Ohio Rivers in the central United States practice
lime softening to reduce hardness.

An advantage of surface waters is that water quality is easier to measure
and predict before the intake structure for the treatment facility is built.
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Historical water quality data can be obtained from agencies such as the U.S.
Geological Survey or other water utilities located upstream or downstream
of the proposed intake. Sampling can be conducted for a period of time
before facilities are built. Water quality can be similar to measurements
upstream or downstream provided that ”ows from tributaries, runoff, and
point source discharges are taken into account, in contrast to groundwaters
where the water quality from one well may not necessarily be similar to
nearby wells.

Lakes and
Reservoirs

Lakes and reservoirs share many water quality characteristics with rivers.
Signi“cant similarities include the presence of bacteria and other microor-
ganisms, the potential for anthropogenic contamination, and typically
higher NOM concentrations than groundwater. The differences between
rivers and lakes are related to factors affected by water velocity. The low
velocity in lakes allows sediment to drop out. Lakes typically have much
lower and more consistent turbidity than rivers, which makes treatment
easier. Alkalinity, pH, and other parameters are also more consistent
over time.

Lakes and reservoirs can be so quiescent that they become thermally
strati“ed during certain times of the year, as shown on Fig. 2-5. In the
summer, a layer of warm water forms at the surface (epilimnion) and
does not mix with colder water at lower depths (hypolimnion). The warm
water and sunlight at the surface can lead to algae blooms that contribute
to taste and odor problems in the water. The lack of exchange between
the upper and lower layers allows the hypolimnion to become depleted
in oxygen and the anaerobic conditions allow iron and manganese to
dissolve from sediments on the lake bottom. Water withdrawn through
intakes located at lower depths in the lake will need treatment for iron
and manganese during portions of the year. In the fall, the surface layer
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Strati“cation of a lake.



16 2 Water Quality and Public Health

can cool to below the temperature of the deeper water, at which time the
more dense water at the surface sinks to the bottom of the lake, causing the
water in the entire lake to turn over. Lake turnover can be a relatively rapid
event that changes the water quality at the location of the intake, requiring
changes in treatment practices.

Seawater Declining availability of freshwater sources may portend an increase in the
use of ocean water or seawater as a water supply. About 97.5 percent of
the Earth•s water is in the oceans and about 75 percent of the world•s
population lives in coastal areas. The salinity of the ocean ranges from
about 34,000 to 38,000 mg/L as TDS, nearly two orders of magnitude
higher than that of potable water. Tampa Bay, Florida, is an example of
a community using seawater for its water supply. The challenges for using
seawater as a source for potable water are primarily related to removing the
salinity, but individual species such as bromide and boron can complicate
the treatment processes. High levels of these parameters lead to a wide
range of effects, including impacts on health, aesthetics, and the suitability
of the water for purposes such as irrigation. Also the low hardness and
alkalinity and relatively high chloride content of desalted seawater present
special corrosion control challenges.

Wastewater-
Impaired
Waters

Communities generally discharge their treated municipal wastewater into
rivers, which then become the water supply for downstream communities.
It is not uncommon for the treated wastewater to be a signi“cant portion
of the ”ow of a river; the Trinity River system between Dallas and Houston
in Texas, for example, contains signi“cant amounts of treated wastewater.
Signi“cant increases in population density in regions with limited water
resources have prompted interest in treated wastewater as a potential water
supply, which in its most comprehensive form would be known as direct
potable reuse. Regulations currently restrict direct potable reuse because
potential health impacts resulting from long-term, low-level exposure to
chemicals and mixtures of chemicals present in wastewater ef”uent have
yet to be fully elucidated. However, the large contribution of wastewater
in some rivers results in de facto water reuse that raises the same issues.
De facto water reuse also increases the potential for pathogenic organisms
to be in the source water and the potential for household chemicals,
pharmaceuticals, and personal care products in the water supply has been
a concern among the public in recent years. A systematic analysis of the
contribution of municipal wastewater ef”uent to potable water supplies has
not been made in the United States for over 30 years. The lack of such
data impedes efforts to identify health impacts of de facto water reuse, and
additional research is needed regarding the appropriate level of treatment
for rivers with large contributions of treatment municipal wastewater.
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2-3 Regulations of Water Treatment in the United States

In the United States, regulations (or rules) are developed by regulatory
agencies to implement statutes, which are enacted by Congress and are
legally enforceable. Standards are the portion of a rule that de“nes the
allowable amount of a constituent in water. As analytical techniques for
measuring constituents in water have gotten more sophisticated and knowl-
edge of how human health is impacted by these constituents has grown,
standards and regulations have become more stringent, meaning more
constituents are regulated and at lower concentrations. Drinking water
standards and regulations are designed to protect human health and are
often so comprehensive that the design treatment process is dictated by
these mandates.

U.S. Public Health
Service

The United States began regulating drinking water quality in the early
1900s. The “rst drinking water quality regulations were developed by
the U.S. Public Health Service (U.S. PHS) and established bacteriological
quality standards for water supplied to the public by interstate carriers. After
the initial emphasis on controlling waterborne bacteria, new parameters
were regulated to limit exposure to contaminants that cause acute health
effects, such as arsenic, or that adversely affect the aesthetic quality of the
water. The U.S. PHS continued to set drinking water regulations over the
next 50 years, expanding into minerals, metals, radionuclides, and organics.
By the 1940s, with minor modi“cations, all 50 states adopted the U.S. PHS
standards.

U.S.
Environmental

Protection
Agency

Due to growing public concern with environmental issues, on July 9, 1970,
President Nixon sent an executive reorganization plan to Congress with
the goal of consolidating all federal environmental regulatory activities into
one agency. The U.S. Environmental Protection Agency (U.S. EPA) was
created on December 2, 1970, with the mandate to protect public health
and the environment, which included drinking water quality.

Safe Drinking
Water Act

The Safe Drinking Water Act(SDWA) was passed by Congress and signed
into law by President Ford on December 16, 1974 (Public Law 93-523).
Following the passage of the SDWA, the principal responsibility for set-
ting water quality standards shifted from state and local agencies to the
federal government. The SDWA gave the federal government, through
the U.S. EPA, the authority to set standards and regulations for drinking
water quality delivered by community (public) water suppliers. The SDWA
created the framework for developing drinking water quality regulations
by de“ning speci“c steps and timetables that were to be taken to estab-
lish the National Interim Primary Drinking Water Regulations (NIPDWR),
National Primary Drinking Water Regulations (NPDWR), and National
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Secondary Drinking Water Regulations (NSDWR). Although the U.S. EPA
sets national regulations, the SDWA gives states the opportunity to obtain
primary enforcement responsibility (primacy). States with primacy must
develop their own drinking water standards, which must be at least as
stringent as the U.S. EPA standards. Almost all states have applied for and
have been granted primacy.

SDWA
Amendments and
Updates

The SDWA has been reauthorized and amended since its original passage
in 1974. The most signi“cant changes were made when the SDWA was reau-
thorized on June 16, 1986 (Public Law 99-339), and when it was amended in
1996 (Public Law 104-182). The amendments of 1986 were driven by public
and congressional concern over the slow process of establishing NPDWRs.
The amendments enacted in 1996 included an emphasis on the use of
sound science and risk-based standard setting.

Since the inception of the SDWA, the number of regulated contaminants
has increased dramatically and continues to grow, as shown on Fig. 2-6.

Current Updating
Process for
Drinking Water
Contaminants

Our ability to identify the presence of contaminants at increasingly lower
levels, and the fact that it continues to outstrip our ability to understand their
consequences, presents a signi“cant challenge to drinking water regulators.
In an attempt to address this disparity, the U.S. EPA regularly updates the
list of constituents within the NPDWR. There are two avenues that ensure
that the regulated contaminants are kept up to date, as illustrated on
Fig. 2-7.

The “rst strategy is a regular review and revision of the existing reg-
ulations, which occurs once every 6 years. The second strategy is the

Figure 2-6
Growth in the number of regulated constituents
since the inception of the SDWA (U.S. EPA, 1999).

0

20

40

60

80

100

19
76

19
78

19
80

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

T
ot

al
 N

um
be

r 
of

re
gu

la
te

d 
co

ns
tit

ue
nt

s

Year

Radionuclides

Microbial
constituents

Inorganic
chemicals

Organic
chemicals



2-3 Regulations of Water Treatment in the United States 19

National Primary Drinking
Water Regulations: Maximum

contaminant levels (MCLs)
 for regulated contaminants 

CCL Universe
prioritized to establish

Preliminary CCL (PCCL) Evaluate new
knowledge to determine

(1) if changes are
warranted and (2) if
sufficient data are

availableCCLs selected
through expert panel

review process

If insufficient data are
available, research or

monitoring initiated
Regulations revised

accordingly
(or no change)

Regulatory
determination

Decision
not to

regulate

MCL goals
(MCLGs) based

on health

MCLs developed
based on MCLGs

and feasibility

Every 6 years:
Regulated contaminants

reviewed and revised

Every 5 years:
Contaminant Candidate

List (CCL) Universe
developed

Figure 2-7
Illustration of current protocol to maintain regulated contaminant list.

identi“cation and evaluation of potential water contaminants that may
deserve regulation, through a process that centers round the generation
and review of the Contaminant Candidate List(CCL). This list is regenerated
every 5 years. CCL1 was announced in 1998; CCL2 was announced in 2005;
CCL3 was announced in 2009; and CCL4 is due in 2014. The current pro-
cess for developing the CCL is based on advice from the National Research
Council (NRC, 2001). The initial step in developing the list involves the
establishment of a broad spectrum list of potential drinking water con-
taminants (called the Universe of Chemicals). This step is followed by a
screening step to narrow the universe to those contaminants that deserve
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further assessment based on their potential prevalence in drinking water
and impact on human health. This list is called the pre-CCL (PCLL).
Next, an expert panel is charged with the task to select, from the PCCL,
the contaminants for which suf“cient information is available to make a
regulatory determination as well as those warranting additional research
and monitoring to bridge the gaps necessary so that a regulatory determina-
tion can be made. In order to gather occurrence information to support the
CCL approach, the U.S. EPA also maintains an unregulated contaminant
monitoring regulation (UCMR). The list of compounds to be monitored
through this regulation is updated each time the CCL is updated. Finally,
if a given compound from the CCL is elected to be regulated, a maximum
contaminant level goal(MCLG) is established. An MCLG is a nonenforceable
concentration of a drinking water contaminant set at the level at which
no known or anticipated adverse effects on human health occur and that
allows an adequate safety margin. The MCLG, along with information on
treatment and limits of analytical detection, is then used as guidance for
the establishment of a maximum contaminant level(MCL). An MCL is an
enforceable standard set as close as feasible to the MCLG taking cost and
technology into consideration.

Acute versus
Chronic Exposure

Regulations and treatment practices are both in”uenced by a contaminant•s
health effect. Contaminants in drinking water can have effects that are
acute or chronic. As these terms are used here, they refer to the time of
exposure that is normally required to cause the identi“ed health effect. A
contaminant is said to have acute effects when health effects can result from
a brief exposure. The infections that result from exposure to pathogens are
acute. A contaminant is said to have chronic effects when health effects are
normally associated with long-term exposure. Carcinogens almost always
have chronic effects.

Acute contaminants often have instantaneous maximums for indicators
that cannot be exceeded, whereas chronic contaminants are more appro-
priately regulated on the basis of long-term averages. Where the design
of treatment processes is concerned, whether a contaminant is acute or
chronic can affect the type of multiple barriers that might be appropriate.
For example, for contaminants of all types, multiple barriers can be used to
expand the variety of contaminants the process train can effectively address
(i.e., robustness), but when an acute contaminant must be addressed, it is
especially important to use multiple barriers to improve the degree to which
the process train can be relied upon to remove it (i.e., reliability). These
principles are illustrated on Fig. 2-8 (Olivieri et al., 1999). In designing
a treatment system, reliability is paramount for a treatment scheme that
is intended to reduce acute health risks, however, robustness is suf“cient
for a treatment system intended to reduce chronic health risks. The pre-
vailing challenge is addressing those constituents that engender chronic
consequences.
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2-4 Evolving Trends and Challenges in Drinking Water Treatment

Engineers have been involved in the planning, design, and construction
of municipal water treatment systems for about 200 years. The last 30 or
40 years, however, have been a time of dramatic changes in the interre-
lationship between water quality and public health because of increases
in scienti“c understanding and growing human impact on water sources.
As a result, the modern water treatment engineer faces an increasingly
complex array of challenges, competing issues, and compromises that must
be balanced to successfully design a water treatment system. The overall
impact of these complexities is a need for engineers to have a solid grasp
on the scienti“c and fundamental principles underlying water treatment
processes, rather than designing solely from the perspective of applying
previously successful practices. Some of these complexities faced by water
treatment engineers include:

� Since Dr. Snow identi“ed the Broad Street well as the source of a
cholera epidemic in 1854, water has been recognized as an important
vehicle for transmitting disease by carrying fecal matter from sick
people to healthy people. As a result, water quality management
for many years was focused on disrupting this fecal-to-oral route;
minimizing contamination of water supplies (through wastewater
treatment) or protecting watersheds were important factors. With the
recognition in the 1970s and 1980s that G. lamblia and C. parvum
do not only follow the fecal-to-oral route but are also present in
the natural environment, it was realized that merely disrupting the
fecal-to-oral route is insuf“cient. Modern water quality management
practices must protect against and provide treatment for a wider array
of potential sources of microbial contamination.
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� In the early 1970s, it was discovered that chlorination of water con-
taining natural organic matter causes the formation of potentially
carcinogenic disinfection by-products. Thus, the bene“ts of chlorina-
tion for preventing acute illness are in con”ict with the potential for
chlorination to cause chronic illness. When it comes to disinfectants,
more is not always better. Modern water treatment must balance the
need to provide disinfection to prevent waterborne illness with the
need to restrict disinfection to minimize chronic health effects.

� A layperson•s view of water quality and public health might be that
water with no measurable contaminants is safe to drink and that the
goal of water treatment is to remove all measurable contaminants.
That view is unrealistic. Improvements in analytical equipment over
the last 30 to 40 years have made it possible to measure constituents
in water at exceedingly low concentrations. The result is that anthro-
pogenic chemicals can be detected in most water sources. Polychlo-
rinated biphenyls (PCBs) and other anthropogenic chemicals have
been detected in remote high mountain lakes in the Pyrenees and
Alps because of atmospheric deposition.

� The mere presence of constituents, however, does not imply negative
health impacts. People have different sensitivities to chemicals; when
exposed to the same concentration of the same chemical, one person
might be affected and another might not. Lowering the allowed con-
centration in water decreases the fraction of the population who may
be affected by a contaminant. The challenge is to “nd the appropriate
concentration that reduces the probability of harm to an acceptable
level; for instance, a probability of less than one in a million. Unfor-
tunately, human response to anthropogenic and natural chemicals
is exceedingly complex and identifying the ••correct•• concentration
that is protective of human health can be dif“cult. Chemicals may have
a threshold level below which they have no negative health effect, or
may even be bene“cial to health at low concentrations. For instance,
at high concentrations selenium, copper, and chromium are harmful
(EPA has MCLs for these contaminants), but at low concentrations
they are essential minerals (they are present in multivitamins). At
some threshold level, achieving increasingly lower concentrations in
water may have considerable costs but no public health bene“t. Mod-
ern analytical instruments are able to detect the presence of some
chemicals at concentrations substantially lower than that at which they
have a measurable impact on human health. A challenge in future
water treatment practice is balancing the level of treatment with actual
health bene“ts.

� Water is treated to exacting standards in central water treatment
facilities and then delivered to the community through underground
pipes„pipes that in some cases are decades old, full of deposits,
corroded, or leaking. In addition, the quality of water sitting stagnant
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in storage tanks and home plumbing “xtures naturally degrades as it
comes into equilibrium with adjacent materials. It is now possible to
achieve considerably better water quality at the discharge of a water
treatment plant than what actually arrives at the kitchen faucet. Water
treatment practices must consider the impact of water distribution on
water quality and balance the objectives at the plant ef”uent with the
objectives at the point of use.

� Water treatment plants supply water that is used for drinking, cooking,
bathing, cleaning clothes, ”ushing toilets, watering lawns, industrial
applications, and other uses. Only 3 to 4 percent of the water delivered
to a residence is actually destined for human consumption but all water
is treated to the same high level. Future water management practices
must balance the level of water quality achieved with the actual use of
the water, potentially supplying drinking water separately from water
for other uses.

� Many communities are experiencing shortages of locally available
high-quality water sources. Options for additional water supply include
greater use of local impaired water, such as treated wastewater ef”uent,
or transporting better quality water tens or hundreds of miles through
pipes and aqueducts. Neither option has clear advantages over the
other. Both may involve greater expenditure of energy and resources
than previous water treatment projects, with commensurate negative
impacts on the environment or human health. Future water treatment
practices must evaluate water treatment strategies from a holistic
perspective that considers all bene“ts and impacts to the community,
environment, and society.

The issues introduced in this chapter make it clear that water treatment
engineering continues to evolve. At the same time, the public•s expectations
for water quality have never been higher. An integration of past strategies
and progressive tactics are essential as new challenges continue to surface
and the fundamental mission expands.

2-5 Summary and Study Guide

After studying this chapter, you should be able to:

1. De“ne the following terms and phrases and describe the signi“cance
of each in the context of water quality and public health:

anthropogenic hardness opportunistic pathogen
brackish water lake turnover Safe Drinking Water Act
con“ned aquifer MCL saltwater intrusion
Contaminant Candidate List MCLG zoonotic disease
enteric disease natural organic matter
fecal-to-oral route pathogen
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2. Explain the role of water treatment in virtually eliminating deadly
waterborne diseases such as cholera and typhoid fever in developed
countries.

3. Explain why outbreaks of debilitating diseases that transmit via the
fecal-to-oral route can be effectively prevented by water treatment but
mild diseases cannot be prevented that way.

4. Describe the types of constituents that can be present in groundwater
and the pathways for these constituents to enter groundwater.

5. Describe the types of constituents that can be present in surface water
and the pathways for these constituents to enter surface water.

6. Describe the differences in water quality between groundwater and
surface water.

7. Describe the differences in water quality between rivers and lakes.

8. Describe what causes saltwater intrusion and how it can be prevented.

9. Explain the current process for updating drinking water quality
regulations in the United States.

10. Explain the difference between acute and chronic exposure to con-
taminants in drinking water.

11. Describe some of the evolving trends and challenges in drinking water
treatment.
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Chapters 5 through 13 in this book introduce individual separation pro-
cesses that are widely used in municipal drinking water treatment. Each
process is effective for some contaminants but not others. Some contam-
inants are treatable by several different processes. An important question
for the water treatment engineer is how to select the processes that should
be used for a particular situation. This chapter is devoted to the principles
that are used to answer that question.

An individual process is known throughout environmental engineering
and chemical engineering literature as aunit process. Water treatment plants
rarely contain a single unit process; instead, they typically have a series of
processes. Multiple processes may be needed when different processes are
needed for different contaminants. In addition, sometimes processes are
effective only when used in concert with another; that is, two processes
individually may be useless for removing a compound, but together they
may be effective if the “rst process preconditions the compound so that
the second process can remove it. A series of unit processes is called a
process trainor treatment train. The treatment train for a typical conventional
surface water treatment plant is shown on Fig. 3-1.

25
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Figure 3-1
Typical treatment train for a surface water treatment plant.

The central ingredient in process selection„the relationship between
the properties of constituents and the capabilities of separation processes„
is the “rst topic of this chapter. The following two sections address additional
considerations in process selection such as cost, reliability, and energy
consumption. The “nal section describes the design process and the steps
involved in selecting the process train.

3-1 Process Selection Based on Contaminant Properties

The source water for a treatment facility can contain a wide variety of con-
stituents that may be undesirable in potable water. Section 2-2 described the
constituents that can be in water, their sources, and the general differences
between groundwater and surface water. The speci“c constituents in water,
the relative concentrations of those constituents, and other water quality
parameters that affect treatment depend heavily on local conditions of geol-
ogy, climate, and human activity. Thus, water treatment facility processes
must be tailored for the speci“c situation.

Removing a constituent from water is done by exploiting differences
between that constituent and water; that is, if every physical, chemical,
and biological property of a constituent were identical to those of water
molecules, removal would be impossible. If, however, some property is
different and a process is able to exploit that difference, removal is possible.
The primary properties of interest include size, density, charge, solubility,
volatility, polarity, hydrophobicity, boiling point, chemical reactivity, and
biodegradability.

Classes of compounds tend to have similarphysicochemicalproperties
(the collective physical and chemical properties of a substance). For
instance, inorganic constituents frequently (but not always) are nonvolatile,
nonbiodegradable, and charged. Table 3-1 indicates general trends of



Table 3-1
General trends of physicochemical properties of some classes of constituents in water

Microorganisms Inorganics Synthetic Organics Natural
Organics

Radionuclides

Examples of
compounds

Viruses, bacteria,
protozoa

Na, Cl, Fe, Mn,
As, Pb, Cu, NO3Š

Pesticides, solvents,
pharmaceuticals

Products of
decaying plants
and animals

Ra, U, radioactive
inorganic
chemicals

Size Particles
(0.0025…10µm)

Small molecules
(low MW)

Molecules
(usually low MW)

Large molecules
(high MW)

Small molecules

Density Close to that of
water

Varies (as a
precipitate). Does
not apply if
dissolved.

Varies (as a liquid
phase). Does not
apply if dissolved.

Does not apply
(is dissolved).

Does not apply
(is dissolved).

Charge Some negative
surface charge

Positive or
negative

Usually no Negative charge Varies

Soluble No Varies Varies Yes Varies

Volatile No No Varies No No (except radon)

Polar N/A Yes Varies Yes No

Hydrophobic No No Usually yes No No

Boiling point N/A Very high Varies Very high Very high

Chemically
reactive

Yes Yes Yes Yes No

Biodegradable Yes No Usually yes Usually no No

27
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properties of various constituents in water. This table is a starting point for
deciding what processes might be appropriate for removing a particular
constituent. The next step would be a more detailed investigation of the
properties of the speci“c constituents in the particular source water of
interest.

The second essential element for process selection is the ability of a unit
process to capitalize on differences in the properties of constituents. Each
unit process relies on one or more key properties. For instance, air stripping
relies on the difference in volatility between a constituent and water. The
more volatile a chemical is, the easier it is to remove from water. The
properties exploited by each unit process covered in this book are listed in
Table 3-2. Comparing Tables 3-1 and 3-2 reveals the processes that might
be most appropriate for speci“c constituents. Air stripping and adsorp-
tion are the most common processes for removing organic contaminants,
although reverse osmosis and advanced oxidation can also be effective.
Granular “ltration or membrane “ltration, sometimes preceded by coagu-
lation, ”occulation, and sedimentation, are the best processes for removing
particles and microorganisms. Common processes for removing inorganic
constituents include coagulation followed by “ltration (contaminants are
co-precipitated and/or adsorbed onto particles after addition of a chem-
ical), oxidation followed by “ltration (solubility decreases with a change
in the oxidation state), lime softening (co-precipitation and/or adsorption
after addition of lime), adsorption onto activated alumina, ion exchange,
and reverse osmosis. Process selection can only proceed when the properties
of the constituents and the principles of the unit processes are understood.

The properties shown in Table 3-1 are general trends; speci“c chemicals
may have different properties. For instance, ammonia and silica, both
inorganic chemicals, are volatile and uncharged, respectively, at ambient

Table 3-2
Properties exploited by unit processes and the constituents in water for which each is
commonly used

Process Chapter Properties Exploited Most Common Target Constituents

Adsorption 10 Polarity, hydrophobicity Dissolved organics
Air stripping 11 Volatility Dissolved organics
Disinfection 13 Chemical reactivity Microorganisms
Granular “ltration 7 Adhesive molecular forces Particles
Ion exchange 10 Charge Dissolved inorganics
Membrane “ltration 8 Size Particles
Oxidation 12 Chemical reactivity Dissolved organics and inorganics
Precipitation 5 Solubility Dissolved inorganics
Reverse osmosis 9 Size, charge, polarity Dissolved inorganics
Sedimentation 6 Density, size Particles
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Figure 3-2
Speciation of arsenic as a function of the pH of the water: (a) arsenite [As(III)] and (b) arsenate [As(V)].

pH conditions. Properties may depend on the speciation of the chemical,
which in turn depends on solution chemistry. As an example, arsenic
commonly exists in water in the III (arsenite) or V (arsenate) oxidation
states. Arsenic is not present as As3+ or As5+ ions, but forms triprotic weak
acids in water; As(III) forms H 3AsO3 and As(V) forms H 3AsO4. As weak
acids, arsenic species dissociate to form charged species. The speciation of
arsenic as a function of pH and oxidation state is displayed on Fig. 3-2. As
shown on this “gure, neutral H 3AsO3 is the predominant arsenite species
below pH 9.2 and negatively charged H2AsO3

Š is predominant between pH
values of 9.2 and 12.1. For arsenate species, H2AsO4

Š is the predominant
species between pH values of 2.2 and 6.8, and HAsO42Š is predominant
between pH values of 6.8 and 11.6. Charged inorganics tend to be easier
to remove from water than neutral ones. Thus, removal of arsenic might
involve addition of an oxidant to convert As(III) to As(V), followed by
addition of an acid or base to change the pH and convert arsenic to the
desired species, followed by a separation process that exploits charge as
a removal mechanism. In fact, ion exchange relies on charge and is one
process that can remove arsenic from water.

The overall message is that the effectiveness of various unit processes
at removing speci“c contaminants is founded in well-established scienti“c
principles. It should be possible to predict the effectiveness of a process for
any contaminant if the properties are understood. When process perfor-
mance is not as expected, it is often because some aspect of the physico-
chemical properties (such as pH dependence) has been overlooked, that
properties are not well understood, that various properties of a chemical may
have contradictory effects, or that other constituents in the water compete
or interfere with treatment for the desired chemical (i.e., sulfate interferes
with removal of arsenic by ion exchange). A “nal consideration is kinetics
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(see Chap. 4). In some cases, the rate of a reaction may be as important as the
equilibrium condition. For instance, physicochemical properties may indi-
cate that a precipitation or oxidation reaction may take place, but the rate of
reaction could be so slow that it does not occur within the time available in
the treatment facility. The importance of chemistry„the chemistry of the
constituents, the chemistry of the processes, and the chemical composition
of the water„should be evident to students who are studying water treat-
ment. Basic concepts of chemical equilibrium and kinetics are introduced
in Chap. 4, but additional knowledge and understanding of chemistry is
necessary to be an effective water treatment engineer.

3-2 Other Considerations in Process Selection

While constituent properties and process capabilities are the cornerstone
of process selection, other factors must be considered. Some important
considerations are removal ef“ciency, reliability, ”exibility, a successful
operating history, utility experience, and cost.

Removal
Ef“ciency

The objective of treatment processes is to remove contaminants. Removal
can be determined for bulk water quality measures (e.g., turbidity, total
dissolved solids) or for individual constituents of interest (e.g., perchlorate,
Cryptosporidium oocysts). The fraction of a constituent removed by a process
can be calculated with the equation

R =
�

1 Š
Ce

Ci

�
(3-1)

where R = removal expressed as a fraction, dimensionless
Ce = ef”uent concentration, mg/L
Ci = in”uent concentration, mg/L

In general, Eq. 3-1 is used where the removal ef“ciency for a given con-
stituent is three orders of magnitude or less (i.e., 99.9%). For some
constituents, such as microorganisms and trace organics, and some pro-
cesses, such as membrane “ltration, the concentration in the ef”uent is
typically three or more orders of magnitude less than the in”uent concen-
tration. For these situations, the removal is expressed in terms of base 10
log removal value(LRV) as given by the equation

LRV = log(Ci ) Š log(Ce) = log
�

Ci

Ce

�
(3-2)

The log removal notation is used routinely to express the removals
achieved with membrane “ltration (Chap. 8) and for disinfection
(Chap. 13).

Calculation of removal and log removal value is demonstrated in
Example 3-1.
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Example 3-1 Calculation of removal and log removal value

During testing of a prototype membrane “lter, bacteriophage concentrations
of 107 mLŠ1 and 13 mLŠ1 were measured in the in”uent and ef”uent,
respectively. Calculate the removal and log removal value.

Solution

1. Calculate removal using Eq. 3-1:

R = 1 Š
Ce

Ci
= 1 Š

13 mLŠ1

107 mLŠ1
= 0.9999987

2. Calculate the log removal value using Eq. 3-2:

LRV= log
�

Ci

Ce

�
= log

�
107 mLŠ1

13 mLŠ1

�

= 5.89

Comment

Note that seven signi“cant digits are necessary to express removal ade-
quately in arithmetic units, but only three signi“cant digits are necessary to
express log removal value for this example. Also note that LRV= 5 corre-
sponds to 99.999 percent and LRV= 6 corresponds to 99.9999 percent
removal (i.e., the log removal value equals the ••number of 9•s••).

ReliabilityReliability has at least two meanings with respect to water treatment. First,
process reliability indicates a process•s ability to continuously meet the
treatment objective. Some processes are very reliable and are able to meet
treatment objectives despite changes in raw-water quality or operating
parameters. Other processes are more sensitive to changes. Reliable pro-
cesses are always preferred but are particularly important for contaminants
such as pathogens that can cause acute health effects.

Second, a process must have mechanical and hydraulic reliability. Readily
accessible potable water is a necessary part of modern society and is provided
to customers as a utility such as gas or electricity. Consumers expect to have
water available continuously. Processes that require very little oversight or
maintenance, have few moving parts, or operate by gravity tend to be more
reliable than processes with many complex components.

An example of the difference between process reliability and hydraulic
reliability is the difference between granular “ltration and membrane
“ltration. Granular “lters operate by gravity and are hydraulically very
reliable but require operator attention and proper pretreatment. Rapid
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changes in raw-water quality can lead to poor ef”uent water quality if
operators do not respond correctly. In contrast, the removal ef“ciency of
membrane “lters is independent of raw-water quality; the ef”uent always
meets treatment goals when they are working correctly. Changes in raw-
water quality, however, can lead to membrane fouling and decreased
passage of water through the “lters. Thus, although water quality would be
acceptable, the quantity of water produced may be insuf“cient.

Multiple-Barrier
Concept

The reliability of a treatment train can be increased by providing multiple
barriers for the same contaminant in series. Multiple barriers provide a
factor of safety in the event one process fails even for a short period of time.
Multiple-barrier reliability is particularly important for pathogens because
acute effects can result from short-term exposure. The multiple-barrier
approach is more than just redundancy. Multiple barriers will increase
the reliability of the system even if the overall removal capability is not
signi“cantly different. A thought experiment that illustrates the increased
reliability of multiple barriers is presented in Example 3-2.

Example 3-2 Effect of multiple barriers on reliability

Consider two treatment train alternatives. Train 1 has one unit process
that reduces the target contaminant by six orders of magnitude (a 6 log
reduction) when operating normally. Train 2 has three unit processes in
series, each of which reduces the target contaminant by two orders of
magnitude (a 2 log reduction in each step) when operating normally.

For the purpose of this analysis, assume that each unit process fails about
1 percent of the time and that when it fails it achieves half the removal that
it normally achieves. With this information, estimate (a) the overall removal
for trains 1 and 2 when all the unit processes are operating normally and (b)
the frequency (in days per year) of various levels of treatment for each train
assuming that process failures occur randomly.

Solution

1. Overall removal during normal operation:
a. Train 1. Normal operation= 6 log removal.

b. Train 2. Normal operation= 2 + 2 + 2 = 6 log removal.

2. Frequency of various levels of removal:
a. Train 1:

i. Provides 6 log removal 99 percent of time= 0.99 × 365 d =
361.35 d.

ii. Provides 3 log removal 1 percent of time= 0.01 × 365 d =
3.65 d.
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b. Train 2:
i. Provides 6 log removal when all three processes are operating

normally= 0.99 × 0.99 × 0.99 × 365 d = 354.16 d.

ii. Provides 5 log removal when two processes are operating
normally and one is in failure mode= 0.99 × 0.99 × 0.01 × 3
(failure mode combinations)× 365 d = 10.73 d.

iii. Provides 4 log removal when one process is operating normally
and two are in failure mode= 0.99 × 0.01 × 0.01 × 3 (failure
mode combinations)× 365 d = 0.11 d = 2.6 h.

iv. Provides 3 log removal when all three processes are in failure
mode = 0.01 × 0.01 × 0.01 × 365 d = 0.00037 d = 32 s.

3. The results of this analysis are displayed in the following table:

Time of Operation

Log During Typical Year, d

Removal Train 1 Train 2

6 361.35 354.16
5 10.73
4 0.11
3 3.65 0.00037

Total 365.0 365.0

Comment

These results show that multiple barriers (train 2) are more robust. If the
regulatory treatment requirement is for 4-log removal, train 2 reduces the
time during which the customer is exposed to removal below this level by
10,000-fold, from 3.65 d per year to 0.00037 d per year (32 s). The use of
multiple barriers in treatment provides reduced exposure to the risks that
are associated with process failure.

FlexibilityFlexibility is an important consideration in process selection. Processes
and process trains need to accommodate changes in raw-water quality.
For instance, some types of sedimentation facilities can produce consistent
ef”uent quality in spite of rapid changes in in”uent quality, whereas other
types cannot accommodate rapid changes in in”uent water quality. Reg-
ulations for water treatment have changed frequently over the past several
decades and will undoubtedly do so in the future as additional research on
new contaminants and processes becomes known. Processes and process
trains should have the ”exibility to accommodate changes in regulations
so that utilities are not forced to upgrade or replace processes every time
a new regulation is passed. Additional processes can be added to a process
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train if space and hydraulic capacity has been made available in the original
design. Processes also need the ”exibility to accommodate an increase in
capacity as the water demand in the community increases over time.

Successful
Operating History

Some treatment processes have been used successfully for more than 100
years. Newer processes can offer advantages such as improved process per-
formance, less waste production, easier operation, less maintenance, or
lower cost. Equipment manufacturers sometimes develop new or updated
processes that offer distinct advantages over existing equipment options.
Other times, perceived bene“ts are nothing more than marketing claims to
improve equipment sales. New equipment and processes must be consid-
ered cautiously„public health depends on a properly working treatment
facility. Thus, a successful operating history in other applications should
be considered during process selection, and newer processes should be
considered only when the water treatment engineer can validate the claims
of superior performance. One objective of this book is for water treatment
engineers to understand the principles of unit processes. With that knowl-
edge, an engineer can more reliably assess the claims of a manufacturer
selling a new product. New products must still follow scienti“c principles.

Utility Experience The unit processes in a treatment facility must be within the ability of the
utility to properly operate and maintain them. Small water utilities often do
not have the resources to hire and pay experienced operators who can be
dedicated to proper operation of complex processes. In those cases, simple
and automated processes may be more appropriate.

Cost Cost must be a consideration in process selection. Since potable water is
a utility provided at a municipal scale, costs must be affordable by the
public. Both construction and operating costs are important, and many
times the operating cost of a process will be a more signi“cant factor than
the construction cost.

3-3 Sustainability and Energy Considerations

Society has recently become concerned with climate change and other issues
related to sustainability. While sustainabilitycan mean different things to
different people, a commonly accepted de“nition, from the 1987 Brundt-
land Commission report Our Common Future, is ••the ability of a society to
meets their needs without compromising the ability of future generations to
meet their own needs•• (WCOED, 1987, p. 24). In other words, our society
should not consume resources at such a rate that they would be unavailable
in the future nor degrade the environment to such an extent that it would
be unusable in the future.
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Sustainability is particularly relevant to the water industry because water
use has a large impact on the environment. The Electric Power Research
Institute (EPRI) (2009) reports that the water and wastewater industry in
the United States used 123.45 billion kWh of electricity in 2000. This value
was about 3.4 percent of all end-use electricity in the United States, making
the water and wastewater industry sector the third largest consumer of
electricity, behind only the chemical and primary metals industries.

Individual consumers can reduce their environmental impact by con-
sidering gas mileage as one factor when choosing one car over another
or choosing compact ”uorescent lightbulbs over incandescent ones. The
water treatment industry can make similar choices. While water quality,
physicochemical properties, and treatment mechanisms are clearly impor-
tant in process selection, sustainability should be a consideration when two
or more processes may be effective at meeting a treatment goal. Sustain-
ability should also be a consideration when setting process design criteria;
small changes in design criteria can have signi“cant impacts on the energy
consumed over the lifetime of a treatment plant.

Life-Cycle
Assessment

While sustainability is a broad and general term, standard procedures are
available for quantifying potential environmental impacts from a product,
process, or service. The approach is calledlife-cycle assessment(LCA) and
is codi“ed in the International Standard Organization (ISO) 14040 series
standards. An LCA is a cradle-to-grave analysis, examining the total envi-
ronmental impact of a product through every step of its life, from raw
material acquisition, manufacturing, distribution, use by consumers, and
ultimate disposal.

An LCA has four components. First, the goals and scope of the assess-
ment are de“ned, followed by an inventory assessment in which the relevant
inputs and outputs to the system are quanti“ed. Next, the potential envi-
ronmental impacts associated with those inputs and outputs are calculated.
Finally, the results are interpreted and opportunities to reduce the envi-
ronmental impact are identi“ed.

Society is currently focused on climate change. However, climate change
is just one of many potential impacts on the environment. LCAs may
consider a number of potential environmental impact categories, such as

� Global warming
� Stratospheric ozone depletion
� Acidi“cation potential
� Eutrophication potential
� Photochemical smog formation
� Terrestrial toxicity
� Aquatic toxicity
� Human health
� Resource depletion
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These impacts cannot easily be compared to each other (i.e., how do
you compare two design options when one might have a greater impact
on global warming and the other might have a greater impact on human
health?). Thus, overall environmental indicators have been developed that
weight and normalize impacts on a common scale so that a single “nal score
can be reported. Eco-Indicator 99 and Eco-Points 97 are two examples of
overall environmental indicators used in LCA.

A full LCA is a data-intensive and laborious activity. Thus, many LCAs are
streamlined by limiting the scope, for instance, by neglecting components
that are expected to have minimal impact. In addition, software packages
are available to assist with the collection and interpretation of LCA data.
SimaPro by Pŕe Consultants (2011) and GaBi by PE International (2011)
are two commonly used software packages.

Life-Cycle
Assessment of
Water Treatment
Facilities

A number of LCAs have been conducted of individual unit processes and
full water treatment plant trains over the past 10 to 15 years. Analyses have
considered the impacts of constructing the facility, operating the treatment
facility, and decommissioning the plant after its useful life. The construction
phase considers acquisition of materials needed to build the plant, such as
concrete and steel, and the impact associated with the actual construction
process. A conclusion from the existing LCA literature of water treatment
processes is that construction is usually a minor component, typically 5 to 20
percent, of the overall environmental impact. Similarly, decommissioning
of a treatment facility at the end of its useful life has a very small impact,
less than 1 percent of the total (Vince et al., 2008). Operation typically has
the largest environmental impact.

Three potential sources of environmental impact from water treatment
plant operation are energy consumption, obtaining chemicals and other
consumable materials, and waste production. Of these, energy consumption
has generally been found to have the largest single impact; in some
processes, such as reverse osmosis, energy use during operation accounts for
more than 80 percent of all environmental impacts over all plant life stages.

Pumping is a major source of energy consumption in water treatment.
Energy consumed during pumping depends on the ”ow rate and the
pressure:

PW =
QFP

e
(3-3)

where PW = power, W (or rate of energy consumption, kWh/d)
QF = feed water ”ow rate, m3/d or ML/d
P = pressure, Pa
e= ef“ciency

Pumps are rated in units of either pressure or head, but the two are
related:

P = �gh (3-4)
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where � = density of ”uid, kg/m 3

g = gravitational constant, 9.81 m/s2

h = head, m

Speci“c energy consumptionis the energy consumed per unit volume of water
produced and can be calculated from

E =
PW

QP
(3-5)

where E = speci“c energy consumption, kWh/m 3

QP = product water ”ow rate, m 3/d or ML/d

In a single pump, the feed ”ow rate and product ”ow rate are the same.
In many treatment processes, however, a portion of the feed water is used
within the process (e.g., for backwashing during granular “ltration) or
becomes a waste stream (sludge withdrawal in sedimentation or concentrate
from reverse osmosis). In these processes, the fraction of product water
produced by the process is called the recovery:

r =
QP

QF
(3-6)

where r = is the recovery.

Recovery can have an important impact on speci“c energy consump-
tion. Examples of speci“c energy consumption calculations are shown in
Example 3-3.

Example 3-3 Speci“c energy consumption during pumping

Calculate the speci“c energy consumption of the following scenarios: (a) a
reverse osmosis (RO) system designed to produce 19,000 m3/d (5 mgd) at
80 percent recovery. The RO feed pumps operate at 16 bar (232 psi) and
87 percent ef“ciency, and (b) distribution pumps operating at 3785 m3/d (1
mgd), 90 m head (295 ft), and 85 percent ef“ciency.

Solution

Part 1

1. Calculate the feed water ”ow using Eq. 3-6:

QF =
QP

r
=

19,000 m3/d
0.80

= 23,750 m3/d
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2. Calculate the pump power using Eq. 3-3. Note: 1 bar= 100 kPa =
105 N/m2:

PW =
QFP

e
=

(23,750 m3/d)(16 × 105 N/m2)
0.87(86,400 s/d)

= 5.06 × 105 N · m/s = 506 kW

3. Calculate speci“c energy consumption using Eq. 3-5:

E =
PW

QP
=

506 kW(24 h/d)

19,000 m3/d
= 0.64 kWh/m3

Part 2

1. Calculate the pressure produced by the pump using Eq. 3-4. Note:
1 N = 1 kg · m/s2:

P = � gh = (1000 kg/m3)(9.81 m/s2) (90 m)= 8.83 × 105 N/m2

2. Calculate speci“c energy consumption. Note thatQF = QP so the
”ow cancels out if Eq. 3-3 is substituted into 3-5. Also note that
1 N · m = 1 J = 1 W· s, so 1 kWh= 3.6 × 106 N · m:

E =
P
e

=
8.83 × 105 N/m2

0.85

�
1 kWh

3.6 × 106 N · m

�
= 0.29 kWh/m3

Because of the overall signi“cance of energy consumption in life-cycle
impacts, energy consumption can be used as an overall environmental
indicator. Studies have found the average overall energy consumption
at typical surface water treatment plants, including raw-water pumping,
treatment processes, and distribution pumping, is between 0.37 and 0.50
kWh/m 3. Energy use will vary signi“cantly depending on raw and distri-
bution pumping requirements and on the unit processes in the plant.
Figure 3-3 summarizes speci“c energy consumption data for various water
treatment processes. This table is a starting point for considering sustain-
ability when evaluating alternative unit processes. Additional energy and
sustainability considerations are addressed in the individual unit process
chapters throughout this book.
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Figure 3-3
Electricity consumption by common water treatment processes (data obtained from Elliott et al., 2003; Vince et al., 2008;
EPRI, 2009; Veerapani et al., 2011; and authors• experience).

3-4 Design and Selection of Process Trains

The treatment train selection process starts with at least three key pieces
of information: (1) the source water quality, (2) the desired “nished-water
quality, and (3) the quantity of water needed (the capacity of the facility).
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Source water quality may be available from several sources. First, his-
torical data may be available. If the utility for which the facility is being
constructed has another facility at the same or a nearby location, water
quality data will be available from the existing facility. Other utilities that
withdraw water upstream or downstream are also excellent sources of water
quality data. Finally, state and federal agencies may have long-term sam-
pling programs that have collected water quality data from the proposed
source water. For instance, the U.S. Geological Survey (USGS) National
Water Information System (NWIS) (USGS, 2011) is a compilation of the
results from millions of water quality analyses sampled at many surface water
and groundwater sites throughout the United States, free and available on
the Internet.

In addition to historical data, it may be bene“cial to conduct a directed
study to collect additional water quality data at the actual site of the
proposed intake or well. Sampling may be conducted as part of a pilot study
(discussed later in this chapter), to gain information about speci“c, new, or
unregulated contaminants, if the historical record is not suf“cient to make
process decisions or to support permitting or regulatory requirements.

The primary factors affecting the selection of “nished-water quality goals
are the intended use of the water and the regulatory parameters governing
that use. The primary focus of this book is municipal drinking water.
Guidelines or regulations for drinking water are set at a national or state
level. Sources for drinking water quality guidance in several nations are
shown in Table 3-3.

States or member nations can set limits on water quality more stringent
than the guidance sources listed in Table 3-3. Utilities also sometimes
set drinking water target levels lower than regulated limits. Lower limits
established during design are useful because they provide a factor of safety
for variability during operation. They may also instill public con“dence in
the utility. Unregulated parameters may also be part of the “nished-water
quality goals when the source water has unique sources of contamination,
when future regulation of unregulated parameters is anticipated, or to
instill additional public con“dence in the water supply and the utility.

Armed with raw-water quality data and “nished-water quality goals,
water treatment engineers can begin to select the treatment train. Sources

Table 3-3
National and international guidelines for drinking water quality

Country or Region Guidance or Regulatory Document Reference

United States Safe Drinking Water Act EPA (2011)
Canada Guidelines for Drinking Water Quality Health Canada (2011)
European Union Drinking Water Directive Europa (2011)
International Guidelines for Drinking Water Quality WHO (2011)
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of information that are useful during process selection include the
following:

� Textbooks, design guides, and reference materials:Numerous text-
books are available with detailed information on the design of unit
processes and the contaminants for which they are effective. Examples
include MWH•s Water Treatment: Principles and Design(Crittenden et al.,
2012), and Integrated Design and Operatic of Water Treatment Facilities
(Kawamura, 2000). A popular reference for treatment plant design
used in the mid and eastern United States is known as the Ten State
Standards (Great Lakes…Upper Mississippi River Board, 2007). The
U.S. EPA and the American Water Works Association (AWWA) have
published manuals and reports on treatment processes.

� Regulatory guidance:For contaminants regulated in the Safe Drinking
Water Act, the U.S. EPA has designated certain processes asbest
available technology(BAT), which are processes that EPA certi“es
as being the most effective for removing a contaminant. For some
contaminants, the U.S. EPA identi“es treatment techniques, which are
speci“c processes and associated requirements that are required in
order to meet the regulations.

� Engineering experience: Experience acquired through treatment of
the same or similar source waters provides an excellent guide in
selecting the treatment process scheme. Experience may come from
other engineers within the organization, from the utility, or other
utilities in the region.

� Recent research:For contaminants that are not currently regulated,
treatment information can often be found in recent scienti“c litera-
ture such as journals and conference proceedings.

� Laboratory (bench) testing: Bench testing involves transporting a
small quality of source water to an offsite location for analysis. Testing
is typically done in batch reactors (see Chap. 4), compared to the
continuous-”ow reactors common in pilot testing or full-scale facilities.
Bench testing can be used to determine chemical doses needed to
achieve treatment or to verify that speci“c chemical reactions will take
place as expected.

� Pilot testing: Pilot plantsare small-scale versions of actual treatment
processes. The scale is typically small enough to “t on a trailer or in a
small shed, but large enough that they must be located at the site of the
source water because it would be impractical to transport the water to
a distant location. Pilot studies are appropriate when the applicability
of a process for a given situation is unknown but the potential bene“ts
of using the process are signi“cant. They are necessary when the
hydraulics of a process is as important as the chemistry in achieving
effective treatment; the relationship between reactor hydraulics and
ef”uent concentrations of reactors is presented in Chap. 4. Pilot tests
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are particularly important for testing new or innovative processes or
when processes might be designed with high loading rates. They can
be used to establish the suitability of the process in the treatment
of speci“c water under speci“c environmental conditions, verify per-
formance claims by manufacturers, optimize or document process
performance, satisfy regulatory agency requirements, and generate
the necessary data on which to base a full-scale design.

3-5 Summary and Study Guide

After studying this chapter, you should be able to:

1. De“ne the following terms and phrases and describe the signi“cance
of each in the context of process selection and water treatment:

best available technology pilot plant sustainability
life-cycle assessment process train treatment technique
log removal value speci“c energy treatment train
multibarrier concept consumption unit process
physicochemical

2. Sketch a typical treatment train for a surface water treatment plant.

3. List the major classes of constituents in natural waters and identify
some compounds within each major class.

4. Describe the physicochemical properties that can be used to separate
constituents from water.

5. Describe common separation processes, the physicochemical proper-
ties that each will exploit to accomplish treatment, and the types of
constituents that each can effectively remove from water.

6. Propose unit processes that might be effective for removing a con-
taminant, if given physicochemical properties of the contaminant.

7. Explain some reasons why a process might not remove a constituent
from water as predicted solely from known properties.

8. Identify important considerations in process selection in addition to
contaminant properties.

9. Calculate the removal ef“ciency and log removal value of a compound.

10. Explain how multiple barriers improve the reliability of a treatment
train.

11. Explain why sustainability should be considered in process selection.

12. Describe the objective of a life-cycle assessment and the general steps
in conducting one.

13. Calculate speci“c energy consumed during pumping.
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14. Describe sources of information an engineer can use to go about iden-
tifying/selecting a treatment process that could be used to eliminate
a particular contaminant.

Homework Problems

3-1 Calculate rejection and log removal value for the following “ltration
process (to be selected by instructor). Use the number of signi“cant
“gures necessary to correctly illustrate the removal being obtained.

A B C D E

In”uent concentration
(#/mL)

106 6.85 × 105 7.1 × 105 1.65 × 107 2.8 × 106

Ef”uent concentration
(#/mL)

10 136 0.16 65 96

3-2 You work for a national environmental engineering consulting “rm
and a potential client has called and said that a new contaminant has
recently been identi“ed in their water supply. She wants your “rm
to identify what processes might be able to remove the contaminant.
For each contaminant (to be selected by your instructor), suggest
what processes might be used and explain how you arrived at your
answer:
a. acrolein

b. calicivirus

c. 17-� ethynyl estradiol

d. Mycobacterium avium

e. Naegleria fowleri

f. perchlorate

g. plutonium-239

h. Salmonella enterica

i. strontium

j. 1,1,1,2-tetrachloroethane

k. vanadium

l. vinclozolin

3-3 Pick a city in the United States that is of interest to you. Any city is
acceptable with one limitation: The water utility must use a surface
water for at least part of its water supply. Read the Consumer Con“-
dence Report (often called a Water Quality Report) provided by the
water utility. The water quality report is typically 2 to 8 pages long
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and provides speci“c information dictated by EPA regulations. These
reports are often posted on the utility•s website as pdf “les. A list of
websites for some larger utilities is available at http://www.epa.gov/
safewater/dwinfo.htm. If the utility is not shown on the EPA web-
site, try “nding the utility website or contact the utility department
directly to get a copy. Answer the following questions:
a. Describe the source water for the utility.

b. Describe the treatment provided by the utility. Draw a schematic
of the treatment train (don•t just cut and paste from the report or
the Internet), identify the chemicals added, and describe the pur-
poseofeachunit processandeachchemicaladded. Insomecases,
it may be necessary to obtain information beyond what is pro-
vided in the Consumer Con“dence Report (utilities often have
additional details about the treatment train on their websites).

c. If you were a consumer in this community, would you be
concerned about the water quality based on the information
provided in the report?

d. Develop a list of questions about this utility and its treatment prac-
tices that you hope to be able to answer after studying this book.

e. Provide a copy of the utility•s water quality report with your
assignment.

3-4 Calculate the speci“c energy consumption by the following process
or system (to be selected by the instructor):
a. A raw-water supply pump operating at 8200 m3/d, 10 m head,

and 85 percent ef“ciency.

b. The feed water pumps for a seawater reverse osmosis system
generate a ”ow of 9 ML/d at 75 bar, operating at 86 percent
ef“ciency. The RO system operates at 55 percent recovery.

c. A granular media “lter that generates 2.7 m of head loss as the
water passes through the “lter.

d. Filters at a treatment plant are in backwash mode for 15 min
each day and “ltration mode for the rest of the day. During
“ltration, the “lters produce 1200 m 3/h of “ltered water. The
backwash pump operates at 12 m of head and 80 percent
ef“ciency, and pumps a total of 1500 m3 of water each time it
operates. Speci“c energy is the energy of the backwash pump
per volume of “ltered water.

e. A hydraulic pump rapid mix system draws a side stream from
the process ”ow and reinjects it at higher pressure to create
turbulence that facilitates chemical mixing. The side-stream
pump operates at 2700 L/min, 150 kPa pressure, and 85 percent
ef“ciency. The main process ”ow is 190,000 m3/d. Speci“c
energy is the energy of the side-stream pump per volume of
main process ”ow.
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A number of principles are essential to the development and understanding
of water treatment processes; these same principles are important through-
out the environmental engineering profession. These principles include the
equilibrium and kinetics of chemical reactions (Secs. 4-1 through 4-4), mass
balance analysis (Sec. 4-5), reactor analysis (Secs. 4-6 through 4-12), and
mass transfer (Secs. 4-13 through 4-17). Each of these topics is complex. The
environmental engineering curriculum typically contains an entire course
on water chemistry, and it is not uncommon in chemical engineering cur-
riculum to have a course on reactor analysis and a course on mass transfer.
This chapter is more focused and contains material in suf“cient detail to
understand the principles of the water treatment processes discussed in
Chaps. 5 through 13.

4-1 Units of Expression for Chemical Concentrations

The quantity of components (i.e., species, solutes, or particles) present in
various media (water, air, and solids) can be expressed in a variety of ways.
Some common methods for expressing quantity and concentration are as
follows:

1. Mass concentrationis expressed as units of mass of a component per
volume of solution. Many constituents are present in water in mg/L or
µg/L concentrations. [note: Details of the SI system of measurement
are available in Thompson and Taylor, (2008)]. In air, units of µg/m 3

are common. Parts per million (ppm) is often used as equivalent for
mg/L in water because the density of water is about 1 kg/L. Dividing a
mass concentration of 1 mg/L of solute by the density of water yields

1 mg/L
(1 kg/L)(10 6 mg/kg)

=
1 mg solute

106 mg solution
= 1 part per million, ppm

In general, ppm, parts per billion (ppb), and parts per trillion (ppt)
should be avoided as replacements for mg/L,µg/L, and ng/L because
they are only equivalent when the solution has a density of 1 kg/L.

2. Molar concentrationor molarityis units of amount of solute per volume
of solution. A moleis an amount of something (like a dozen is an
amount), equal to 6.022 × 1023 (Avogadro•s number). Molar concen-
tration (mol/L or M) is more unambiguous than mass concentration
and is preferred, particularly when working with chemical stoichiom-
etry or when the basis for the mass is not clear. Molar concentration
is often designated by square brackets, [A], and molar concentrations
can be converted to mass concentrations if the molecular weight is
known:

[A](MW) = CA (4-1)
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where [A] = molar concentration of component A, mol/L
MW = molecular weight of component A, g/mol

CA = mass concentration of component A, g/L

3. Mole fractionor mass fractionis the ratio of the amount or mass of a
given component to the total amount or mass of all components:

XA =
nA

N�

i=1

ni

(4-2)

CA =
mA

N�

i=1

mi

(4-3)

where XA = mole fraction of component A
nA, ni = amounts of component A and component i , mol

CA = mass fraction of component A
mA, mi = mass of component A and component i , kg

N = number of components

Percent by amount or mass can be calculated by multiplying the
mole fraction or mass fraction by 100, respectively. A solute that is
present at 1 percent by mass or has a mass fraction of 0.01 has a
mass concentration of 10,000 mg/L if the solution density is 1 kg/L,
so mass fractions and percent are most suitable for concentrated
solutions.

4. Mass concentration as ••X••is a common method of expressing
concentration in environmental engineering because water quality
parameters are often composed of multiple constituents. For
example, nitrogen can be present in water as NH3, NH4

+ , NO3
Š , or

NO2
Š , each of which has a different molecular weight. A change of

pH or oxidation state can change which species is present, leading to
a change in the mass concentration of nitrogen species even though
the total amount of nitrogen in the water has not changed. Thus, the
concentration of nitrogen can be expressed as mg/L of N, where
the MW of N is used to calculate the mass concentration, rather than
the MW of the particular nitrogen species present. The concentration
of hardness, alkalinity, and individual species like silica and arsenic
are frequently expressed in this form. An example of this type of
concentration is illustrated in Example 4-1.

5. Normality (N) or equivalents/volume (eq/L)is used to express con-
centration in speci“c cases related to ionic species in water,
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acid/base chemistry, and oxidation/reduction chemistry. Normality
is de“ned as

N =
mA

(EW)V
(4-4)

where N = normality of component A, eq/L
mA = mass of component A, g
EW = equivalent weight of component A, g/eq

V = volume of solution, L

The equivalent weight is expressed as

EW =
MW

z
(4-5)

wherezis the equivalents per mole of the component. For ionic species
in water, z is equal to the valence; for oxidation…reduction reactions,
z is equal to the number of electrons transferred; and for acid/base
reactions, z is equal to the number of replaceable hydrogen atoms or
their equivalent. For example, for hydrochloric and sulfuric acids:

� HCl: 1 M = 1 N because 1 M HCl releases 1 M H+ ions; the valence
of ClŠ is 1; therefore HCl has 1 eq/mol.

� H2SO4: 1 M = 2 N because 1 M H2SO4 releases 2 M H+ ions; the
valence of SO2Š

4 is 2; therefore H2SO4 has 2 eq/mol.

An example of normality is illustrated in Example 4-1.

6. Log molar concentrationsare used because concentrations often vary
by many orders of magnitude, making logarithms convenient. For
instance, if [C] = 2 × 10Š5 mol/L, then log[C] = Š 4.7 and [C] =
10Š4.7 mol/L.

7. The p notationis another convenient way of expressing the low con-
centrations of chemical species that are often found in natural waters.
The p operand is de“ned as the negative of the base-10 log of the
value:

pC = Š log(C) (4-6)

where C = is the concentration of a constituent in solution (in
mol/L).

The reporting of the hydrogen ion concentration as pH is a familiar
example of p notation. The pH of a solution is de“ned as

pH = Š log[H + ] (4-7)

The p notation can be used for any value, not just concentrations. Equi-
librium constants, introduced later in this section, are often expressed
using p notation.
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The conversion of concentrations between various sets of units is
demonstrated in Example 4-1.

Example 4-1 Converting between units of concentration

Calculate the concentration of 0.85 mM solution of calcium in units of mg/L,
meq/L, mg/L as CaCO3, log molar concentration, and p notation.

Solution

1. Determine the concentration of Ca in mg/L. (Note: mM= millimole/liter.)
From a periodic table (App. D), the MW of Ca= 40 g/mol = 40 mg/mmol:

0.85 mmol/L = (0.85 mmol/L)(40 mg/mmol)= 34 mg/L

2. Determine the concentration of Ca in meq/L. (Note: meq= milliequivalents.)
Calcium ion are divalent and have a charge of+2:

0.85 mmol/L =
�
0.85 mmol/L

��
2 meq/mmol

�
= 1.7 meq/L

3. Determine the concentration of Ca in mg/L as CaCO3. (Note, hardness is a
bulk parameter of water that consists of the concentrations of Ca and Mg
in water, but is expressed as mg/L as CaCO3). The MW of CaCO3 = 100
g/mol.

0.85 mmol/L = (0.85 mmol/L)(100 mg/mmol)= 85 mg/L as CaCO3

4. Determine the concentration of Ca in log molar concentration and p nota-
tion.

log(0.85 × 10Š3 mol/L) = Š 3.07

[Ca]= 10Š3.07 M

pCa= 3.07

4-2 Chemical Equilibrium

Chemical reactions are used in water treatment to change the physical,
chemical, and biological nature of water to accomplish water quality objec-
tives. The reactions of acids and bases, precipitation of solids, complexation
of metals, and oxidation of reduced species are all important reactions used
in water treatment. An understanding of chemical reaction stoichiometry,
equilibrium, and kinetics is needed to develop mathematical expressions
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that can be used to describe the rate at which these reactions proceed.
Stoichiometry and equilibrium are discussed in this section, and chemical
kinetics are introduced in the next section.

Environmental engineering curriculum generally includes an entire
course or more devoted to water chemistry, and many books have been
written on the subject. Students are urged to consult one of the books
on the topic. Water chemistry textbooks (Benjamin, 2002; Pankow, 1991;
Sawyer et al., 2003; Snoeyink and Jenkins, 1980; Stumm and Morgan, 1996)
may be reviewed for more complete treatment of these concepts and other
principles of water chemistry.

Chemical reactions used for water treatment are described using chemi-
cal equations. Chemical reactions are shown with reactants on the left side
and products on the right side; in the following reaction, reactants A and B
react to form products C and D:

A + B � C + D (4-8)

Symbols commonly used in chemical equations are described in Table 4-1.
Reactions can be thought of as reversible or irreversible. Irreversible reac-
tions consume reactants and form products until one of the reactants
is totally consumed. Oxidation…reduction reactions are considered to be
irreversible. Reversible reactions are those that proceed until an equilib-
rium condition is reached; at this equilibrium, both reactants and products
may be present. Acid…base, precipitation, and complexation reactions
are reversible. Reversible reactions can proceed in either direction. For
example, in Eq. 4-8 the reactants A and B react to form products C and D,
whereas in Eq. 4-9 the reactants C and D react to form products A and B:

C + D � A + B (4-9)

The reactions presented in Eqs. 4-8 and 4-9 can be combined as follows:

A + B � C + D (4-10)

For example, the reaction between bicarbonate (HCO3
Š ) and carbonate

(CO2Š
3 ) can be written as:

HCO3
Š � H+ + CO3

2Š (4-11)

At equilibrium, both bicarbonate and carbonate can be present in solution,
and the relative concentration of each will depend on the solution pH
(which de“nes the H + concentration). This equilibrium is exactly the
same regardless of whether the solution was created by adding bicarbonate
and allowing carbonate to form, or by adding carbonate and allowing
bicarbonate to form. Note that although the reaction can proceed in either
direction, by de“nition the species on the left are called reactants and the
species on the right side are called products.
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Table 4-1
Symbols used in chemical equations

Symbol Description Comments

� Irreversible
reaction

Single arrow points from the reactants to the
products, e.g., A+ B � C.

� Reversible
reaction

Double arrows used to show that the reaction
can proceed in the forward or reverse direction,
depending on the solution characteristics.

[ ] Brackets Concentration of a chemical species in
standard units (mol/L for aqueous phase).

{ } Braces Activity of a chemical constituent.
(s) Solid phase Designates a chemical species present in solid

phase, e.g., calcium carbonate, CaCO3(s).
(l) Liquid phase Designates a chemical species present in liquid

phase, e.g., liquid benzene, C6H6 (l).
(aq) Aqueous

(dissolved)
Designates a chemical species dissolved in
water, e.g., ammonia in water, NH3(aq).

(g) Gas Designates a chemical species present in gas
phase, e.g., chlorine gas, Cl2(g).

x
� Catalysis Chemical species, represented byx, catalyzes

reaction, e.g, cobalt (Co) is the catalyst in the

reaction SO3
2Š + 0.5O2

Co
Š� SO4

2Š .
� Volatilization Arrow directed up following a component is

used to show volatilization of given component,
e.g., CO3

2Š + 2H+ � CO2(g) � + H2O.
� Precipitation Arrow directed down following a component is

used to show precipitation of given component,
e.g., Ca2+ + CO3

2Š � CaCO3(s) �.

Source:Adapted from Bene“eld et al. (1982).

Reaction
Stoichiometry

The relationship between the relative amount of each reactant needed to
produce an amount of each product is called the reaction stoichiometry.
The general equation for a chemical reaction that describes the relative
amounts of reactants A and B needed to form products C and D can be
written:

aA + bB � cC + dD (4-12)

where a, b, c, d = stoichiometric coef“cients of species A, B, C, D,
respectively, unitless

Stoichiometry is based on an understanding of chemical formulas, con-
servation of mass, and atomic masses. For example, ferrous iron (Fe2+ ) is an
undesirable constituent in drinking water because it can impart an unpleas-
ant taste and cause rust-colored stains on plumbing “xtures. One method for
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removing Fe2+ from water is to oxidize it with oxygen to produce insoluble
ferric hydroxide [Fe(OH) 3] according to the following reaction:

4Fe2+ + O2 + 10H2O � 4Fe(OH) 3 + 8H+ (4-13)

As shown in Eq. 4-13, 1 mol of O2 is capable of oxidizing 4 mol of Fe2+ ; in
doing so, it will form 4 mol of Fe(OH) 3 and 8 mol of H + . Using reaction
stoichiometry and the molecular weight of the chemical species, it is possible
to calculate the mass of reactants and products participating in a reaction,
as shown in Example 4-2.

Example 4-2 Using reaction stoichiometry to calculate the mass
of reactants and products

A groundwater used as a drinking water supply contains 2.6 mg/L of Fe2+ .
Calculate the amount of O2 that will be needed to oxidize it and the amount
of Fe(OH)3 that will be produced. Assume that the reaction proceeds to com-
pletion.

Solution

1. Determine the molecular weight of each species involved in the
reaction from the atomic weights of the constituent elements. From a
periodic table (App. D), the atomic weights of the elements are: H=
1 g/mol, O = 16 g/mol, and Fe= 55.8 g/mol. The molecular weights
of the species then are

MW of Fe2+ = 55.8 g/mol

MW of O2 = (2)16.0 g/mol = 32.0 g/mol

MW of Fe(OH)3 = 55.8 + (3)(1.0)+ (3)(16.0)= 106.8 g/mol

2. Calculate the concentration of oxygen required to oxidize the iron.

2.6 mg/L Fe2+

�
1 mol Fe2+

55.8 g Fe2+

� �
1 mol O2

4 mol Fe2+

� �
32.0 g O2

mol O2

�

= 0.37 mg/L O2

Therefore, 0.37 mg/L of O2 is capable of oxidizing 2.6 mg/L of Fe2+ .

3. Calculate the concentration Fe(OH)3 that will be produced.

2.6 mg/L Fe2+

�
1 mol Fe2+

55.8 g Fe2+

� �
4 mol Fe(OH)3

4 mol Fe2+

� �
106.8 g Fe(OH)3

mol Fe(OH)3

�

= 4.98 mg/L Fe(OH)3
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Therefore, 4.98 mg/L of Fe(OH)3 will be produced when 2.6 mg/L of
Fe2+ is oxidized.

Comment

Note that the amount of each element (Fe, H, and O) is conserved in the
chemical reaction on a molar basis, but that the mass of O2 consumed
and Fe(OH)3 produced depends on the stoichiometry of the reaction and
the molecular weights of the species. On a mass basis, more Fe(OH)3 is
produced than Fe2+ is consumed. The amount of residuals produced is an
important consideration during water treatment.

Concentration
and Activity

The discussion above noted that reactants and products can both be
present when a reversible reaction reaches equilibrium. The ability of a
species to participate in chemical reactions depends on its chemicalactivity.
At equilibrium, the amounts of reactants and products present will depend
on the activity of each species according to an equilibrium relationship that
will be de“ned later in this section. The activity of a species is related to its
concentration by an activity coef“cient:

{A} = � [A] (4-14)

where {A} = activity of species A
� = activity coef“cient for species A

[A] = concentration of species A

In a formal sense, the activity and activity coef“cient of a species are both
unitless while the concentration has units. This apparent contradiction
results from the common practice of expressing Eq. 4-14 as shown above,
whereas a more rigorous formulation of the equation is (Benjamin, 2002)

{A} = �
[A]

[A] ST
(4-15)

where [A] ST = is the standard concentration of species A in the
reference state.

The standard concentration of the species in the reference state has a
value of 1 and the same units as the real system. The standard concentration
with appropriate units is 1 mol/L for solutes in solution, 1 bar for gases,
and 1 mol/mol (mole fraction) for solids, solvents, and miscible liquids.
Thus, the denominator in Eq. 4-16 has the effect of canceling the units of
concentration without changing the values, leading to the normal practice of
expressing the relationship between activity and concentration with Eq. 4-15.
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In most water treatment applications, the deviation between activity and
concentration expressed by the activity coef“cient is most relevant for ionic
species. The activity coef“cient for ionic species depends on the overall
ionic content of the solution, which is characterized by the ionic strength.
The ionic strength is calculated using the equation

I =
1
2

�

i

Ci z2
i (4-16)

where I = ionic strength of solution, mol/L
Ci = concentration of speciesi , mol/L
zi = charge (valence) on speciesi , unitless

The ionic strength may also be estimated from the total dissolved solids
concentration or the conductivity of the solution using the following
empirical correlations (Snoeyink and Jenkins, 1980):

I = (2.5 × 10Š5) (TDS) (4-17)

I = (1.6 × 10Š5) (EC) (4-18)

where TDS= total dissolved solids, mg/L
EC = electrical conductivity, µS/cm

Freshwater is typically considered to be water with a TDS concentration of
less than 1000 mg/L. Based on Eq. 4-17, water with TDS= 1000 mg/L has
an ionic strength of 0.025 M.

A number of relationships have been developed for calculating the
activity coef“cient. For solutions up to I � 0.5 M, the activity coef“cient can
be calculated with the following expression, known as the Davies equation:

log( � ) = Š Az2

� �
I

1 +
�

I
Š 0.3I

�

(4-19)

where A = constant (for water at 25� C, A = 0.50).

Calculation of activity coef“cient with the Davies equation is demon-
strated in Example 4-3.

Example 4-3 Calculating activity coef“cients

For water with an ionic strength of 5 mM (corresponding to TDS of about
200 mg/L), calculate the activity coef“cients of Na+ and Ca2+ at 25� C.
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Solution

1. Calculate the activity coef“cients for Na+ using Eq. 4-19. Note 5 mM=
0.005 M.

log(� Na+ ) = Š 0.50(1)2
	 �

0.005

1 +
�

0.005
Š 0.3(0.005)




= Š 0.0323

� Na+ = 10Š0.0323 = 0.93

2. Calculate the activity coef“cient for Ca2+ using Eq. 4-19.

log(�
Ca2+ ) = Š 0.50(2)2

	 �
0.005

1 +
�

0.005
Š 0.3(0.005)




= Š 0.129

�
Ca2+ = 10Š0.129 = 0.74

Comment

The charge on the species has a large in”uence on the value of the activity
coef“cient.

As can be demonstrated by calculations similar to Example 4-3, the
activity coef“cient is between about 0.9 and 1.0 for monovalent species
and between about 0.6 and 1.0 for divalent species in typical drinking
water applications (TDS � 500 mg/L). The deviation between activity and
concentration can have a signi“cant impact on the rate (kinetics) and fate
(equilibrium condition) of chemical reactions, particularly as the charge
of the species and the ionic strength of the solution increases. Calculating
activity coef“cients, however, increases the computational requirements
associated with chemical calculations. In many cases, complexities such as
unknown species in solution, unknown reaction mechanisms, competing
reactions, the accuracy of rate constants and equilibrium constants, and
the application of factors of safety during design reduce the value of
calculating the activity coef“cients when evaluating chemical systems. Thus,
it is common to ignore the application of activity coef“cients in many water
treatment applications when freshwater systems are being considered, and
activity {A} is assumed to be equal to concentration [A]. Nevertheless,
the activity coef“cients should be calculated when evaluating chemical
equilibrium and kinetics for improved accuracy.

Equilibrium
Constants

When chemical reactions come to a state of equilibrium, the numerical
value of the ratio of the activity of the products over the activity of the
reactants all raised to the power of the corresponding stoichiometric
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coef“cients is known as the equilibrium constant ( K). For the reaction
shown in Eq. 4-12, the equilibrium constant is written as

K =
{C}c{D}d

{A}a{B}b
(4-20)

where K = equilibrium constant
{ } = activity of species

a, b, c, d = stoichiometric coef“cients of species A, B, C, D,
respectively

The units corresponding to the activity of each species in Eq. 4-20 are the
units of the standard concentration of the species in the reference state;
as noted earlier these are mol/L for solutes in solution, partial pressure in
bars for gases, and mole fractions for solids, solvents, and miscible liquids.
Thus, the activity of a pure solid or liquid in an equilibrium expression is
simply equal to a mole fraction of 1.0, that is, {A} = 1. Species for which
{A} = 1 can be taken out of the equilibrium expression; thus, equilibrium
expressions are always written without including the activity of solids or
water (because{H 2O} = 1).

Equilibrium constants are frequently reported using p notation (see
Eq. 4-6) and reported as pK values, which are de“ned as

pK = Š log(K ) (4-21)

Substituting Eq. 4-14 into Eq. 4-20 to incorporate activity coef“cients, the
equation for the equilibrium constant can be written

K =
(� C[C]) c(� D[D]) d

(� A[A]) a(� B[B]) b
=

� c
C� d

D

� a
A� b

B

[C] c[D] d

[A] a[B] b
(4-22)

In some cases, a reactant and product of the reaction will have the same
valence and same stoichiometric coef“cient, in which case a set of activity
coef“cient values in the numerator and denominator of Eq. 4-22 will cancel
each other. Furthermore, as was noted above, it is common to ignore activity
coef“cients when evaluating the chemistry of relatively dilute solutions. If
activity coef“cients cancel each other or are ignored, Eq. 4-22 reduces to

K =
[C] c[D] d

[A] a[B] b
(4-23)

The form of the equilibrium constant shown in Eq. 4-23, in which activity
coef“cients have been ignored, will be used extensively throughout this
book to focus attention on the underlying principles of speci“c chemical
reactions rather than the mechanics of calculating activity coef“cients.
Spreadsheets or chemical speciation software can facilitate the calculation
of activities for use in Eq. 4-20. The use of equilibrium constants to deter-
mine the concentrations of constituents at equilibrium is demonstrated in
Example 4-4.
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Example 4-4 Calculating species concentrations using equilibrium
constants

Sodium hypochlorite (NaOCl, aka bleach) is added to water as a disinfectant.
Upon addition, it immediately dissociates according to the following reaction:

NaOCl� Na+ + OClŠ

The hypochlorite then participates in the following reversible acid…base
reaction:

HOCl� H+ + OClŠ pKa = 7.6

The strength of hypochlorite as a disinfectant depends on which species
is present; thus, it is important to know how much is present as HOCl and
how much as OClŠ at equilibrium. If 2 mg/L of NaOCl is added, determine
how much is present as each species at pH 7.0.

Solution

1. Calculate the molar concentration of NaOCl added (see Example 4-1).
From a periodic table (App. D), the MW of NaOCl can be determined
to be 74.5 g/mol:

Total OClŠ = [NaOCl]=
2 mg/L

(74.5 g/mol)(103 mg/g)
= 2.68 × 10Š5 M

2. Write the equilibrium relationship for the equation provided in the
problem statement. From Eq. 4-21,K is calculated as the antilog of
the negative of the pKa value:

Ka =
[H+ ][OClŠ ]

[HOCl]
= 10Š7.6

3. Determine the ratio of [OClŠ ] to [HOCl] at pH= 7.0. From Eq. 4-7, the
hydrogen ion concentration [H+ ] at pH 7.0 is equal to 10Š7.0 M and
the relationship can be written as

[OClŠ ]
[HOCl]

=
Ka

[H+ ]
=

10Š7.6

10Š7.0
= 10Š0.6 = 0.25

4. At pH= 7.0, 25 percent of the total hypochlorite added is present as
OClŠ and the rest is present as HOCl. Thus, the concentration of each is

[OClŠ ] = 0.25(2.68 × 10Š5 M)= 6.71 × 10Š6 M = 6.71 µM

[HOCl]= 0.75(2.68 × 10Š5 M)= 2.01 × 10Š5 M = 20.1 µM
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Comment

The ratio shown in step 3 indicates that OClŠ is the predominant form of
hypochlorite at pH values above the pKa value and HOCl is the predominant
form at pH values below the pKa value. HOCl is the stronger disinfectant, so
disinfection with NaOCl is more effective at pH values below 7.6.

Temperature
Dependence of
Equilibrium
Constants

Equilibrium constants are dependent on the temperature at which the
reaction occurs. Reference books typically list equilibrium constants at the
standard temperature of 25� C. The equilibrium constant at a different
temperature can be calculated from the equilibrium constant at 25 � C using
the van•t Hoff relationship:

ln
KT 2

KT 1
=

�H �

R

�
1
T1

Š
1
T2

�
(4-24)

where KT 1, KT 2 = equilibrium constants at temperatures T1 and T2

�H � = standard enthalpy of the reaction, J/mol
R = universal gas constant, J/mol·K

T1, T2 = temperatures of known and unknown equilibrium
constants, K

4-3 Chemical Kinetics

Chemical kinetics is the study of the rate at which chemical reactions take
place, that is, the speed at which reactants are consumed and products are
formed. The rate is not constant but normally depends on the chemical
activity of the reacting species. Generally, the higher the concentration
(and, therefore, the activity) of the reacting species, the faster the reaction
will occur. Mechanistically, the reason for this trend is that reactions result
from the collision of molecules; the more molecules present, the more often
they come in contact with each other and the faster the reaction proceeds.

The rate of a reaction is expressed as the amount of reactants consumed
or products generated by the reaction per unit of volume and per unit time.
In equation form, this can be expressed as

rA =
n
Vt

(4-25)

where rA = reaction rate, mol/L·s
n = amount of reactant consumed or product generated, mol
V = volume of reactor, L
t = time, s
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The reaction rate will have a negative value for reactants that are being
consumed and a positive value for products that are being generated.

Reaction rates are often expressed as a change in concentration over
time, but the concentration of species depends on other factors in a
reactor. In a reactor with no inputs, outputs, or other reactions, the rate of
a reaction will indeed be equal to the change in concentration over time,
that is, rA = dC/dt . In other systems, reactants continually enter a reactor
and a reaction consumes them at the same rate that they are entering;
thus the concentration of reactants in the reactor is constant even though a
reaction is taking place. These and other types of reactors will be introduced
later in this chapter.

Rate Equations
and Reaction

Order

The dependence of reaction rates on the activity of the chemical species
present leads to the development of rate equations to describe the relation-
ship between the reacting species and the reaction rate. The simplest form
is for that of an irreversible elementary reaction. An elementary reaction is
a reaction in which the species react directly to form products in a single
reaction step and with a single transition state. In this case, the collision of
reactant molecules leads directly to the formation of product molecules.
The kinetics of such a reaction are such that the rate will be directly pro-
portional to the activity of each reactant participating in the reaction. A
general reaction for an irreversible elementary reaction can be written as

aA + bB � products (4-26)

The rate equation for the reaction in Eq. 4-25 is

rA = Š k{A}m{B}n (4-27)

where k = reaction rate constant, units vary (see below)
m, n = reaction order constants, unitless

The concentration dependence of the reaction rate is accounted for in
the reactant exponents m and n and is known as the reaction order. For
Eq. 4-27, the reaction order ism for species A andn for species B, and the
overall reaction order is m+n . The reaction order is typically a small positive
integer.

Two common forms of rate equations are “rst- and second-order reac-
tions. First-order reactions depend on the activity of only one species and
have the rate equation

rA = Š k{A} (4-28)

where k = “rst-order reaction rate constant, sŠ1

Second-order reactions depend on collisions of two molecules of the
same species or on collisions between molecules of two different species.
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The rate equations corresponding to these two situations, respectively, are

rA = Š k{A}2 (4-29)

rA = Š k{A}{B} (4-30)

where k = second-order reaction rate constant, L/mol ·s

As evident from the above equations, the units of the reaction rate
constant depend on the form and reaction order of the rate equation. This
dependence is because the reaction rate always has units of mol/L·s and
the number of species in the equation (with units mol/L) varies.

A reaction rate can be determined for each species in a reaction. The
reaction rate for each species in a reaction will be related to the others based
on the stoichiometry of the reaction. Considering the general reversible
reaction presented in Eq. 4-12,

aA + bB � cC + dD (Eq. 4-12)

The relative reaction rates would be related by

rC

c
=

rD

d
=

Šr A

a
=

Šr B

b
(4-31)

Empirical
Reaction Rate
Expressions

In some cases, a reaction does not follow straightforward “rst- or second-
order reaction rates and more complex equations are necessary to describe
it. For instance, in biological systems, the rate at which organic materials
(known as substrate) are consumed depends on the concentrations of both
the substrate and the microorganisms (known as biomass). Increasing the
concentration of the biomass can increase the rate of the reaction, but
increasing the substrate may or may not increase the reaction rate. The rate
of substrate consumption in a biological system is often described using
saturation-type kinetics known as the Monod equation:

rs = Š
µXS

Ks + S
(4-32)

where rs = rate of substrate consumption in a biological system, mg/L·s
µ = maximum speci“c substrate utilization rate, sŠ1

X = biomass concentration, mg/L
S = substrate concentration, mg/L

Ks = half-saturation constant, substrate concentration at which
the reaction rate is half of the maximum, mg/L

Many other forms of reaction rates exist.
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Effect of
Temperature on
Rate Constants

Reaction rates are dependent on the temperature at which the reaction
occurs. The dependence of the reaction rate constant on temperature can
be described with the Arrhenius equation:

k = AeŠEa/RT (4-33)

where A = frequency factor, same units ask
Ea = activation energy, J/mol
R = universal gas constant, J/mol·K
T = temperature, K

The parameter A is constant; solving Eq. 4-33 forA for two values of
temperature and setting the equations equal to each other and rearranging
yields

ln
�

kT 2

kT 1

�
=

Ea

R

�
1

T1
Š

1
T2

�
(4-34)

Determining
Reaction Rate

Constants

The rate at which reactions occur is usually determined experimentally by
measuring the concentration of either a reactant or a product as the reaction
proceeds in a batch reactor. Details of the measurement of reaction rates is
described in more detail in Sec. 4-7 and demonstrated in Example 4-6.

4-4 Reactions Used in Water Treatment

The major chemical reactions used in water treatment processes include
(1) acid…base reactions, (2) precipitation…dissolution reactions, and
(3) oxidation…reduction reactions. These types of reactions are introduced
in this section.

Acid…Base
Reactions

Acid…base reactions involve the transfer of a hydrogen ion, or proton,
between two species. The hydrogen ion is the species that contributes acid
character to water; thus, the transfer of a proton changes the pH of a
solution. pH has a signi“cant effect on many treatment processes and is
one of the most important water quality parameters. Alkalinity, which is
the buffering capacity of water, is also affected by acid…base reactions.
Acid…base reactions are written

HA � H+ + AŠ (4-35)

where HA = acid species
H+ = hydrogen ion (hydrated proton, i.e., H 3O+ )
AŠ = conjugate base species
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Some species can lose more than one proton. For instance, the carbonate
system is one of the most important acid…base systems in natural waters
and loses two protons according to the following reactions:

H2CO3 � H+ + HCO3
Š (4-36)

HCOŠ
3 � H+ + CO3

2Š (4-37)

Acid…base reactions are very fast (reaching equilibrium in less than a
second), reversible reactions. The acid species and the conjugate base
can exist simultaneously, depending on the pH of the solution. The
equilibrium constant for an acid…base reaction is known as the acid
dissociation constant,Ka:

Ka =
{H + }{AŠ }

{HA}
=

� H+ [H + ]� AŠ [A Š ]
� HA [HA]

(4-38)

where Ka = acid dissociation constant

Acid dissociation constants are frequently expressed as pKa values (see
Eq. 4-21). Acids with pKa values below 2 are called strong acids and are
completely dissociated at environmentally relevant pH values. Weak acids
have pKa values greater than 2 and the degree of dissociation depends on
the solution pH.

An important relationship for analyzing acid…base reactions is the total
concentration of acid and conjugate base species in solution. For a diprotic
(i.e., containing two protons) acid:

CT ,A = [H 2A] + [HA Š ] + [A 2Š] (4-39)

where CT ,A = total concentration of species A, mol/L

Because of the importance of pH in many treatment processes and acids
and conjugate bases can exist simultaneously in solution, it is important
to know the concentration of each species present at a given pH value.
Algebraic manipulation of the equilibrium constant equations and Eq.
4-39 yields a convenient convention known as� notation, in which the
concentration of each species is expressed as a fraction of the total conjugate
base. For the carbonate system:

[H 2CO3] = � 0CT (4-40)

[HCO Š
3 ] = � 1CT (4-41)

[CO 2Š
3 ] = � 2CT (4-42)
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where � i = fraction of total acid…base species present as speciesi ,
starting with the most protonated species asi = 0

CT = total concentration of carbonate species in solution, mol/L

Rearranging the equilibrium constant and total concentration equations
yields equations for the � values. For any diprotic acid…base system:

� 0 =
[H + ] 2

[H + ] 2 + [H + ]K 1 + K1K2
(4-43)

� 1 =
[H + ]K 1

[H + ] 2 + [H + ]K 1 + K1K2
(4-44)

� 2 =
K1K2

[H + ] 2 + [H + ]K 1 + K1K2
(4-45)

where K1, K2 = equilibrium constants for the “rst and second
dissociations of the diprotic acid, respectively.

For a monoprotic acid…base system:

� 0 =
[H + ]

[H + ] + K1
(4-46)

� 1 =
K1

[H + ] + K1
(4-47)

Precipitation…
Dissolution
Reactions

In water treatment processes, dissolved contaminants can be removed by
causing them to precipitate and the removing the solids from water. Also,
chemicals can be purchased as solids and then dissolved into the water; thus,
both precipitation and dissolution reactions are important. The equilibrium
constant between a solid and its ions in solution is known as the solubility
product. A solubility product is always written with the solid phase as the
reactant. The precipitation…dissolution reaction for gypsum is

CaSO4 · 2H2O � Ca2 + + SO2Š
4 + 2H2O (4-48)

And the corresponding solubility product is

Ksp = { Ca2+ }{SO2Š
4 } = � Ca2+ � SO42Š [Ca2+ ][SO 2Š

4 ] (4-49)

where Ksp = solubility product

It is important to recognize that the equation for the solubility product
does not contain terms for the solid phase or water. This is because pure
solids and liquids have an activity of 1.0 (see Sec. 4-2).
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Precipitation…dissolution reactions are reversible but are not as fast as
acid…base reactions.

Oxidation…
Reduction
Reactions

Reactions that involve the transfer of electrons between two chemical species
are known as oxidation…reduction, or redox, reactions. In water treatment,
disinfection and chemical oxidation are common redox reactions. In a
redox reaction, one species is reduced (gains electrons) and one species
is oxidized (loses electrons). Redox reactions are typically reported as half
reactions to show the number of electrons transferred. Thus, to obtain a
complete oxidation…reduction reaction, an oxidation half reaction and a
reduction half reaction must be combined. The general expression of a
half reaction for the reduction of a species is as follows:

OxA + neŠ � RedA (4-50)

where OxA = oxidized species A
n = number of electrons transferred

eŠ = electron
RedA = reduced species A

Oxidized species A is called an oxidant (or electron acceptor) because
it oxidizes another species as it is reduced during this reaction. The half
reaction for the oxidation of a species may be expressed as

RedB � OxB + neŠ (4-51)

where OxB = oxidized species B
RedB = reduced species B

Reduced species B is called a reductant (or electron donor) because it
reduces another species as it is oxidized. The two half reactions may be
combined to obtain the following overall oxidation…reduction reaction:

OxA + RedB � OxB + RedA (4-52)

Redox reactions are irreversible reactions that proceed until one of the
reactants is totally consumed. The reactions can be kinetically limited so
that the reactants can exist in contact with each other inde“nitely without
reacting, but then react rapidly when enough activation energy is applied.

4-5 Mass Balance Analysis

The quantitative analysis of many problems in environmental engineering
begins with an accounting of all materials that enter, leave, accumulate
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in, or are transformed within the boundaries of a system. The basis for
this accounting procedure, known as a mass balance analysis, is the law of
conservation of mass, which states that matter can neither be created or
destroyed. Matter can, however, be transferred from one phase to another
(such as from water to air) or participate in chemical transformations
that may lead to the appearance or disappearance of individual chemical
species. This law allows matter to be accounted for as it ”ows through or is
transformed within a system.

Before starting a mass balance analysis, it is important to determine what
problem is being investigated and what answer is needed. For instance, a
mass balance analysis can be used to track the movement and fate of matter
(often contaminants) in the environment or to develop the governing
equations of many water treatment processes. Governing equations can
either give an ef”uent concentration as a function of time or a single value
of concentration for steady-state processes. It is important to identify the
component to be tracked through the system. For instance, oxygen can be
pumped into a basin to encourage the growth of microorganisms that will
consume a contaminant (substrate) in the feed water. A mass balance could
be written around the oxygen, the substrate, or the microorganisms, and the
resulting equation may be different in each case. When a single reaction is
taking place within the system, the concentrations of the other components
can often be determined from the stoichiometry of the reaction.

The basic steps for performing a mass balance analysis are as follows:

1. Draw a picture of the system.

2. Identify the control volume, for example, the boundaries of the system
of interest.

3. Identify all in”ows, out”ows, or transformations to the components
in the system.

4. Write the mass balance equation and identify simplifying assumptions,
such as whether the system is at steady state or whether any reactions
are occurring. Clearly identify the answer you are looking for, whether
the solution should be dependent on time, and the like.

5. Solve the equations.

6. Do a ••reality check,•• verifying items such as (a) are the units correct?,
(b) is the time dependence of the “nal equation correct?, (c) are
the assumptions valid?, and (d) is the magnitude of the answers
reasonable?

Control Volumes
and System
Boundaries

The “rst steps of a mass balance analysis are to draw a picture and
determine the space in which the law of conservation of mass will be
applied. A de“nition sketch of a control volume for a completely mixed
reactor with in”ow and out”ow is shown on Fig. 4-1. The region where the
mass balance takes place is known as thecontrol volume, and the edges of
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Figure 4-1
De“nition sketch for a mass balance analysis of a completely
mixed ”ow reactor (CMFR).

Inflow
Q, CI

Outflow
Q, C

System
boundary

Control
volume, V

Mixer

this volume are called the system boundary. The control volume can be any
region of space and may or may not have physical boundaries. The control
volume may be “xed, moving, changing size, contain only a single phase,
or contain multiple phases of matter. Two key principles in choosing a
control volume are that it should be easy to visualize or mathematically
describe the control volume, and the mass ”ux (in and out) across the
boundaries should be easily determined. A third common constraint is that
if reactions are taking place with the system or if integration is needed to
solve the equations, the control volume must be chosen so that conditions
within it are uniform (i.e., intensive properties such as temperature,
pressure, and concentration are constant throughout the control volume).

Two common types of control volumes are the ••reactor•• and the
••differential element.•• Reactors can be any contained volume, including
lakes, basins, and tanks that contain treatment processes at treatment
plants. This type of control volume typically has discrete inputs and outputs
that enter the system through pipes or other de“ned points. Reactors are
sometimes known as black boxes and this type of mass balance analysis
is sometimes called a box model. A differential element control volume
is small segment of a reactor, typically without physical boundaries. The
inputs and outputs are ”uxes across the boundaries instead of discrete
”ows. Differential element control volumes can be helpful in developing
governing equations for treatment processes.

Fundamental
Mass Balance
Equation

The principle of the conservation of mass within a system can be stated as a
rate equation with the following form:

�

�
rate of accumulation

of component A
in control volume




� =

�

�
rate of mass ”ow

of A into
the control volume




�

Š

�

�
rate of mass ”ow

of A out of
the control volume




� +

�

�
rate of transformation
of A due to reactions
in the control volume




� (4-53)
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The units for every term in Eq. 4-53 are mass/time. The terms in Eq 4-53
are simpli“ed in this book to be

[accum] = [mass in] Š [mass out] + [rxn] (4-54)

These terms are described in more detail in the following sections.

Accumulation
Term

When inputs, outputs, and reactions are not perfectly balanced, the mass
of the constituent of interest within the control volume will change over
time, which is expressed asdM/dt . Frequently, the property of interest for
a contaminant is the concentration, and mass is related to concentration
simply by M = CV, where C is the concentration and V is the volume of
the system. Applying the product rule from calculus yields

[accum] =
dM
dt

=
d(CV)

dt
= V

dC
dt

+ C
dV
dt

(4-55)

where [accum] = accumulation term in mass balance analysis, mg/s
M = mass of constituent within the control volume, mg
C = concentration of constituent within the control

volume, mg/L
V = volume of the control volume, L

In nearly all mass balance analyses, the control volume is chosen so that the
volume of the system is not changing. In this case,dV/dt = 0, so

[accum] = V
dC
dt

(4-56)

Equation 4-56 is the standard form for the accumulation term when the mass
within the system is changing. To evaluate this integral, the concentration
must be the same at every point throughout the control volume; otherwise
a different control volume must be chosen. When the state of the system
(including the mass) is not changing, the system is said to be at steady state.
At steady state

[accum] = 0 (4-57)

Input and Output
Terms

Mass can be transported across system boundaries by bulk ”uid ”ow
(advection) or separately from ”uid movement (via processes such as
molecular diffusion). When the ”uid enters or leaves the control volume as
a discrete, measurable ”ow (such as through a stream or pipe), the rate at
which mass enters or leaves the control volume by advection can be written

[mass in] or [mass out] = QC (4-58)
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where [mass in], [mass out] = mass balance input and output terms,
mg/s

Q = ”ow rate of ”uid entering or leaving the
control volume, L/s

In many mass balance and mass transfer operations, matter or ”uid enters
or leaves the control volume by ”ow across regions of the overall system
boundary instead of through discrete entrances or exits such as pipes. The
”ow of material through a unit of area per unit time is called the mass ”ux:

J =
m
At

(4-59)

where J = mass ”ux of a constituent through an area, mg/m 2 · s
m = mass of the constituent, mg
A = area perpendicular to the direction of ”ux, m 2

t = time, s

Because ”ux is de“ned per unit area, mass ”ow is the product of the ”ux
and the area:

[mass in] or [mass out] = JA (4-60)

As will be seen later in this chapter, surface area is a key parameter for
the rate of mass transfer and, hence, the ef“ciency of a separation process
that relies on mass transfer. Equation 4-60 describes the ”ux through a
control volume regardless of whether the ”uid is moving. In the absence
of ”uid movement, mass can enter or leave a control volume in response
to a concentration gradient (see Sec. 4-14), which is known as a diffusive
”ux. When the ”uid is moving and the constituent is transported with the
”uid, the ”ux is known as the convective ”ux. Flux due to ”uid movement
is equal to the product of the velocity of the ”uid and concentration of the
constituent (J = vC), thus

[mass in] or [mass out] = vAC (4-61)

where v = ”uid velocity, m/s

It should be noted that ”ux can be reported in other units. In some cases
(principally membrane processes), the material moving across the interface
is measured in units of volume instead of mass, and the corresponding ”ux
is called a volumetric ”ux instead of a mass ”ux. An example of units
for volumetric ”ux is L/m 2 · s. Other situations are best described with
molar units (mol/m 2 · s). Molar ”uxes can be converted to mass ”uxes by
multiplying by the molecular weight.
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Reaction TermReaction rates were introduced in Sec. 4-3, and it was noted that the reaction
rate r is equal to the change in concentration of a constituent over time
due to chemical reactions. The change in mass due to chemical reactions
can be determined simply by multiplying the reaction rate by the volume
of the control volume:

[rxn] = Vr (4-62)

The sign on terms in the mass balance analysis equation depends on whether
constituents are entering or leaving the control volume; an increase in
mass in the control volume is considered the positive direction. Thus, a
decay reaction (consumption of reactants) will have a negative sign and
a generation reaction (production of products) will have a positive sign
in the mass balance equation; similarly, input terms are positive, output
terms are negative, and the accumulation term will be positive if mass is
increasing in the control volume and negative if mass is decreasing.

A mass balance analysis of a separation process is presented in Example 4-
5. Numerous additional examples of the mass balance analysis are presented
later in this chapter.

Example 4-5 Mass balance analysis of a separation process

A well that ”ows at 45 m3/h is contaminated with trichloroethylene (TCE) at
a concentration of 400µg/L. A treatment device is installed that removes
most of the TCE from the water, leaving a constant concentration of 5.0µg/L
in the ef”uent stream. The ef”uent ”ow rate is 97 percent of the in”uent ”ow
rate, and the remaining water goes to a waste stream. Calculate the TCE
concentration in the waste stream.

Solution

1. The control volume will be the treatment device, and the in”ows and
out”ows are identi“ed in the problem statement. A diagram of the
system with all relevant information labeled is shown below, using
subscripts in = in”uent, ef = ef”uent, andw = waste stream.

Qin, Cin Qef, Cef

QW ,CW

2. The problem statement describes a continuous process; that is, there
is no mention of any time dependence to the input parameters or
requested ef”uent concentration, and it can be assumed that the
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treatment device achieves that level of treatment continuously. Fur-
thermore, the problem statement describes only in”uent and ef”uent
streams to the treatment device; thus, it can be assumed that no
reactions are occurring (e.g., [rxn]= 0). Furthermore, no mass accu-
mulates in the treatment device; the system is at steady state and
[accum]= 0.

3. Two values are unknown (Qw andCw). Thus, two equations will be
necessary. These equations will be (a) a mass balance on the TCE and
(b) a mass balance on the water. Addressing the TCE “rst, writing the
mass balance equation and applying the simplifying assumptions from
step 2 yields

[accum]= [mass in]Š [mass out]+ [rxn]

0 = QinCin Š QefCef Š QwCw

4. Rearranging terms yields

Cw =
Qin

Qw
(Cin Š Cef)

5. If water is an incompressible ”uid with density� and the presence of
the TCE does not affect the density of the solution, a mass balance
on the solution can be written:

Qin� = Qef� + Qw�

Dividing every term by the density and solving yields

Qw = Qin Š Qef = 45 m3/h Š (0.97)(45 m3/h) = 1.35 m3/h

6. Substituting the values in the problem statement and step 5 into the
equation from step 4 and solving yields

Cw =
45 m3/h

1.35 m3/h
(400 Š 5.0 µg/L) = 13,200 µg/L

Comments

1. The equation shown in step 5 is common in mass balance analyses.
In environmental engineering applications, contaminants are normally
so dilute that they have no effect on the density of the solution and the
steps of writing the equation with density and then canceling it from
every term are skipped.

2. The solution is a single value for the waste concentration because
the system is at steady state. A non…steady-state system has time
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dependence and the solution would be an equation that is a function
of time.

3. The waste concentration is much higher than the in”uent concentra-
tion. This is to be expected because the TCE from the in”uent has
been concentrated into a much smaller volume.

4-6 Introduction to Reactors and Reactor Analysis

In the environment, many contaminants in water are removed gradually
by naturally occurring physical, chemical, and biological processes. In
engineered systems, the same processes are carried out in vessels, basins,
and tanks known asreactors. The rate at which such processes occur depends
on the constituents involved and conditions in the reactor, including
temperature and hydraulic (mixing) characteristics.

The goals of reactor analysis are to understand the conditions within a
reactor and to use that understanding to develop models and equations that
describe the hydraulic conditions or chemical concentrations within the
reactor or the concentration of reactants and products leaving a reactor.
The equations can then be used to design reactors for use in water treatment
processes.

To analyze a reactor situation and develop equations, four key elements
of the analysis must be de“ned: (1) type of reactor, (2) time dependence,
(3) reaction characteristics, and (4) input characteristics (for ”ow reactors).
These elements and key options for each element are represented on the
concept map shown on Fig. 4-2. The selection of options for each element
depends on the objectives of the reactor analysis. For instance, equations
that describe the hydraulic characteristics of a reactor are developed by
a non…steady-state analysis of a conservative chemical in a reactor with a
step or pulse input, whereas equations for the ef”uent concentration of a
contaminant in a full-scale treatment process are developed by steady-state
analysis of a reactive chemical with a continuous input into the reactor. The
elements of reactor analysis and options for each element are described in
the following sections.

Types of ReactorsReactors can be divided into ideal reactors and real (or nonideal) reactors.
The category of ideal reactors can then be subdivided into batch reactors
and ”ow reactors, and ideal ”ow reactors can subsequently be divided into
plug ”ow reactors (PFRs) and completely mixed ”ow reactors (CMFRs).

Ideal reactors are characterized by speci“c assumptions, such as instan-
taneous, perfect homogeneity throughout the entire reactor or an absolute
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Figure 4-2
Concept map for reactor analysis.

Ideal
Type of
reactor Real

Time
dependence Non-steady stateSteady state

Reaction
characteristics ConservativeReactive

Input characteristics
(flow reactors)

CMFR

PFRBatch

Step

Pulse

Continuous

1st order

2nd order Monod

Others

lack of diffusion and dispersion. Real reactors are, simply, those that do not
achieve the ideal assumptions and tend to have more complex hydraulic
and mixing conditions. Ideal conditions can be approached in small,
laboratory-scale devices and some well-engineered pilot-scale equipment
but are impossible at the size of many full-scale water treatment processes.

BATCH REACTORS

Ideal batch reactorsare characterized by intermittent operation with no ”ow
in or out (see Fig. 4-3a). Reactants are mixed together and the reaction
is allowed to proceed over time. The principle assumptions of an ideal
batch reactor are (1) no reactants or products enter or leave the container
during the analysis period (e.g., there are no input or output terms in a
mass balance analysis), (2) complete mixing occurs instantaneously and
uniformly so that concentration, temperature, density, and other variables
are uniform throughout the reactor, and (3) the reaction proceeds at the
same rate everywhere in the reactor. A beaker on a laboratory countertop
is an example of a batch reactor. Batch reactors are used widely in the
production of small-volume, specialty chemicals in the chemical processing
industries, in laboratory-scale investigations, and in the preparation of
chemical feed solutions at water treatment facilities but are not commonly
used for large-volume water treatment processes.
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(a) (b) (c)

t = �/2 t = �t = 0

Plug
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Mixer

Tank contents are
completely mixed

Mixer

Tank contents are
completely mixed

Inflow

Figure 4-3
Diagrams of three ideal reactors: (a) batch reactor, (b) completely mixed ”ow reactor, and (c) plug ”ow reactor.

CONTINUOUS-FLOW REACTORS

Ideal continuous-”owreactors operate on a continuous basis with ”ow into
and out of the reactor. Typically the reactor is a basin or tank with process
water continuously ”owing in through a pipe or gate at one end and ”owing
out over a weir or through a pipe at the other end. Reactants (disinfectants,
coagulants, oxidants, etc.) are mixed into the process water immediately
prior to the water entering the reactor and the reaction is allowed to take
place while the water is in the reactor. Large volumes of water can be
processed ef“ciently in this manner.

The two types of ideal continuous-”ow reactors are completely mixed
”ow reactors and plug ”ow reactors.

CONTINUOUSLY MIXED FLOW REACTORS

When process water and reactants ”ow into a CMFR, they are instanta-
neously and completely mixed with the contents of the reactor. Thus, some
assumptions for a CMFR are similar to a batch reactor, speci“cally that the
concentration, temperature, and other variables are uniform throughout
the reactor, and the reaction proceeds at the same rate everywhere in the
reactor. Because of this uniformity within the reactor, the ef”uent concen-
tration must be the same as the concentration within the reactor, regardless
of where the ef”uent is located. Some older texts and literature refer to a
CMFR as a continuously stirred tank reactor (CSTR). A conceptual sketch
of a CMFR is shown on Fig. 4-3b.

PLUG FLOW REACTORS

A plug ”ow reactor is an ideal reactor in which water passes through without
mixing with the water in front of or behind it. The plug ”ow concept can
be thought of as ”ow consisting of a series of elements (or plugs) with the
same diameter as the reactor. Each time a new element is introduced in
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one end of the reactor, an element of the same size must exit the other end.
A conceptual sketch of a PFR is shown on Fig. 4-3c. No mixing of contents
occurs between one element and the next. In a PFR, the concentrations
of the reactants will decrease as a function of position as the water passes
through the reactor, which is different from a CMFR, in which the contents
of the reactor are identical everywhere.

Time Dependence The concept of steady state was introduced in Sec. 4-5 and its applicability
to reactor analysis is the same as for mass balance analysis. A reactor at
steady state is one in which conditions at each point within the reactor do
not change with time. Many water treatment processes use ”ow-through
reactors, and the design process typically assumes that the ”ow through
the reactor and the concentrations of all reactants in the in”uent are
constant over time; thus, the steady-state assumption is widely used for
developing models and equations that describe water treatment processes.
A non-steady-state analysis is used to develop equations that describe the
hydraulic properties of a reactor or to develop equations that describe how
long a ”ow reactor takes to respond to a change in input conditions before
steady-state conditions are reestablished.

An assumption of whether or not a reactor is at steady state must be made
to conduct a reactor analysis, and it is necessary to check the “nal equations
for consistency with the assumption. If non-steady-state was assumed, time
should be a variable in the “nal equations; conversely, if the analysis was
conducted assuming steady state, time-dependent variables should not be
present in the “nal equations.

Reaction
Characteristics

Obviously, the purpose of reactors is to provide a container in which
reactions that accomplish treatment can take place. To use reactor analysis
principles to develop design equations, it is necessary to know the reaction
rate for the reactions of interest. As noted in Sec. 4-3, common reactions
include “rst-order, second-order, and Monod-type reactions, but other
types can also be used in reactor analysis.

Some analyses are conducted with conservative (or nonreactive) con-
stituents. While it may seem that conservative chemicals would be of little
interest in reactor analysis, in fact they provide a mechanism for understand-
ing the hydraulic characteristics of a reactor. Since conservative constituents
do not react, they ”ow with the water and stay in a reactor as long as the water
stays in the reactor. Thus, a curve of ef”uent concentration of a conserva-
tive constituent reveals the residence time distribution of the water in the
reactor. Conservative constituents are commonly calledtracers, and tests to
determine the residence time distribution of a reactor are called tracer tests.

Input
Characteristics
for Flow Reactors

The ”ow into a reactor can be constant or change over time. In normal
full-scale treatment processes, it is desirable to have a constant ”ow of
water through a reactor because it leads to stable and predictable operating
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conditions. A constant ”ow of water, coupled with constant concentrations
of reactants in the in”uent, leads to steady-state conditions in the reactor.

It is sometimes necessary to analyze the situation that occurs when a
change in the input to a reactor has occurred, which leads to a non-steady-
state situation. Normally, the analysis considers an instantaneous change
that occurs immediately prior to the start of the analysis period. A common
non-steady-state situation is a tracer test. Two types of changes to the reactor
input techniques are considered for tracer tests:

� Pulse input: At the beginning of the testing period (i.e., time = 0), a
known mass of tracer is added to the reactor in”uent instantaneously
(i.e., added as a pulse or slug) and then ”ows through the reactor.
Measurement of the ef”uent concentration continues until the pulse
has completely passed through the reactor.

� Step input: At time = 0, a feed pump is turned on and feeds a tracer
into the reactor in”uent. The concentration of the tracer in the
in”uent stays constant over the duration of the test. Measurement of
the ef”uent concentration continues until it is the same as the new
in”uent concentration.

The next six sections of this chapter use the concepts of reactor analysis
to describe the performance of reactors, including the hydraulic character-
istics of both ideal and real reactors, and the concentration of reactants in
decay reactions in the ef”uent ”ow from both ideal and real reactors.

4-7 Reactions in Batch Reactors

When a batch reactor is used as a vessel for a chemical reaction, the primary
interest is how the concentrations of reactants and products change over
time. The main objective in many environmental engineering applications is
to remove contaminants; thus, reactants are the contaminants and reagents
added to degrade the contaminants, and the information that is needed is
how much time is required for the reactant concentration to be reduced
to some acceptable level. The mass balance analysis presented in Sec. 4-5
can be used to develop an equation for the concentration of a reactant
in a batch reactor as a function of time. Batch reactors have no inputs or
outputs, so applying the accumulation and reaction terms from Sec. 4-5 for
a constant-volume reactor yields

[accum] = [ massin] Š [ massout] + [rxn]

V
dC
dt

= Vr (4-63)

where V = reactor volume, L
C = concentration of reactant, mg/L
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t = time, s
r = reaction rate, mg/L·s

Equation 4-63 can be simpli“ed to

dC
dt

= r (4-64)

The reaction rate equation can be substituted for r and Eq. 4-64 can be
integrated to yield an equation for C as a function of t. For instance, a
“rst-order decay reaction has a reaction rate equationr = Š kC. Substituting
this relation into Eq. 4-64 yields

dC
dt

= Š kC (4-65)

Rearranging and setting up an integration of both sides yields

� C

C0

dC
C

= Š k
� t

0
dt (4-66)

where C0 = initial reactant concentration, mol/L

Integration yields

C = C0eŠkt (4-67)

Equation 4-67 describes the concentration of a reactant in a batch reactor
as a function of time for a “rst-order decay reaction. A similar mass balance
analysis for a second-order decay reaction (i.e.,r = Š kC2) results in the
following:

1
C

=
1
C0

+ kt (4-68)

A common use of batch reactors in laboratories is to determine the reaction
equation and rate constant for a chemical reaction. The kinetic information
determined in a batch reactor can be used to design other types of reactors
and full-scale treatment facilities. If the reaction order is not known, it is
not possible to determine a priori whether Eq. 4-67, 4-68, or some other
equation describes the concentration in the reactor. The approach to
analyzing experimental kinetic data is to develop a linearized form (i.e.,
an equation of the form y = mx + b) for each possible rate equation, plot
concentration versus time data in these various forms, and observe which
formulation of the data provides the best “t of a straight line. The linear
form of the “rst-order batch reactor equation is developed by taking the
natural logarithm of both sides of Eq. 4-67, which produces the following
relationship:

ln(C ) = ln(C0) Š kt (4-69)
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Slope = k

 y intercept = ln(C0)
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C
)
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Figure 4-4
Linearized form of concentration of
(a) “rst- and (b) second-order
reactions in a batch reactor.

For a “rst-order reaction, a plot of ln(C ) as a function of t will result in a
linear relationship. Such a plot is illustrated on Fig. 4-4a. The slope of the
line in the plot is equal to the “rst-order rate constant k and the intercept
is equal to ln(C0).

Similarly, straightforward graphical solutions can be demonstrated for
second-order reactions (Fig. 4-4b). The use of these equations to determine
the reaction rate equation and rate constant is demonstrated in Example 4-6.

Example 4-6 Determining the reaction order and rate constant
for decomposition of ozone

In laboratory experiments, ozone was added to a beaker (batch reactor) of
water and the concentration of ozone remaining was measured periodically.
The initial concentration of ozone,C0, was 5 mg/L for all experiments. The
concentration of ozone remaining in the water at various times is presented
in the following table:

Time, min O 3 conc, mg/L

0 5.00
1 4.25
5.5 2.10
9 1.10

Determine the reaction order and reaction rate constant for the decom-
position of ozone in water, considering “rst- and second-order reactions.

Solution

1. Calculate ln(C) and 1/C for plotting as a function of time. The values
are tabulated below.
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Time, min C ln(C) 1/ C

0 5.0 1.61 0.20
1.0 4.25 1.45 0.24
5.5 2.1 0.74 0.48
9.0 1.1 0.095 0.91

2. Plot ln(C) and 1/C as a function of time. The graphs shown below are
tabulated below. For a “rst-order reaction, a plot of ln(C) vs. t is shown
in panel (a) below. For a second-order reaction, a plot of 1/C vs. t is
shown in panel (b).

y = 0.167x + 1.62

R2 = 0.9985
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3. Because the plot constructed in panel (a) results in a linear relationship,
ozone decomposition in water can be described using “rst-order
kinetics.

4. The reaction rate constant is determined by “nding the slope of the
best-“t line for the data. As shown in panel (a) above, the “rst-order
reaction rate constant for the decomposition of ozone in water is
0.167 minŠ1 .

4-8 Hydraulic Characteristics of Ideal Flow Reactors

Section 4-9 will demonstrate that the hydraulic characteristics of a ”ow-
through reactor can in”uence the outcome of reactions. Thus, it is essential
to be able to measure and describe the hydraulic characteristics. The
hydraulics of a reactor can be determined using non-steady-state reactor
analysis by injecting a tracer into the reactor in”uent using either a pulse



4-8 Hydraulic Characteristics of Ideal Flow Reactors 81

or step input and then observing its concentration in the reactor•s ef”uent
over time. Both input methods yield the exact same information about
the reactor hydraulics. Tracer studies are discussed in greater depth in
Sec. 4-10.

Completely Mixed
Flow Reactor

When a pulse input is introduced into a CMFR, the ef”uent tracer concen-
tration instantly reaches a maximum as the tracer is uniformly distributed
throughout the reactor. As clean water (containing no tracer) continues
to enter the reactor after time = 0, the tracer gradually dissipates in an
exponential manner as the tracer material leaves the ef”uent. The expo-
nential shape of the tracer curve can be demonstrated using a mass balance
analysis of a CMFR. The mass balance equation contains an accumulation
term because the concentration of tracer in the reactor will be changing
over time (not at steady state), but no input term (for pulse input, no tracer
enters the reactor after t = 0) or reaction term (the tracer is a nonreactive
chemical). The mass balance is written

[accum] = [ massin] Š [mass out] + [ rxn]

V
dC
dt

= Š QC (4-70)

where C = ef”uent concentration of tracer at time t, mg/L
t = time since pulse of tracer was added to reactor, s

Algebraically rearranging Eq. 4-70 yields

dC
C

= Š
Q
V

dt (4-71)

At t = 0+ (time immediately after tracer is added), the tracer pulse has
entered the reactor and is uniformly dispersed within the CMFR. Conse-
quently, Eq. 4-71 may be integrated:

� C

C0

dC
C

= Š
Q
V

� t

0
dt (4-72)

where C0 = initial mass of tracer added divided by volume of reactor,
M /V , mg/L

M = mass of tracer added, mg

The hypothetical time that water stays in a reactor is related to the volume
and ”ow rate:

� =
V
Q

(4-73)
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where � = hydraulic residence time, s
V = reactor volume, m3

Q = ”ow rate through the reactor, m 3/s

After substitution of � and integration of Eq. 4-72, the following expression
is obtained:

C = C0eŠt /� (4-74)

Equation 4-74 is the equation for the tracer curve for a pulse input in a CMFR
as shown on Fig. 4-5a. The equation demonstrates that the ef”uent concen-
tration from a CMFR will be C = C0 at t = 0,C = 0 at in“nite time, and decay
exponentially between those extremes. A similar mass balance analysis can
be used to generate the equation for the tracer curve for a step input in a
CMFR. The formulation of the mass balance equation can be written

[accum] = [mass in] Š [mass out] + [ rxn]

V
dC
dt

= QCI Š QC (4-75)

where Ci = in”uent tracer concentration mg/L.

After rearranging, integrating, and substituting Eq. 4-75, the equation
describing the ef”uent concentration from a CMFR following a step input is

C = CI (1 Š eŠt /� ) (4-76)

Equation 4-76 is shown on Fig. 4-5b.

Plug Flow Reactor The tracer curves that result from the addition of a pulse input and step
input to a PFR are more straightforward and are illustrated on panels (c)
and (d) of Fig. 4-5, respectively. In both cases, the ef”uent concentration
curve has exactly the same shape as the in”uent but delayed by a time equal
to the reactor•s hydraulic residence time, �. The reason the in”uent and
ef”uent curves are identical is because PFRs have no mixing or dispersion
in the axial direction and every drop of water and molecule of tracer takes
the same amount of time to pass through the reactor. Thus, there is no
opportunity for any molecule of tracer to come out sooner or later than
the hydraulic residence time.

A primary conclusion from this analysis is that CMFRs and PFRs have
dramatically different tracer ef”uent curves. Since the tracer describes the
ef”uent concentration of a nonreactive chemical, the residence time of
the tracer also re”ects the residence time of the water in the reactor;
in other words, these curves describe the hydraulic characteristics of the
reactors. When reactive chemicals are present in a PFR, every reactant
molecule will have the exact same amount of time in the reactor. In
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Tracer curves from ideal reactors: (a) CMFR with pulse input, (b) CMFR with step input, (c) PFR with pulse input, and (d) PFR
with step input.
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a CMFR, however, the droplets of water have different residence times.
Because of complete mixing, some droplets of water are transported
immediately to the vicinity of the reactor ef”uent and leave the reac-
tor after a short period of time, while other droplets can reside in the
reactor much longer. Thus, reactant molecules in a CFMR will spend
a range of times in the reactor and have different amounts of time to
react. This difference in residence time leads to a difference in reac-
tion time available, which then leads to a difference in the extent to
which chemicals react within the reactor, as will be demonstrated in the
next section.

4-9 Reactions in Ideal Flow Reactors

In normal environmental engineering practice, ”ow reactors are designed
to treat a constant ”ow and achieve a particular level of treatment on a
continuous basis (e.g., an ozone contactor may be designed to achieve
95 percent removal of a contaminant continuously). The most common
design question thus is, for a given application, how big should the reactor
be to achieve a particular ef”uent concentration of the reactant of interest.
Once again, the mass balance analysis presented earlier can be used to
develop the equations. Design of ”ow-through reactors is typically based on
steady-state conditions. This section develops and presents the equations
for the ef”uent concentration from a single PFR and single CMFR under
steady-state conditions.

Completely Mixed
Flow Reactor

For a steady-state mass balance analysis of a CMFR, the accumulation term
is zero. Mathematically, this mass balance may be written as

[ accum] = [mass in] Š [mass out] + [rxn]

0 = QCI Š QC+ Vr (4-77)

where Q = ”ow rate, L/s
CI = in”uent concentration, mg/L
C = ef”uent concentration, mg/L
V = reactor volume, L
r = reaction rate in reactor at ef”uent concentration C, mg/L ·s

Use of Eq. 4-77 to develop an equation for the ef”uent concentration
depends on the form of the reaction rate equation. For a “rst-order decay
reaction (r = Š kC), the ef”uent concentration can be developed as follows:

QCI Š QCŠ VkC= 0 (4-78)
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Substituting Eq. 4-73 (� = V/Q ) and rearranging yields

CI Š (1 + k�)C = 0 (4-79)

C =
CI

1 + k�
(4-80)

Use of Eq. 4-80 to calculate the steady-state ef”uent concentration from
a CMFR will be demonstrated in Example 4-8. For a second-order decay
reaction r = Š kC2), Eq. 4-77 becomes

QCI Š QCŠ VkC2 = 0 (4-81)

Substituting Eq. 4-73 and rearranging yields a quadratic equation:

k�C 2 + C Š CI = 0 (4-82)

One of the roots of the quadratic equation will necessarily be a negative
number, so the ef”uent concentration of a second-order decay reaction
from a CFMR must be the other root and is equal to

C =
Š1 +

�
1 + 4k�C I

2k�
(4-83)

By rearranging Eq. 4-77, the volume and the hydraulic residence time of
the reactor can be estimated if ”ow rate, in”uent concentration, ef”uent
concentration (treatment objective), and reaction kinetics are known, as
follows:

V =
Q(CI Š C)

Šr
(4-84)

� =
CI Š C

Šr
(4-85)

The use of Eq. 4-85 to determine the hydraulic residence time needed to
achieve a speci“c ef”uent concentration is demonstrated in Example 4-7.

Example 4-7 Hydraulic residence time in a CMFR

A CMFR has an in”uent concentration of 200 mg/L and a “rst-order reaction
rate constant of 4 minŠ1 . Assuming steady-state conditions, calculate the
required hydraulic residence time for an ef”uent concentration of 10 mg/L.

Solution

Determine the hydraulic residence time using Eq. 4-85:

� =
CI Š C

kC
=

200 mg/L Š 10 mg/ L

(4 minŠ1 )(10 mg/L)
= 4.75 min
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Plug Flow Reactor In a PFR, reactions occur as the water passes from the in”uent to the
ef”uent end of the reactor. Because there is no mixing in the axial
direction, the concentrations of the reactants and products change along
the length of the reactor. Thus, the whole reactor cannot be used as the

CI

A

Q

x �x

L

Cx+�xCx

Figure 4-6
De“nition sketch for a mass balance analysis
of a differential element in a plug ”ow reactor.

control volume in a mass balance analysis because it
violates the criterion that the conditions be constant
throughout the control volume. The only way to meet this
criterion is to choose a control volume that is so small that
there is essentially no change in concentration in the axial
direction, that is, a differential element with a length �x ,
as shown in Fig. 4-6. Although the concentration changes
axially, when the ”ow and reaction proceed at constant
rates, the concentration at each point in the reactor is a
constant and the system is at steady state. A steady-state
mass balance on this differential element can be written

[ accum] = [mass in] Š [mass out] + [rxn]

0 = QCx Š QCx+�x + Vr (4-86)

The volume of differential element is V = A�x . Substituting this into
Eq. 4-86 and rearranging yields

�
Q
A

�
Cx+�x Š Cx

�x
= r (4-87)

Using calculus, the term on the left side of Eq. 4-87 can be recognized as
the derivative dC/dx by taking the limit as �x � 0, as shown as

lim
�x �0

Cx+�x Š Cx

�x
=

dC
dx

(4-88)

Substituting Eq. 4-88 into Eq. 4-87 yields
�

Q
A

�
dC
dx

= r (4-89)

Equation 4-89 can be used to develop equations for the ef”uent concentra-
tion from a PFR. For instance, for a “rst-order decay reaction (r = Š kC),
substitution and integration yields

�
Q
A

�
dC
dx

= Š kC (4-90)

� C

CI

dC
C

= Š
kA
Q

� x

0
dx (4-91)

ln(C ) Š ln(CI ) = Š
kAx
Q

(4-92)

Equation 4-92 can be used to plot the concentration pro“le of a reactant
in a PFR as a function of the axial position in the reactor. The ef”uent
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concentration is the concentration when x = L. Noting that AL = V and
� = V/Q , a “nal rearrangement of Eq. 4-92 yields the ef”uent concentration
from a PFR:

C = CI eŠk� (4-93)

An inspection of Eqs. 4-67 and 4-93 reveals that they are essentially identical
except t = � in the equation for a PFR. The ef”uent concertration from a
PFR when a second-order reaction is taking place will sinilarly be identical to
Eq. 4-68. Thus, a PFR can be visualized as a reactor in which discrete packets
of water enter the reactor (as if each packet were a batch reactor) and
travel through the reactor for a time equal to �. The ef”uent of a PFR with
residence time � has the same concentration as a batch reactor at timet.

An identical analysis can be performed for other reaction rates (second-
order reaction, Monod reaction, etc.) using Eq. 4-86 as a starting point. A
comparison of the ef”uent concentration from a CMFR and a PFR of the
same size is demonstrated in Example 4-8.

Example 4-8 Steady-state ef”uent concentrations
from a CMFR and a PFR

A groundwater supply has soluble iron (Fe2+ ) concentration of 7.5 mg/L,
which is in excess of what is desired for a potable supply. The Fe2+ is
to be removed by aeration with oxygen (O2) followed by precipitation and
“ltration. O2 reacts with Fe2+ in a “rst-order reaction with a rate constant of
0.168 minŠ1 . Find the concentration of Fe2+ in the ef”uent of a ”ow-through
reactor with a hydraulic residence time of 15 min.

Solution

1. Calculate the ef”uent concentration from a CMFR using Eq. 4-80:

C =
CI

1 + k�
=

7.5 mg/L

1 + (0.168 minŠ1 )(15 min)
= 2.13 mg/L

2. Calculate the ef”uent concentration from a PFR using Eq. 4-93:

C = CIe
Šk� = (7.5 mg/L)eŠ(0.168 minŠ1 )(15 min)= 0.6 mg/L

Comment

Even though the reactors have the same residence time and the same
reaction is taking place, the ef”uent concentration from a PFR is signi“cantly
lower than that from a CMFR. The results demonstrate the importance of
mixing in reactors where chemical reactions are taking place.
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The results in Example 4-8 demonstrate that a PFR is more ef“cient
than a CMFR for consuming the reactants in a “rst-order reaction. The
reason for this behavior is that the rate of a “rst-order reaction depends
on the concentration of the reactant. In the CMFR, the reaction proceeds
at a rate governed by the same concentration everywhere in the reactor,
corresponding to the ef”uent concentration. At the inlet of a PFR, the
reaction proceeds at a rate governed by the in”uent concentration, which
is much higher than the ef”uent concentration from a CMFR. Although the
rate of reaction in a PFR declines as the ”uid moves through the reactor,
the high rate of reaction in the early portion of the reactor results in an
overall greater extent of reaction than in a CMFR.

This difference between CMFRs and PFRs has important implications
in environmental engineering. The CMFR is an ideal reactor in which the
contents are perfectly mixed and the PFR is an ideal reactor in which no
mixing occurs; thus, these ideal reactors occupy two ends of a spectrum of
the extent of actual mixing in a real reactor. The hydraulics of real reactors
are considered in the next section.

4-10 Measuring the Hydraulic Characteristics of Flow Reactors with Tracer
Tests

CMFRs and PFRs are relatively easy to achieve for small or moderately sized
reactors. Small reactors can be designed so that the effects of dispersion
are negligible or with large mixers that can achieve near-perfect mixing.
Water treatment facilities, however, can include very large continuous-”ow
reactors. Sedimentation basins and chlorine contact chambers can be tens
or hundreds of meters long. Because of their large size, virtually all water
treatment processes take place in turbulent ”ow. The mixing that results
from the shearing forces between ”uid layers and by the random ”uid
motion of turbulence is known as dispersion. In large reactors, it may not
be possible to install a mixer capable of achieving perfect mixing or to
avoid the effects of dispersion and currents caused by wind, temperature,
and density differences or other forms of nonideal ”ow.

The previous section demonstrated that hydraulic characteristics of
reactors affect the extent to which reactions occur and that a PFR can
achieve a lower ef”uent concentration than a CMFR if they are the identical
size and all other conditions are the same. Thus, the nonideality associated
with large reactors has important implications for the treatment of drinking
water because it affects the ef”uent concentrations of contaminants from
treatment systems. A lack of appreciation for the effects of nonideality
leads to poor design of treatment facilities, which then leads to reduced
treatment performance.

The best way to determine the hydraulic characteristics and quantify the
amount of dispersion in a real reactor is to measure it with a tracer test. The
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results of the tracer test are used to generate the residence time distribution
(RTD) for the reactor, which can then be used to calculate the actual per-
formance (ef”uent concentrations of reactants such as contaminants and
oxidants). Tracer tests are also used to quantify dispersion and determine
the contact time for disinfection regulations.

A tracer test is conducted by injecting a conservative chemical (tracer)
at the reactor inlet using a step or pulse input and measuring the con-
centration at the reactor outlet over time. The tracer concentration may
be measured using a spectrophotometer if a dye is used, and a conductiv-
ity meter or speci“c ion (e.g., ”uoride or lithium) measurements if salts
are used.

Analysis of Tracer
Data

The raw data from a tracer test are values of tracer concentration exiting
the reactor as a function of time. Concentration plotted as a function of
time is known as theC curve. The C curve from a pulse input tracer test of a
real reactor is shown on Fig. 4-7a. Tracer data is analyzed to determine the
mean and variance and generate two additional curves, known as the exit
age distribution ( E curve) and cumulative exit age distribution ( F curve).
From those results, additional parameters that characterize the extent of
dispersion can be generated.

MEAN AND VARIANCE

The mean residence time, t, is the average amount of time that water
stays in the reactor as determined by the tracer test. The mean is the
“rst moment of the area under a curve of ef”uent concentration versus
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Figure 4-7
Results of tracer test from three CMFRs in series: (a) concentrationC as function of time and (b) exit age distributionE and
cumulative exit age distributionF.
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time. If concentration is described by a continuous function, the mean is
determined from

t =

� 	
0 Ct dt

� 	
0 C dt

(4-94)

where t = mean residence time of tracer in reactor, min or s
C = concentration exiting reactor at time t, mg/L
t = time since addition of tracer pulse to reactor•s entrance, min

or s

Of course, the tracer test produces discrete data instead of a continuous
function, and it is therefore necessary to estimate the area under the C
curve using numerical integration. Several methods can be used, including
the rectangular or Simpson rules, but the trapezoidal rule is simple and
provides acceptable accuracy. The trapezoidal rule can be written

t 
=

� N
k=1 Cktk�t k

� N
k=1 Ck�t k

(4-95)

where Ck = 1
2(CiŠ1 + Ci )

tk = 1
2(t iŠ1 + ti )

�t k = ti Š tiŠ1

Ci = ef”uent concentration from tracer test at time i , mg/L
ti = time at which concentration measurement was taken, min

N = number of time and concentration measurements

Ideally, the mean residence time t is equal to the hydraulic residence time
�, but this is generally not the case. A principal cause of this deviation is the
presence of dead spaces in the reactor (spaces that do not mix well with the
remainder of the contents) where the volume is not used.

The variance � 2
t , the second moment of the area under the C curve,

is used to determine the spread of the tracer curve using the following
equation:

� 2
t =

� 	
0 C(t Š t)2 dt

� 	
0 C dt


=

� N
k=1 Ck(t k Š t)2�t k

� N
k=1 Ck�t k

(4-96)

where � 2
t = variance with respect tot, min2

MASS OF TRACER RECOVERED

The C curve can be used to determine the amount of tracer recovered
during the test. The mass of tracer recovered in each trapezoid of theC
curve is equal to the product of the ”ow, concentration, and time, such that

MT =
N�

i=1

Mk = Q
N�

k=1

Ck�t k (4-97)
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where MT = mass of tracer recovered in the reactor ef”uent, mg

The mass recovered in Eq. 4-97 can be compared to the mass of tracer
injected into the reactor. A well-conducted tracer test should recover 95
percent or more of the tracer.

EXIT AGE DISTRIBUTION (E CURVE)

As discussed in previous sections, different elements of ”uid can take differ-
ent amounts of time to get through the reactor. The exit age distribution,
E� , is the residence time distribution (RTD) of the ”uid in the reactor. The
RTD is strictly a function of the ”ow characteristics of the reactor and is
independent of how the tracer test was conducted. The RTD is a probability
function and the area under the E curve is dimensionless and has a value
equal to 1. The area under the curve up to a particular time t represents the
fraction of water that had a residence time less than or equal to that time.

The manipulation of the raw data to generate the E curve depends on
whether pulse or step input was used. If the test was done as a pulse input,
the E curve can be generated by normalizing the time and concentration
values of theC curve so that the area under the curve is 1.

Time is normalized by dividing all original values of time by the mean
residence time determined in Eq. 4-95.

� i =
ti
t

(4-98)

where � i = normalized time, dimensionless

Because� may not take dead spaces in the reactor into account, it is
important that t, not �, be used in normalizing tracer curves.

The area under the C curve was determined in the denominator of
Eq. 4-95. Because thex axis was scaled by dividing byt, multiplying values on
the yaxis bytand dividing by the total area under the C curve will yield a new
curve with an area of 1. Thus, values for theE curve are determined from

E�i =
Ci t

� N
k=1 Ck�t k

(4-99)

where E� i = value of the E curve at time i , dimensionless

The exit age distribution for the tracer curve presented on Fig. 4-7a is
shown on Fig. 4-7b.

CUMULATIVE EXIT AGE DISTRIBUTION ( F CURVE)

Although the E curve is the residence time distribution function for the
reactor, it can be dif“cult to use to determine speci“c residence time values.
For instance, t10 is the time at which 10 percent of the water has had a



92 4 Fundamental Principles of Environmental Engineering

residence time less than or equal to that time. To determine t10 from the
E curve, it is necessary to “nd the point on the x axis that divides the area
with 10 percent of the area to the left and 90 percent to the right.

This analysis can be facilitated by generating the cumulative exit age
distribution F� , or F curve. The F curve is the integral of the E curve:

F� =
� �

0
E� d� (4-100)

Using the discrete data from the tracer test, the values for the F curve can
be calculated from

F�i =

� i
k=1 Ck�t k

� N
k=1 Ck�t k

(4-101)

The cumulative exit age distribution for the tracer curve presented on
Fig. 4-7a is shown on Fig. 4-7c. The cumulative area under theE curve is
shown on the y axis, so it is possible to read speci“c residence time values
directly from the F curve. The analysis of tracer data is demonstrated in
Example 4-9.

Example 4-9 Analysis of tracer data to determine mean, variance,
and E and F curves

A pulse tracer test with 5.0 kg of dye was conducted on a ”ow-through
reactor operating at a ”ow rate of 3.17 ML/d. The reactor has a volume
of 175 m3. The results are reported in the table below. Calculate the mean
and variance, the mass of dye recovered, and plot the tracer curve,E
curve, andF curve.

Time, min C, mg/L Time, min C, mg/L Time, min C, mg/L

0 0 65 38 90 31
20 1 68 58 100 15
40 4 71 63 110 6
55 15 75 64 130 1
62 28 80 58 140 0

Solution

Tracer data is best analyzed in a spreadsheet. The setup for the spreadsheet
is as follows:

1. Enter the given time and concentration in the “rst two columns.
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2. In the next three columns, calculate the mean timetk, mean concen-
tration Ck, and time interval� t for each trapezoid using the de“nitions
after Eq. 4-95. For the second data point:

Col. 3: tk = 1
2 (tiŠ1 + ti) = 1

2 (0 + 20) = 10 min

Col. 4: Ck = 1
2 (CiŠ1 + Ci) = 1

2 (0 + 1) = 0.5 mg/L

Col. 5: � tk = ti Š tiŠ1 = 20 Š 0 = 20 min

3. In the next two columns, calculate the product terms in the numerator
and denominator of Eq. 4-95. For the second data point:

Col. 6: Cktk� tk = (0.5 mg/L)(10 min)(20 min)= 100 mg · min2/L

Col. 7: Ck� tk = (0.5 mg/L)(20 min)= 10 mg · min/L

4. Complete the calculations in steps 2 and 3 for all remaining data and
calculate the sum of columns 6 and 7 at the bottom of the column.
Then calculate the mean using Eq. 4-95:

t =

� N
k=1 Cktk� tk

� N
k=1 Ck� tk

=
167,604 mg · min2/L

2192 mg · min/L
= 76.48 min

5. Calculate the product terms in the numerator of Eq. 4-96 in column 8.
For the second data point:

Ck(tk Š t)2� tk = (0.5 mg/L)(10 Š 76.48 min)2(20 min)

= 44,195 mg · min3/L

6. Complete the calculation for all remaining data and then calculate the
summation at the bottom of the column. Then calculate the variance
using Eq. 4-96:

� 2
t =

� N
k=1 Ck(tk Š t)2� tk

� N
k=1 Ck� tk

=
710,103 mg · min3/L

2192 mg · min/L
= 324.0 min2

7. Calculate the mass of dye recovered using Eq. 4-97:

MT = Q
N�

k=1

Ck� tk =
(3.17 ML/d)(2192 mg · min/L)(106 L/ML)

(1440 min/d)(106 mg/kg)

= 4.83 kg
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8. In the next two columns, calculate� i andE� i
for each value ofti using

Eqs. 4-98 and 4-99. For the second row:

� i =
ti
t

=
20 min

76.48 min
= 0.262

E� i =
Cit

� N
k=1 Ck� tk

=
(1 mg/L)(76.48 min)

2192 mg · min/L
= 0.0349

9. Values for theF curve are determined by calculating a running sum
of the valuesCk� tk up to that point on the curve, divided by the total
area under the curve. The “rst two values for theF curve are

F�1 =
C1� t1

� N
k=1 Ck� tk

=
(0.5 mg/L)(20 min)
2192 mg · min/L

= 0.00456

F�2 = F�1 +
C2� t2

� N
k=1 Ck� tk

= 0.00456 +
(2.5 mg/L)(20 min)
2192 mg · min/L

= 0.02738

The data is tabulated below.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

ti Ci tk Ck � tk Ck tk � tk Ck � tk Ck (tk Š tk )2 � tk � i E� i
F� i

0 0 0

20 1 10 0.5 20 100 10 44,195 0.262 0.0349 0.00456

40 4 30 2.5 20 1,500 50 108,016 0.523 0.1396 0.02738

55 15 47.5 9.5 15 6,769 143 119,671 0.719 0.5235 0.09240

62 28 58.5 21.5 7 8,804 151 48,650 0.811 0.9771 0.16108

65 38 63.5 33.0 3 6,287 99 16,678 0.850 1.3261 0.20625

68 58 66.5 48.0 3 9,576 144 14,340 0.889 2.0241 0.27196

71 63 69.5 60.5 3 12,614 182 8,841 0.928 2.1986 0.35478

75 64 73 63.5 4 18,542 254 3,075 0.981 2.2335 0.47068

80 58 77.5 61.0 5 23,638 305 318 1.046 2.0241 0.60986

90 31 85 44.5 10 37,825 445 32,309 1.177 1.0818 0.81291

100 15 95 23.0 10 21,850 230 78,894 1.308 0.5235 0.91786

110 6 105 10.5 10 11,025 105 85,411 1.438 0.2094 0.96578

130 1 120 3.5 20 8,400 70 132,584 1.700 0.0349 0.99772

140 0 135 0.5 10 675 5 17,123 1.831 0.0000 1.00000

Sums: 167,604 2,192 710,103
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TheC, E, and F curves are shown below.
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Comments

The mass of dye recovered was 4.83 kg, or about 97 percent of the dye
that was added, indicating a successful tracer test. The mean, variance,
and E and F curves can be used for additional analysis of tracer data, as
demonstrated in the next sections.

4-11 Describing the Hydraulic Performance of Real Flow Reactors

The preceding section demonstrates that tracer tests can produce useful
information about the RTD of a real reactor. However, the E and F curves
are graphical representations of the residence time distribution, and it is
preferable to have a single parameter (or a small number of parameters)
that describe the RTD. The variance could be used to describe the extent of
dispersion in a real reactor, but it is hard to relate to the physical meaning
of the variance. As a result, a number of parameters and models have
been developed that describe the RTD. Two single-parameter models that
are typically used to describe the RTD of a real reactor are (1) the t10/�
ratio and (2) the tanks-in-series (TIS) model. The t10/� ratio is used by
regulatory agencies to assess the level of dispersion in a reactor without using
complicated models. The TIS model provides a clear conceptual image of
how the RTD of a real reactor “ts on the spectrum of mixing or dispersion
ranging from no dispersion (represented by a PFR) to perfect mixing
(represented by a CMFR). The t10/� ratio and TIS model are described
in this section. More sophisticated parameters and models also exist. In
particular, the axial dispersion model or dispersed-”ow model (DFM) and
the segregated-”ow model (SFM) are described in the companion reference
book to this textbook (Crittenden, et al., 2012).
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The t10 /� Ratio The time for a particular fraction of water to pass through the reactor can
be obtained from the F curve. For instance,t10 is the time it takes for the
“rst 10 percent of the water to pass through the reactor and is equal to the
time for which the F value is 0.1. The more dispersion in a reactor, the
greater deviation betweent10 and �. A CMFR has a t10/� ratio of about 0.1,
whereas a PFR has at10/� ratio of exactly 1.0. Thus, this simple ratio can be
an indicator of the level of dispersion in a reactor.

Regulatory authorities often regulate reactor design using simpli“ed
performance criteria such as the t10/� ratio. As will be shown in Chap. 13,
the disinfectant concentration and contact time are equally important in
inactivating microorganisms, such that the product of concentration and
time (called Ct) is the basis for disinfection regulations in the United States.
However, because the water in a real reactor has a range of residence
times, different microorganisms in the reactor will be exposed to the
disinfectant for different amounts of time, and some will be exposed for
less than�. Thus, disinfection would be inadequate if regulations speci“ed
the � of a reactor as the appropriate amount of time for disinfection.
The time used in Ct regulations in the United States is the t10 of the
disinfectant contactor from a tracer test. A reactor with low dispersion as
expressed by a hight10/� ratio can achieve similar disinfection effectiveness
with less volume than a reactor with high dispersion, as demonstrated in
Example 4-10.

Example 4-10 Volume required for disinfection in reactors with low
and high dispersion

To achieve a certain level of disinfection, a treatment facility must achieve a
Ct value of 56.4 mg·min/L, where C is the concentration of chlorine andt
is t10 from a tracer test. Assume the plant has a ”ow rate of 38 ML/d and
the acceptable chlorine concentration is 1.1 mg/L. Determine the required
chlorine contactor volume if the contactor is designed with (a) low dispersion
and hast10/� = 0.65 and (b) high dispersion and hast10/� = 0.4.

Solution

1. Determine the requiredt10:

t10 =
Ct value

C
=

56.4 mg · min/L
1.1 mg/L

= 51 min
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2. Determine the hydraulic residence time and volume of the low disper-
sion contactor:

� =
t10

0.65
=

51 min
0.65

= 78.5 min

V = Q� =
(38 ML/d)(78.5 min)(103 m3/ML)

1440 min/d
= 2070 m3

3. Determine the hydraulic residence time and volume of the high disper-
sion contactor:

� =
t10

0.4
=

51 min
0.4

= 128 min

V = Q� =
(38 ML/d)(128 min)(103 m3/ML)

1440 min/d
= 3380 m3

Comments

The high dispersion contactor must be over 60 percent larger than the low
dispersion contactor to achieve the same regulatory disinfection level.

The
Tanks-in-Series

Model

A PFR is modeled by performing a mass balance on a differential element in
the reactor and integrating over the length of the reactor. The differential
element can be considered to be a CMFR, so conceptually a PFR has
performance comparable to an in“nite series of CMFRs. Since the PFR and
CMFR represent two ends of a spectrum on the degree of mixing (CMFR
is perfect mixing, PFR is no mixing), it follows that a discrete number
of CMFR tanks in series might represent a degree of mixing between the
extremes represented by the PFR and CMFR. The TIS model is built on
this foundation. The number of tanks, n, is a single parameter that can be
used to approximate the performance of a real tank.

DERIVATION OF THE TIS MODEL

The TIS model is developed by assuming that the residence time distribution
of a real reactor can be compared to a series of CMFRs, and the number
of tanks in the series will represent the degree of dispersion in the real
reactor. A real reactor with a high degree of mixing or dispersion (nearing
the performance of a CMFR) will be represented by a low number of tanks,
and a reactor with very low dispersion (nearing plug ”ow) will have a high
number of tanks.
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The model is developed by performing a mass balance on each CMFR
in the series. Several adjustments to the mass balance need to be made to
account for the difference in the volume of the real reactor and the volume
of each CMFR in the series. The total volume of all the CMFRs in the series
is set equal to the volume of the real reactor, such that

VR =
V
n

(4-102)

where VR = volume of each individual CMFR, m3

V = volume of the entire reactor, m 3

n = number of CMFR in the series

With a pulse input, the initial concentration is C0 = M /V if the tracer is
mixed into the entire volume of a single reactor, but in this analysis the
tracer initially mixes only into the “rst CMFR, that is,

C0,R =
M
VR

(4-103)

where C0,R = initial concentration of tracer in the “rst CMFR, mg/L
C0 = initial concentration of tracer if mixed into entire reactor,

mg/L
M = mass of tracer used in the tracer test

Substituting Eq. 4-103 into Eq. 4-102 yields

C0,R =
M
VR

=
nM
V

= nC0 (4-104)

Similarly, the hydraulic residence time of each CMFR can be related to the
overall hydraulic residence time:

� R =
VR

Q
=

V
nQ

=
�
n

(4-105)

where � R = hydraulic residence time of each CMFR, min
� = hydraulic residence time of the entire reactor, min

Q = ”ow rate, m 3/min

Using these de“nitions, the ef”uent from the “rst CMFR (which is the
in”uent to the second CMFR) can be written

C1 = C0,ReŠt /� R = nC0eŠnt /� (4-106)

where C1 = ef”uent concentration of a tracer from the “rst CMFR in a
series mg/L
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The ef”uent concentration from the “rst CMFR is described by Eq.
4-106. If Eq. 4-106 is used as the in”uent in a mass balance on a second
CMFR in the series, the resulting equation is

[accum] = [mass in] Š [mass out] + [ rxn]

VR
dC2

dt
= QC1 Š QC2 (4-107)

VR
dC2

dt
= QnC0eŠnt /� Š QC2 (4-108)

After rearranging and integrating:

C2 = (nC0)
� nt

�

�
eŠnt /� (4-109)

where C2 = ef”uent concentration of a tracer from the second CMFR
mg/L

Continuing this analysis for a third CMFR in a series yields

C3 =
�

nC0

2

� � nt
�

� 2
eŠnt /� (4-110)

where C3 = ef”uent concentration of a tracer from the third CMFR,
mg/L

Continuing the analysis for additional CMFRs eventually yields a general
equation for any number of CMFRs:

Cn = C0
nn

(n Š 1)!

� t
�

� nŠ1
eŠnt /� (4-111)

where Cn = ef”uent concentration of a tracer from a series of n CMFRs,
mg/L

Equation 4-111 plotted for several values ofn is shown on Fig. 4-8. An
examination of this equation and “gure indicates that a single parameter,
n, describes the amount of dispersion or mixing in a real reactor. A value of
n = 1 is equivalent to a CMFR and a value ofn = 	 is equivalent to a PFR.
It is important to note that this model was developed with a mass balance
on a CMFR, then extended to more and more CMFRs in series, so that the
model has a fundamental basis.

Data from a tracer test can be used to determine the number of tanks
in the TIS model that approximates the residence time distribution of the
real reactor. The number of tanks is calculated from

n =
t2

� 2
+ 1 (4-112)
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Figure 4-8
Ef”uent concentration of a tracer from the
tanks-in-series model.
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where n = number of tanks in the TIS model
t = mean residence time from tracer data, min

� 2 = variance from tracer data, min2

Models generally work best when the real conditions are reasonably close
to the assumptions. In this case, the model development started with a mass
balance on a CMFR, thus reactors that are closer to a CMFR (i.e., lots of
dispersion) will generally “t better to the TIS model than reactors with very
little dispersion.

A comparison between thet10/� value from a tracer test and the number
of tanks in the TIS model is shown in Table 4-2. As expected, as the number
of tanks increases, thet10/� value increases, since higher values of both
parameters indicate less dispersion.

Table 4-2
Comparison betweent10 /�
and number of tanks in the
TIS model

n t10 /�

1 0.10
3 0.35
6 0.5

10 0.6
20 0.7
50 0.8

In“nity 1.0
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Example 4-11 Determining t10 /� and number of tanks in the TIS
model from tracer data

Determine thet10/� ratio and the number of tanks for the TIS model from
the tracer test in Example 4-9.

Solution

1. The t10/� ratio is calculated by determining the values oft10 and �.

a. The value oft10 is determined from theF curve in Example 4-9.
TheF curve has a value of 0.1 at� = 0.73. The mean residence
time was determined to be 76.48 min; thus, by rearranging Eq.
4-98, t10 is

t10 = � 10t = (0.73)(76.48 min)= 55.8 min

b. The hydraulic residence time� is calculated from Eq. 4-73. The
volume and ”ow rate through the reactor were given in the problem
statement in Example 4-9.

� =
V
Q

=
(175 m3)(1440 min/d)

(3.17 ML/d)(103 m3/ML)
= 79.5 min

c. The t10/� ratio is t10/� = 55.8 min / 79.5 min = 0.70

2. The number of tanks for the TIS model is calculated from Eq. 4-112
using the mean and variance from Example 4-9.

n =
t
2

� 2
+ 1 =

(76.48 min)2

324.0 min2
+ 1 = 19 tanks

The relation between thet10/� ratio and the number of tanks for the TIS
model compares favorably with the values given in Table 4-2.

4-12 Reactions in Real Flow Reactors

The modeling of chemical reactions occurring in ideal reactors was intro-
duced in Secs. 4-7 and 4-9. However, the nonideal nature of the hydraulics
of real reactors, as described in Secs. 4-10 and 4-11, affects the actual
performance. Therefore, it is necessary to describe the performance of
reactors in terms of the nonideal nature of reactor hydraulics. When a
tracer curve is not available, the TIS model may be used with appropriate
kinetic expressions to model reactor performance.
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The reactor performance for the TIS model can be estimated from mass
balances for a number of tanks in series. Using the same mathematical
strategy that was used in Sec. 4-11, by performing a mass balance analysis
on each CMFR in the series and using the ef”uent concentration equation
from one CMFR as the in”uent concentration for the next CMFR, a general
equation can be developed. The form of the equation will depend on
the reaction rate term used in the mass balance analysis. For a “rst-order
reaction, the following expression is obtained:

C = CI
1

(1 + k�/n )n
(4-113)

where C = ef”uent concentration of a reactant with “rst-order kinetics
from a series of n CMFRs, mg/L

CI = in”uent concentration of reactant, mg/L
k = “rst-order reaction rate constant, min Š1

� = hydraulic residence time of the entire reactor, min
n = number of tanks in the TIS model

Example 4-12 Ef”uent concentration from a real reactor

The reactor evaluated in Examples 4-9 and 4-11 is to be used to degrade a
contaminant with an oxidant. The in”uent concentration of the contaminant
is 100 µg/L. Experiments in a batch reactor have determined that the
reaction between the contaminant and oxidant is a “rst-order reaction with
a rate constant of 0.063 minŠ1 . Calculate the ef”uent concentration from
the reactor, and compare it to the ef”uent concentration from a CMFR and
a PFR with identical hydraulic residence times.

Solution

In Example 4-11, it was determined that the reactor hydraulic residence time
was � = 79.5 min and the number of tanks for the TIS model wasn = 19
tanks.

1. Calculate the ef”uent concentration from the real reactor using Eq.
4-113 for the TIS model:

C = CI
1

(1 + k�/ n)n

=
100 µg/L

[1 + (0.063 minŠ1 )(79.5 min)/19] 19

= 1.17 µg/L
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2. Calculate the ef”uent concentration from a CMFR and a PFR using
Eqs. 4-80 and 4-93, respectively:

CMFR:C =
CI

1 + k�
=

100 µg/L

1 + (0.063 minŠ1 )(79.5 min)
= 16.6 µg/L

PFR: C = CIe
Šk� = (100 µg/L) eŠ(0.063 minŠ1 )(79.5 min) = 0.67 µg/L

Comment

As demonstrated earlier in this chapter (see Example 4-8), mixing and
dispersion is important in reactor performance for degrading contaminants.
The real reactor performance is between that of a CMFR and PFR because
the degree of dispersion is between that of a CFMR (perfectly mixed) and a
PFR (no mixing). In addition, the performance is closer to that of a PFR than
to a CMFR because the number of tanks in series is large, which is indicative
of a low amount of dispersion.

4-13 Introduction to Mass Transfer

Several water treatment processes involve the transfer of material from one
phase to another, such as from liquid to gas in air stripping, or liquid to
solid in adsorption. In these processes, the contaminant removal ef“ciency,
the rate of separation, and/or the size of the equipment can be governed
by the rate of mass transfer.

The next few sections of this chapter introduce important concepts about
the rate of movement of matter from one location to another, particularly
from one phase to another. Consider a contaminant removal process that
relies on an instantaneous reaction at a surface. Since the reaction is
instantaneous, the rate at which the contaminant is degraded is controlled
not by the rate of the reaction but by the rate at which the reactants can be
transported to the surface. Such a process is called ••mass transfer limited.••

Mass transfer is a complex topic. Books have been written about the topic,
and the chemical engineering curriculum at many universities includes an
entire course on mass transfer. This book focuses on key principles that
are relevant to environmental engineering and water treatment processes.
Topics discussed in this chapter include an introduction to mass transfer,
molecular diffusion and diffusion coef“cients, models and correlations for
mass transfer coef“cients, operating diagrams, and mass transfer across a
gas…liquid interface.

Mass transfer occurs in response to a driving force. Forces that can move
matter include gravity, magnetism, electrical potential, pressure, and others.
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In each case, the ”ux of material is proportional to the driving force. In
environmental engineering, the driving force of interest is a concentration
gradient or, in more general terms, a gradient in chemical potential or
Gibbs energy. When a concentration gradient is present between two phases
in contact with each other or between two locations within a single phase,
matter will ”ow from the region of higher concentration to the region of
lower concentration at a rate that is proportional to the difference between
the two concentrations, as given by the following equation:

J = k(�C ) (4-114)

where J = mass ”ux of a solute, g/m 2 · s
k = mass transfer coef“cient, m/s

�C = concentration gradient of the solute, mg/L

Equation 4-114 has only two components (the mass transfer coef“cient
and the concentration gradient), and while this equation seems simple,
it has profound implications for many treatment processes. The bulk of
the rest of this chapter is devoted to the examination of variations of this
equation. The next three sections are devoted to development of the mass
transfer coef“cient and models that describe mass transfer. Following that,
Sec. 4-17 will explore how operating diagrams can be used to describe the
concentration gradient.

4-14 Molecular Diffusion

Molecular diffusionis a form of mass transfer in which solute molecules or
particles ”ow from a region of higher concentration to a region of lower
concentration solely due to the kinetic energy of the solution molecules, that
is, when no external forces are present to cause ”uid movement. Molecular
diffusion is a fundamental concept in mass transfer and an understanding
of molecular diffusion is a necessary part of an understanding of mass
transfer. Key concepts of molecular diffusion include Brownian motion
and Fick•s “rst law.

Brownian Motion Brownian motion is the random motion of a particle or solute molecule
due to the internal energy of the molecules in the ”uid. As a result
of this internal thermal energy, all molecules are in constant motion. A
solute molecule or small particle suspended in a gas or liquid phase will
be bombarded on all sides by the movement of the surrounding gas or
liquid molecules. The random collisions cause unequal forces that cause
the solute molecule to move in random directions. The random motion
caused by these collisions is called Brownian motion after Robert Brown,
who described it in 1827.
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Although Brownian motion of individual molecules or particles is
completely random, it causes bulk matter to ”ow from regions of high
concentration to regions of low concentration. Consider a beaker contain-
ing water in which one drop of a blue dye has been placed. Molecules, both
water molecules and dye molecules, are randomly moving in all directions.
An imaginary boundary in the solution, as shown on Fig. 4-9, has a greater
concentration of dye molecules on one side than the other. In response to
completely random movement, the rate at which dye molecules cross the
boundary in each direction is proportional to the number of dye molecules
on each side; that is, the more dye molecules present, the more that can
randomly cross the boundary from that direction. The net result is a bulk
movement from concentrated regions to dilute ones. Net movement of dye
molecules across any particular interface ceases when the concentration is
the same on both sides. In this way, molecular diffusion stops (although
Brownian motion continues) when the dye is uniformly distributed through-
out the beaker, that is, the concentration is the same everywhere. At this
point the solution in the beaker has reached equilibrium.

Fick•s First LawWith Brownian motion as a foundation, molecular diffusion can be
described by Fick•s “rst law:

JA = Š DAB
dCA

dz
(4-115)

where JA = mass ”ux of component A due to diffusion, mg/m 2 · s
DAB = diffusion coef“cient of component A in solvent B, m 2/s
CA = concentration of component A, mg/L

z = distance in direction of concentration gradient, m

The term dCA/dz is the concentration gradient, that is, the change in
concentration per unit change in distance. The negative sign in Fick•s

Dye molecule

Dye added
to water

Water
molecule

Dye…water
bulk interface

Figure 4-9
Mechanism by which
Brownian motion leads to
diffusion. In this diagram,
the left side has about 4
times as many dye
molecules, consequently
about 4 times as many
pass the interface from left
to right compared to the
number passing in the other
direction.
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“rst law arises because material ”ows from regions of high concentration
to low concentration; thus, positive ”ux is in the direction of a negative
concentration gradient. The diffusion coef“cient describes the proportion-
ality between a measured concentration gradient and the measured ”ux of
material.

Diffusion in the
Presence of Fluid
Flow

Strictly speaking, Fick•s “rst law describes the ”ux with respect to the
centroid of the diffusing mass of solute. In other words, Fick•s “rst law
describes the rate of diffusion from a relative point of view; if the ”uid is
moving, the mass transfer due to diffusion is superimposed on top of, or in
addition to, mass transfer due to the movement of the ”uid.

The mass ”ow of component A due strictly to advection (in the absence
of diffusion) may be written as

MA = QCA (4-116)

where MA = mass ”ow of solute A due to advection, mg/s
Q = ”ow rate of ”uid, m 3/s

In terms of ”ux, the mass ”ow is divided by the perpendicular area:

JA =
QCA

A
= v(CA) (4-117)

where JA = mass ”ux of component A due to advection, mg/m 2 · s
A = cross-sectional area perpendicular to direction of ”ow, m2

v = ”uid velocity in direction of concentration gradient, where
v = Q/A

Consequently, when matter is being transported by both ”uid ”ow and
diffusion, Eqs. 4-60, 4-115, 4-116, and 4-117 can be combined to de“ne the
net mass ”ow and mass ”ux as follows:

MA = QCA Š DAB
dCA

dz
A (4-118)

and

JA = v(CA) Š DAB
dCA

dz
(4-119)

4-15 Diffusion Coef“cients

The diffusion coef“cient is an essential parameter for calculating the rate
of mass transfer in a wide variety of situations. Diffusion coef“cients can
be obtained from (1) laboratory measurements, (2) reference books or
published literature, and (3) models and empirical correlations.
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Diffusion coef“cients can be determined experimentally in the labora-
tory and procedures for doing so are available in the literature (Robinson
and Stokes, 1959; Malik and Hayduk, 1968). Measured diffusion coef“-
cients of some common solutes found in water treatment are presented
in Table 4-3. Diffusion coef“cients for other constituents are available in
the literature and reference books, such as Robinson and Stokes (1959),
Marrero and Mason (1972), Poling et al. (2001), and CRC (2003).

Measured values of diffusion coef“cients are not readily available for
many compounds of interest. In addition, diffusion varies with temperature,
and coef“cients in reference books are often not at the temperature desired
for the process application. In these cases, it is possible to estimate the
diffusion coef“cient based on chemical properties and structure using
various models and empirical correlations. For each class of compound,
a variety of calculation methods are available (Lyman et al., 1990; Poling
et al., 2001). Some common correlations are described in this section.
Use of these correlations is the most common way of estimating diffusion
coef“cients for many applications.

Liquid-Phase
Diffusion

Coef“cients for
Large Molecules

and Particles

Based on the principle that diffusion is caused by Brownian motion, and
Brownian motion is caused by collisions with the solvent molecules, it ought
to be possible to derive a theoretical value for the diffusion coef“cient from
the kinetic theory of matter. Albert Einstein derived this relationship in
papers published in 1905 and 1908. The derivation is beyond the scope
of this book. Relating the mean square distance traveled by a molecule
(or particle) during diffusion to the diffusion coef“cient de“ned by Fick•s
law, and then determining the mean square distance traveled by a solute

Table 4-3
Measured values of molecular diffusion coef“cients in water (at 25� C, unless
noted otherwise)

Constituent DL, m2/s Constituent DL, m2/s

Neutral species Strong electrolytes (0.001 M)
Acetic acid 1.29× 10Š9 BaCl2 1.32 × 10Š9

Acetone 1.28 × 10Š9 CaCl2 1.25 × 10Š9

Benzene (20� C) 1.02× 10Š9 KCl 1.96 × 10Š9

Ethanol 1.24 × 10Š9 KNO3 1.90 × 10Š9

Ethylbenzene (20� C) 0.81× 10Š9 NaCl 1.58 × 10Š9

Methane 1.49 × 10Š9 Na2SO4 1.18 × 10Š9

Sucrose 0.52 × 10Š9 MgCl2 1.19 × 10Š9

Toluene (20� C) 0.85 × 10Š9 MgSO4 0.77 × 10Š9

Vinyl chloride 1.34 × 10Š9 SrCl2 1.27 × 10Š9

Sources:Robinson and Stokes (1959), Poling et al. (2001), and CRC (2003).
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molecule as a result of collisions with solvent molecules, results in a
relationship knows as the Stokes…Einstein equation:

DL =
kbT

3�µ Ld
(4-120)

where DL = liquid-phase diffusion coef“cient, m 2/s
kb = Boltzmann•s constant, 1.381× 10Š23 J/K (kg · m2/s2 · K)
T = absolute temperature, K (273.15+ � C)

µ L = viscosity of water, kg/m·s
d = diameter of solute molecule or particle, m

Equation 4-120 predicts that diffusion increases with temperature and
decreases with viscosity and molecular size, which have been observed
experimentally. Equation 4-120 was derived from the kinetic theory of
gases and does not strictly apply to liquids. Nonetheless, Eq. 4-120 can
be used to obtain a good prediction of the liquid diffusion coef“cient
for large spherical molecules [molecular weight (MW) > 1000 daltons
(Da)] and particles. The Stokes…Einstein equation has been compared to
experimental data for globular proteins and other large molecules and
found to be accurate within about 15 percent in many cases.

Liquid-Phase
Diffusion
Coef“cients for
Small Neutral
Molecules

The diffusivities of small uncharged molecules (such as synthetic organic
chemicals) in water can be calculated using the Hayduk…Laudie correlation,
which is an empirical equation given by

DL =
13.26× 10Š9

(µ L)1.14(Vb)0.589
(4-121)

where DL = liquid-phase diffusion coef“cient of solute, m 2/s
µ L = viscosity of water, cP (1 cP= 10Š3 kg/m · s)
Vb = molar volume of solute at normal boiling point, cm 3/mol

Because the Hayduk…Laudie correlation was developed as a regression of
experimental data and is not dimensionally consistent, it is important to use
the units given for the equation. The molar volume is the volume occupied
by one mole of a substance and is equal to the molecular weight divided
by the density. One method for estimating the molar volume at the normal
boiling point is the LeBas (1915) method. In this method, contributions
of various functional groups are added together (with deductions for
certain ring structures) using the group contributions listed in Table 4-4.
Calculation of the diffusion coef“cient of a small neutral molecule using
the Hayduk…Laudie correlation is illustrated in Example 4-13.
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Example 4-13 Calculating diffusion coef“cients for small neutral
molecules in water with the Hayduk…Laudie correlation

Estimate the liquid-phase diffusion coef“cient of vinyl chloride at 25� C and
compare it to the measured value reported in Table 4-3.

Solution

1. Estimate the molar volume at the boiling point using the contributions
listed in Table 4-4. The chemical formula for vinyl chloride is C2H3Cl.
The contribution of each atom to the molar volume is

2C = 2(14.8) = 29.6 cm3/mol

3H = 3(3.7) = 11.1 cm3/mol

Cl = (21.6) = 21.6 cm3/mol

The molar volume is determined by adding the contributions of each
atom:

Vb = 29.6 + 11.1 + 21.6 = 62.3 cm3/mol

2. Calculate the diffusion coef“cient using Eq. 4-121. The viscosity of
water is available in App. C and must be converted to units of centipoise
(cP). At 25� C, the viscosity of water is 0.89× 10Š3 kg/m · s =
0.89 cP:

DL =
13.26 × 10Š9

(0.89 cP)1.14 (62.3 cm3/mol)0.589
= 1.33 × 10Š9 m2/s

3. Compare the calculated value to the measured value in Table 4-3:

1.34 × 10Š9 Š 1.33 × 10Š9

1.34 × 10Š9
× 100 = 1% error

Comment

The value estimated with the Hayduk…Laudie correlation is within 1 per-
cent of the measured value for vinyl chloride. This result is common; the
Hayduk…Laudie correlation is within 10 to 15 percent of measured values for
many compounds (of course, values measured by different researchers with
different methods also vary). As a result of this level of accuracy, it is com-
mon to estimate liquid-phase diffusion coef“cients with the Hayduk…Laudie
correlation rather than obtaining measured values for the species of interest.
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Table 4-4
Atomic volumes for use in computing molar volumes at normal boiling point
with the LeBas method

Substituent or Functional Group Atomic Volume, cm 3/mol

Bromine 27.0
Carbon 14.8
Chlorine

Terminal as in R…Cl 21.6
Medial as in R…CHCl…R� 24.6

Hydrogen
In organic compound 3.7
In hydrogen molecule 7.15

Nitrogen
Non-amine substitutions 15.6
In primary amines, R-NH2 10.5
In secondary amines, R-NH-R� 12.0

Oxygen
Double bond, aldehydes RCOH or ketones RCOR� 7.4
Single bond, methyl esters CH3COOR 9.1
Single bond, methyl ethers CH3OR 9.9
Single bond, higher ethers RCOOR� and esters ROR� 11.0
In carboxylic acids, RCOOH 12.0
In union with S, P, or N 8.3

Phosphorus 27.0
Sulfur 25.6
Water 18.8

Ring deductions
3-member, as in ethylene oxide C2H5O Š6.0
4-member, as in cyclobutane C4H8 Š8.5
5-member, as in furan C4H4O Š11.5
6-member, as in benzene C6H6 Š15
Naphthalene ring, C10H8 Š30
Anthracene ring, C14H10 Š47.5

Source:Adapted from LeBas (1915).

Liquid-Phase
Diffusion
Coef“cients for
Electrolytes

Electroneutrality requires that positive and negative ions migrate together,
so diffusion coef“cients are calculated for electrolytes (solutions of charged
ions) instead of being calculated for each ion individually. As an example,
the values of diffusion coef“cients in Table 4-3 demonstrate that sodium
and magnesium each diffuse faster when the counterion is chloride than
when it is sulfate. In the absence of an electric “eld, diffusion of ions will
generate an electric current in a solution. Conversely, the current through
a unit area that results from applying an electric “eld for a given electrolyte
concentration is known as the equivalent conductance. Thus, liquid-phase
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diffusion coef“cients of electrolytes in the absence of an electric “eld are
related to the equivalent conductance and can be calculated using the
Nernst…Haskell equation:

D�
L =

RT
(100 cm/m) 2F2

�
1/n + + 1/n Š

1/	 �
+ + 1/	 �

Š

�
(4-122)

where D�
L = liquid-phase diffusion coef“cient at in“nite dilution,

m2/s
R = universal gas constant, 8.314 J/mol·K
T = absolute temperature, K (273.15+ � C)

n+ , nŠ = cation and anion valence, eq/mol
F = Faraday•s constant, 96,500 C/eq

	 �
+ , 	 �

Š = limiting cation and anion ionic conductance, S · cm2/eq
or C2 · cm2/(J · s· eq)

Values for limiting ionic conductance at 25 � C are tabulated in Table 4-5.
Values at other temperatures are available in reference books such as
Robinson and Stokes (1959). Calculation of the diffusion coef“cient of
electrolytes with the Nernst…Haskell equation is shown in Example 4-14.

Example 4-14 Calculating diffusion coef“cients for electrolytes
in water with the Nernst…Haskell Equation

Estimate the diffusion coef“cient of MgCl2 in a dilute aqueous solution at
25� C and compare it to the measured value in Table 4-3.

Solution

1. From Table 4-5, the limiting ionic conductances are 53.0 S · cm2/eq
for Mg2+ and 76.4 S· cm2/eq for ClŠ .

2. Calculate the diffusion coef“cient at in“nite dilution using Eq. 4-122:
Note from footnote a in Table 4-5 that 1 S= 1 C2/J · s.

D�
L =

(8.314 J/mol · K)(298K)

(100 cm/m)2(96,500 C/eq)2

×

�

�
�

�
1 C2/J·s

1 S

� �
1

2 eq/mol + 1
1 eq/mol

�

�
1

53.0 S·cm2/eq
+ 1

76.4 S·cm2/eq

�




�
�

= 1.25 × 10Š9 m2/s
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3. Compare the calculated diffusion coef“cient to the measured value
reported in Table 4-3:

1.25 × 10Š9 Š 1.19 × 10Š9

1.19 × 10Š9
× 100 = 5% error

Comment

The value calculated with the Nernst…Haskell equation is the diffusion
coef“cient in an in“nitely dilute solution, and the measured value in Table 4-3
is for a 0.001-M solution, but the values are within 5 percent of each other.

Gas-Phase
Diffusion
Coef“cients for
Organic
Compounds

The diffusion coef“cient of an organic compound in the gas phase can
be calculated using a variety of correlations (Lyman et al., 1990). The
Wilke…Lee correlation is appropriate for a wide variety of organic com-
pounds and is

DG =

�
1.084Š 0.249

�
1/M A + 1/M B

�
(T 1.5)

�
1/M A + 1/M B

P
� 1

2(rA + rB)
� 2

f (kbT /
 AB)(100 cm/m) 2
(4-123)

Table 4-5
Limiting ionic conductances in water at 25� C [S· cm2/eq or
(C2 · cm2)/( J · s · eq)] a

Cation Formula 	 �
+ Anion Formula 	 �

Š

Hydrogen H+ 349.8 Hydroxide OH… 199.1
Lithium Li+ 38.6 Fluoride F… 55.4
Sodium Na+ 50.1 Chloride Cl… 76.4
Potassium K+ 73.5 Bromide Br… 78.1
Rubidium Rb+ 77.8 Iodide I… 76.8
Cesium Cs+ 77.2 Bicarbonate HCO3Š 44.5
Ammonium NH4+ 73.5 Nitrate NO3

Š 71.5
Silver Ag+ 61.9 Perchlorate ClO4Š 67.3
Magnesium Mg2+ 53.0 Bromate BrO3

Š 55.7

Calcium Ca2+ 59.5 Formate HCOO… 54.5

Strontium Sr2+ 59.4 Acetate CH3COO… 40.9
Barium Ba2+ 63.6 Chloroacetate CICH2COO… 42.2

Copper Cu2+ 53.6 Propionate CH3CH2COO… 35.8
Zinc Zn2+ 52.8 Benzoate C6H5COO… 32.3
Lead Pb2+ 69.5 Carbonate CO32Š 69.3
Lanthanum La3+ 69.7 Sulfate SO4

2Š 80.0
aThe siemen (S) is the SI derived unit for electrical conductance, 1 S= 1 A/V. Since 1 A= 1 C/s
and 1 V= 1 J/C, then 1 S = 1 C2/J·s.
Source: Robinson and Stokes (1959).
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where DG = gas-phase diffusion coef“cient of organic
compound A in stagnant gas B, m2/s

T = absolute temperature, K (273.15+ � C)
MA, MB = molecular weights of A and B, respectively, Da or

g/mol
P = absolute pressure, N/m2

rA, rB = molecular separation at collision for diffusing
organic component A and stagnant gas B, nm

f (kbT /
 AB) = collision function

The collision function is related to the energy of molecular attraction and
is calculated from the following equations:

f
�

kbT

 AB

�
= 10� (4-124)

� =
�

Š0.14329Š 0.48343(ee) + 0.1939(ee)2 + 0.13612(ee)3

Š0.20578(ee)4 + 0.083899(ee)5 Š 0.011491(ee)6

�

(4-125)

ee = log
�

kbT

 AB

�
(4-126)

where kb = Boltzmann constant, 1.381× 10Š16 g · cm2/s2 · K
T = absolute temperature, K (273.15+ � C)


 AB = energy of molecular attraction, equal to
�


 A
 B, ergs
(1 erg = 10Š7 J)

The energy of molecular attraction is calculated by determining values of

 A/k b and 
 B/k b and substituting them into the expression below:


 AB

kb
=

� �

 A

kb

� �

 B

kb

�
(4-127)

where 
 A, 
 B = energy of molecular attraction for component A and
stagnant gas B, ergs (1 erg= 10Š7 J)

When the stagnant gas B is air, the diffusion coef“cient of a substance
can be calculated by assuming that air behaves like a single substance with
respect to molecular collisions. The value of 
 A/k b for air is 78.6 and the
value for the diffusing component is calculated from


 A

kb
= 1.21Tb (4-128)

where Tb = normal boiling point of component A, K
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The last parameter needed for calculating the gas-phase diffusion coef-
“cient is the molecular separation at collision. The molecular separation
for air is rB = 0.3711 nm and the molecular separation for the diffusing
component is calculated from

rA = 1.18V1/3
b (in nm for Vb in L/mol) (4-129)

where Vb = molar volume of component A at normal boiling point,
L/mol

Calculation of gas-phase diffusion coef“cients using the Wilke…Lee
correlation is demonstrated in Example 4-15.

Example 4-15 Calculating gas-phase diffusion coef“cients with the
Wilke…Lee correlation

Calculate the gas-phase diffusion coef“cient of trichloroethene (TCE) in air
at 20� C at 1 bar.

Solution

1. In Eq. 4-123, the subscript A refers to TCE and B refers to air. The
MW of air is 29 g/mol. Necessary parameters for TCE, available
in reference books, are MW= 131.39 g/mol and Tb = 360 K. Vb
is determined from the LeBas method (see Example 4-13) and is
Vb = 98.1 cm3/mol = 0.0981 L/mol.

2. Calculate 
 AB/ kb with Eq. 4-127, by “rst calculating 
 A/ kb with
Eq. 4-128 and using
 B/ kb = 78.6:


 A

kb
= 1.21Tb = 1.21(360K) = 435.6


 AB

kb
=

� �

 A

kb

� �

 B

kb

�
=

�
(435.6)(78.6)= 185

3. Calculate the collision functionf(kBT/
 AB):
a. CalculatekbT/
 AB. Note that 20� C = 293 K.

kbT

 AB

=
T


 AB/ kb
=

293
185

= 1.58

b. Calculate ee using Eq. 4-126:

ee = log
�

kbT

 AB

�
= log(1.58) = 0.200
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c. Calculate� using Eq. 4-125:

� =

�
�����������

�����������

Š0.14329 Š
�
0.48343

�
0.200

��
+

�
0.1939

�
0.200

� 2
�

+
�
0.13612

�
0.200

� 3
�

Š
�
0.20578

�
0.200

� 4
�

+
�
0.083899

�
0.200

� 5
�

Š
�
0.011491

�
0.200

� 6
�

 
����������!

����������"

= Š 0.231

d. Calculatef(kbT/
 AB) using Eq. 4-124:

f
�

kbT

 AB

�
= 10� = 10Š0.231 = 0.587

4. Calculate the values forrA andrB.rB = 0.3711 nm andrA is calculated
using Eq. 4-129.

rA = 1.18
�
Vb

� 1/3 = 1.18
�
0.0981

� 1/3 = 0.544 nm

5. Calculate the gas-phase diffusion coef“cient of TCE in air using
Eq. 4-123. Note that pressure must be converted into the correct
units, 1 bar= 105 N/m2.

DG =
(1.084 Š 0.249

�
1/131.39 + 1/29)(293)1.5

�
1/131.39 + 1/29

(105)
�

1
2 (0.3711 + 0.544)

� 2
(0.587)(100)2

= 8.65 × 10Š6 m2/s

4-16 Models and Correlations for Mass Transfer at an Interface

In many common treatment processes, such as air stripping, adsorption,
ion exchange, and reverse osmosis, mass transfer occurs at an interface.
The interface is the boundary between the phase containing the solute
or contaminant (typically the water) and the extracting phase (e.g., air
or activated carbon). An understanding of mass transfer at an interface
is essential to understanding the principles of these processes. Common
models used to describe the mass transfer include (1) the “lm model,
(2) the two-“lm model, and (3) the boundary layer model. These models
are described in more detail in this section.
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Surface Area
Available for
Mass Transfer

When mass transfer occurs at an interface, the concentration gradient is
given by the concentrations in the bulk solution and at the interface, as
shown on Fig. 4-10 and in following expression:

J = kf (Cb Š Cs) (4-130)

where J = mass ”ux of solute A to interface, mg/m 2 · s
kf = mass transfer coef“cient, m/s
Cs = concentration of solute A at interface, mg/L
Cb = concentration of solute A in bulk solution, mg/L

The mass transfer coef“cient depends on the diffusion coef“cient and
the mass transfer boundary layer thickness�, as shown on Fig. 4-10. As
shown on Fig. 4-10, the direction of ”ux depends on the direction of the
concentration gradient.

To calculate the mass ”ow rate, the ”ux must be multiplied by the
surface area (see Eq. 4-60). It is common to express the area of the interface
between phases as a function of the contactor volume (e.g., the surface area
of carbon grains is expressed as a function of the volume of the carbon
bed). Thus, the mass ”ow rate is given by the expression

M = JA= kf a (Cb Š Cs) V (4-131)

where M = mass ”ow of solute A, mg/s
a = speci“c surface area,A/V , surface area available for mass

transfer per unit volume of the contactor, m 2/m 3

V = contactor volume, m3

The speci“c area is an important concept. For a given contactor volume,
the mass transfer rate can increase linearly with an increase in speci“c area.
Thus, designing a mass transfer device with a high speci“c area can result
in a high rate of mass transfer in a small contactor. Mass transfer devices
are often designed to have the highest possible speci“c area within the
limitations imposed by hydraulic considerations. Increases in speci“c area

Figure 4-10
Hypothetical ”uxes at interface at steady state. z0

Cs

Cb

+ Flux

�

z0

Cs

Cb

Š Flux

�
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often come at the expense of higher headloss. For example, in a packed
bed of activated carbon it would be advantageous to use small carbon grains
to increase the speci“c area, but the pressure drop would become too large
and the cost of pumping water through the contactor would be high. In
addition, the contactor would have to withstand the increased pressure.
The relationship between grain size and speci“c area is demonstrated in
Example 4-16.

Example 4-16 Calculating area available for mass transfer

Determine the speci“c area for the transport of a solute to granular activated
carbon (GAC) particles in a carbon adsorber. The porosity (
, fraction of
void volume) of the carbon bed is 0.45 and the GAC particle diameter is
dp = 1 mm. Assume the surface of the GAC is like that of a smooth sphere.

Solution

a =
�

surface area of particle
volume of particle

� �
volume of particles
volume of contactor

�

=

#

$
� d2

p�
1
6

�
� d3

p

%

& (1 Š 
) =
6(1 Š 
)

dp
=

6(1 Š 0.45)
0.001 m

= 3300 m2/m 3

Comment

The grain diameter is in the denominator so decreasing the size will
increase the speci“c area for the same amount of GAC in the contactor
(decreasing the grain size to 0.1 mm would increase the speci“c area to
33,000 m2/m 3, which would increase the rate of mass transfer by a factor
of 10 for the same size contactor if diffusion from the bulk solution to the
particle surface is the limiting rate). This action, however, would increase
the headloss and make it more dif“cult to pass water through the contactor.

Film ModelThe “lm model is the most straightforward of the models that explain mass
transfer at an interface. The system is considered to be composed of a
well-mixed bulk solution (either gas or liquid), a stagnant “lm layer, and
an interface to another phase, as shown on Fig. 4-10. As a result of the
solution being well-mixed, solutes are transported continually to the edge
of the stagnant “lm layer, and no concentration gradients exist in the bulk
solution. Mass transfer in the “lm layer occurs when the concentration
at the interface to the other phase is different than the concentration in
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the bulk solution, causing a concentration gradient across the “lm layer.
Because this layer is quiescent, the sole mechanism for transport across this
layer is molecular diffusion. In the simplest case, processes that occur at the
actual interface (such as a chemical reaction or adsorption to the surface)
occur much faster than the rate of diffusion and, as a result, the rate of mass
transfer is described by Fick•s “rst law for diffusion across the “lm layer:

J = Š Df
dC
dz

= Š
Df

�
(Cs Š Cb) = kf (Cb Š Cs) (4-132)

where J = mass ”ux of solute A to the interface, mg/m 2·s
Df = ”uid-phase diffusion coef“cient of solute A, m 2/s
kf = ”uid-phase mass transfer coef“cient of solute A, m/s
� = “lm thickness, as shown on Fig. 4-10, m

Cb = concentration of solute A in bulk solution, mg/L
Cs = concentration of solute A at the interface, mg/L
z = distance in direction of mass transfer (or in direction of

decreasing concentration gradient), m

In the “lm model, the mass transfer coef“cient is explicitly related to the
“lm thickness, as shown in the expressions

kf =
Df

�
(4-133)

The theoretical stagnant “lm thickness will vary from 10 to 100 µm for
liquids and from 0.1 to 1 cm for stagnant gases. Unfortunately, there is
no way to calculate the stagnant “lm thickness based on ”uid mixing;
consequently, the “lm model cannot be used to calculate the local mass
transfer coef“cient. Nevertheless, the “lm model is used frequently to
develop a conceptual view of mass transfer across an interface and to
illustrate the importance of diffusion in controlling the rate of mass transfer.

Two-Film Model When liquid is in contact with a gas, a stagnant “lm can form on both
sides of the interface (on the liquid side and on the gas side). The two-“lm
model extends the “lm model to describe mass transfer in this situation.
The two situations where mass transfer occurs between air and water at
steady state are shown on Fig. 4-11. The situation for stripping where
mass is transferred from the water to the air is shown on Fig. 4-11a, and the
situation for absorption in which mass is transferred from the air to the water
is shown on Fig. 4-11b. The following discussion describes the mechanisms
and assumptions of the two-“lm model from the perspective of stripping,
but it should be noted that the model is essentially identical for both cases,
and the only difference is that mass is transferred in the opposite direction.
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Figure 4-11
Two-“lm model: mass transfer driving gradients that occur for (a) stripping and (b) absorption.

CONDITIONS IN THE STAGNANT LAYERS

Figure 4-11a presents conditions for addressing the stripping of a volatile
component A from water. As shown on Fig. 4-11a, the concentration of
A in the bulk water, Cs, is larger than the concentration of A at the
air…water interface,Cb. Consequently, A diffuses from the bulk solution
to the air…water interface. The concentration gradient, Cs Š Cb, is the
driving force for stripping in the liquid phase. The discontinuity in con-
centrations at the air…water interface is because A partitions into air at a
different concentration based on equilibrium, as described below. Similarly,
the concentration of A in the air at the air…water interface, Ys, is larger
than the concentration of A in the bulk air, Yb, and it diffuses from the
air…water interface to the bulk air. The concentration gradient, Ys Š Yb, is
the driving force for stripping in the gas phase.

CONDITIONS AT THE INTERFACE

Local equilibrium occurs at the air…water interface because random molec-
ular movement (on a local scale of nanometers in water and thousands of
nanometers on the air side) causes constituent A to dissolve in the aqueous
phase and volatilize into the air more rapidly than diffusion to or away
from the air…water interface. Accordingly, the concentrations at the actual
interface are in equilibrium and Henry•s law can be used to relate Ys to Cs
(see Chap. 11):

Ys = HCs (4-134)
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where Ys = gas-phase concentration of A at air…water interface, mg/L
H = Henry•s law constant, L of water/L of air, dimensionless
Cs = liquid-phase concentration of A at air…water interface, mg/L

For a dilute solution where no accumulation occurs at the surface, the ”ux
of A through the gas-phase “lm must be equal to the ”ux through the
liquid-phase “lm. Thus

J = kL (Cb Š Cs) = kG (Ys Š Yb) (4-135)

where J = ”ux of A across air…water interface, mg/m2 · s
kL , kG = local liquid-phase and gas-phase mass transfer

coef“cients, respectively, m/s
Cb, Cs = liquid-phase concentration of A in bulk solution and at

the air…water interface, respectively, mg/L
Ys, Yb = gas-phase concentration of A at air…water interface and

in the bulk solution, respectively, mg/L

Both kL and kG are sometimes referred to as local mass transfer coef“cients
for the liquid and gas phases because they describe mass transfer occurring
only in their particular phase.

OVERALL MASS TRANSFER RELATIONSHIP

The ”ux across the interface cannot be calculated directly from Eq. 4-135
because the interfacial concentrationsYs and Cs are not known and cannot
be measured easily. Consequently, it is necessary to de“ne another ”ux
equation in terms of hypothetical concentrations that are easy to determine.
If it is hypothesized that all the resistance to mass transfer is on the liquid side,
then there is no concentration gradient on the gas side and a hypothetical
concentration, C�

s , can be de“ned as shown on Fig. 4-11a:

Yb = HC�
s (4-136)

where C�
s = liquid-phase concentration of A that is in equilibrium with

bulk air concentration, mg/L

With all resistance to mass transfer on the liquid side, it is now possible
to envision the rate of mass transfer being dependent on the concentration
gradient between the bulk solution and the hypothetical concentration C�

s
using an overall mass transfer coef“cientK L, as shown in the equation

J = KL
�
Cb Š C�

s

�
(4-137)

where J = mass ”ux of A across air…water interface, mg/m2 · s
KL = overall mass transfer coef“cient, m/s



4-16 Models and Correlations for Mass Transfer at an Interface 121

Since no mass accumulates at the interface, the hypothetical, gas-side, and
liquid-side mass ”uxes given in Eqs. 4-135 and 4-137 must all be equal to
one another:

J = kL (Cb Š Cs) = kG (Ys Š Yb) = KL
�
Cb Š C�

s

�
(4-138)

Equation 4-138 relatesKL to kL and kG and accounts for mass transfer
resistances on both the gas and liquid sides of the interface. The individual
expressions in Eq. 4-138 can be rearranged as follows:

J
kL

= Cb Š Cs (4-139)

J
kG

= Ys Š Yb (4-140)

J
KL

= Cb Š C�
s (4-141)

The overall mass transfer coef“cient can be related to the local mass transfer
coef“cients starting with the relationship

Cb Š C�
s = (Cb Š Cs) +

�
Cs Š C�

s

�
(4-142)

Substituting Eqs. 4-134 and 4-136 into Eq. 4-140, and then substituting
Eqs. 4-139, 4-140, and 4-141 into Eq. 4-142 yields

J
KL

=
J
kL

+
J

HkG
(4-143)

Or simply

1
KL

=
1
kL

+
1

HkG
(4-144)

Thus, according to the two-“lm model, the mass ”ux across the interface
can be calculated using the expression

J = KL

�
Cb Š

Yb

H

�
(4-145)

Equation 4-145 is convenient to use because the driving force for stripping
(Cb Š Yb/H ) involves concentrations that are easy to measure. The overall
mass transfer coef“cient can be estimated from the local mass transfer
coef“cients, and the local mass transfer coef“cients can be determined
from correlations.

APPLICATION OF THE TWO-FILM MODEL

Equipment for aeration and stripping processes often de“ne the interfacial
area on a volumetric basis; that is, a particular contactor has a certain
amount of interfacial surface area per unit volume of contactor. In this
case, mass transfer across the gas-liquid interface is described using the
speci“c surface area (a = A/V ) and contactor volume. The overall mass
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transfer coef“cient ( KL) and speci“c area (a) are then combined into a
single parameter (KLa) as follows:

M = KLa
�

Cb Š
Yb

H

�
V (4-146)

where M = mass ”ow of A, mg/s
a = speci“c surface area, area of interface per unit volume of

contactor, mŠ1

KLa = overall liquid-side mass transfer coef“cient, sŠ1

V = volume of contactor, m3

The speci“c area is then incorporated into the expression relating the
overall mass transfer coef“cient to the local mass transfer coef“cients:

1
KLa

=
1

kLa
+

1
HkGa

(4-147)

Boundary Layer
Models

The “lm model is somewhat simplistic in assuming that a bulk ”uid can be
completely mixed but that a completely stagnant “lm layer forms adjacent to
a surface. Boundary layer models attempt a more realistic analysis. Consider
a situation when ”uid ”ows parallel to a solid surface, such as when water
”ows through a pipe. In this situation, a velocity gradient forms because the
”uid velocity is assumed to be zero at the surface (no slip condition) but
greater than zero away from the surface. Students who have studied ”uid
mechanics will be familiar with the parabolic velocity pro“le that develops
during laminar ”ow in a pipe. In a larger pipe with turbulent ”ow, most
of the ”uid will be traveling at the same net average velocity, with regions
of lower velocity near the pipe wall. This region of lower velocity near the
surface is known as the velocity boundary layer.

Simultaneously, material in the bulk solution can adsorb to the surface
or material on the surface can dissolve or leach into solution. Adsorption
or leaching of material at the surface causes a concentration gradient to
form between the concentration at the surface and the concentration in
the bulk solution. The concentration gradient then leads to mass trans-
fer to (for adsorption) or from (for leaching) the surface. The region
of the concentration gradient is known as the concentration boundary
layer. The limit of the concentration gradient is not necessarily the same
as the velocity gradient, but the two will be related. A conceptual view
of velocity and concentration boundary layers forming adjacent to a ”at
plate in turbulent ”ow is shown on Fig. 4-12. The relationship between the
concentration and velocity gradients depends on conditions of the ”uid
”ow. As ”uid velocity increases, the velocity boundary layer will become
thinner, leading to an increase in the slope of the concentration gradient
and an increase in the rate of mass transfer.
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Figure 4-12
Boundary layer model diagram showing
velocity and concentration pro“les for
laminar ”ow across ”at plate.

The Sherwood number is a dimensionless parameter group that describes
the relationship between the mass transfer coef“cient and the diffusion
coef“cient:

Sh =
kf L

Df
(4-148)

where Sh = Sherwood number, dimensionless
kf = ”uid-phase mass transfer coef“cient, m/s
L = characteristic length scale, m

Df = ”uid-phase diffusion coef“cient, m 2/s

The ”uid can be either a gas or a liquid. For a given length scale, a higher
Sherwood number indicates that mass transfer is faster compared to the
mass transfer that would occur by pure molecular diffusion. For instance,
in the “lm model presented earlier the characteristic length scale is the
stagnant “lm layer thickness (�), mass transfer occurs only by molecular
diffusion, and Sh = 1.

When ”uid is ”owing, the Sherwood number depends on the values
of the Schmidt and Reynolds numbers according to the following general
relationship:

Sh = A + B Rec Scd (4-149)

where A, B, c, d = coef“cients that depend on the speci“c system, unitless
Sc= Schmidt number, dimensionless
Re = Reynolds number, dimensionless

The coef“cients in Eq. 4-149 (i.e., A, B, c, d) depend on the geometry
(e.g., sphere, cylinder, plate) and ”ow regime (e.g., laminar, transition, or
turbulent) of the particular system. Many investigators have developed the



124 4 Fundamental Principles of Environmental Engineering

theoretical bases for Eq. 4-149 for various geometries and ”ow regimes and
have also developed mass transfer correlations by “tting data to Eq. 4-149
for speci“c situations (e.g., laminar or turbulent ”ow past a ”at plate,
through a pipe, through a packed bed, bubbles rising through a water
column, etc.). These correlations are a particularly powerful concept in
mass transfer.

The Schmidt number describes the importance of viscous versus dif-
fusive forces in contributing to mass transfer, and the Reynolds number
describes the importance of viscous versus inertial forces in ”uid ”ow.
These dimensionless parameter groups are de“ned as

Sc=



Df
=

µ
�D f

(4-150)

Re =
vL



=
�vL
µ

(4-151)

where 
 = kinematic viscosity, equal toµ/�, m 2/s
µ = absolute viscosity, kg/m· s
� = ”uid density, kg/m 3

v = super“cial ”uid velocity (outside the boundary layer), m/s

The characteristic length in the equations for the Sherwood number (Eq.
4-148) and Reynolds number (Eq. 4-151) depends on the geometry of the
system. For ”ow through pipes, L is taken as the diameter of the pipe, and
for ”ow though packed beds or around particles, L is taken as the diameter
of the particle. An example of a correlation developed from the boundary
layer model is the Gilliland correlation, which describes mass transfer due
to turbulent ”ow through pipes:

Sh = 0.023Re0.83 Sc0.33 (4-152)

The Gilliland correlation uses the pipe diameter as the length scale and is
appropriate for turbulent ”ow when Re > 2100 and 0.6< Sc< 3000.

It is sometimes necessary to take additional factors into account in the
length scale. For instance, the porosity of the bed and shape of the granular
media are important in the Sherwood and Reynolds numbers for use in
the Gnielinski correlation, which describes mass transfer in packed beds of
granular material. The Gnielinski correlation is

Sh = 2 + 0.644Re1/2 Sc1/3 (4-153)

Where the Sherwood and Reynolds numbers are de“ned as

Sh =
kf dp

[ 1 + 1.5(1 Š 
 )] Df
(4-154)

Re =
��d pv


µ
(4-155)
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where kf = ”uid-phase mass transfer coef“cient, m/s
dp = media grain diameter, kg/m 3


 = bed porosity (void fraction), dimensionless
Df = ”uid-phase diffusion coef“cient, m 2/s
� = sphericity, equal to ratio of surface area of equivalent-volume

sphere to actual surface area of particle, dimensionless

The Gnielinski correlation is suitable when 0.7 < Sc< 104, Re < 2 × 104,
0.26 < 
 < 0.93, and Pe= Re × Sc> 500. The use of a correlation based
on the boundary layer model to calculate a mass transfer coef“cient is
demonstrated in Example 4-17.

Example 4-17 Application of a correlation to determine a mass
transfer coef“cient

A resort in the mountains has a good water source; however, the water
is extremely soft (no hardness) and acidic, which makes cleaning and
bathing dif“cult. One solution is to pass the low-pH water through a packed
bed containing crushed limestone (CaCO3). Determine the “lm transfer
coef“cient for limestone media. Given: The media diameterdp is 1.0 cm,
the bed porosity
 is 0.43, the particle sphericity� is 0.8, the temperature
is 20� C, and the super“cial velocityv through the bed is 12 m/h.

Solution

Determine the mass transfer coef“cientkf for limestone particles using the
Gnielinski correlation in Eq. 4-153.

1. Calculate the diffusion coef“cient for aqueous calcium carbonate
using Eq. 4-122 (see Example 4-14). From Table 4-5, the limiting
conductances are 59.5 S · cm2/eq for Ca2+ and 69.3 S· cm2/eq for
CO3

2Š .

D�
L =

(8.314 J/mol · K)(298 K)

(100 cm/m)2(96,500 C/eq)2

×

�

�
�

�
1 C2/J·s

1 S

� �
1

2 eq/mol + 1
2 eq/mol

�

�
1

59.5 S·cm2/eq
+ 1

69.3 S·cm2/eq

�




�
�

= 8.52 × 10Š10 m2/s



126 4 Fundamental Principles of Environmental Engineering

2. Calculate Re from Eq. 4-155. From App. C,� = 998.2 kg/m 3 and
µ = 1.002 × 10Š3 kg/m · s at 20� C.

Re=
�� dpv


µ

=
(998.2 kg/m 3)(0.8)(1.0 cm)(1 m/100 cm)(12 m/h)(1 h/3600 s)

(0.43)(1.002 × 10Š3 kg/m · s)

= 61.8

3. Calculate Sc using Eq. 4-150:

Sc =
µ

� DL
=

(1.002 × 10Š3 kg/m · s)

(998.2 kg/m 3)(8.52× 10Š10 m2/s)
= 1180

4. Calculate Sh using Eq. 4-153:

Sh= 2 + 0.644 Re1/2 Sc1/3 = 2 + 0.644
�
61.8

� 1/2 �
1180

� 1/3

= 55.5

5. Calculatekf using Eq. 4-154:

kf =

�
1 + 1.5

�
1 Š 


��
DLSh

dp

=
[1 + 1.5(1 Š 0.43)](8.52 × 10Š10 m2/s)(55.5)

(1 cm)(1 m/100 cm)

= 8.76 × 10Š6 m/s

4-17 Evaluating the Concentration Gradient with Operating Diagrams

The last sections have dealt with development of theory and correlations
needed to determine mass transfer coef“cients. This section explores
the other half of the primary mass transfer equation (Eq. 4-114), the
concentration gradient. The concentration gradient and the impact it
has on mass transfer can be evaluated graphically. Graphical analysis of
concentration gradients depends on the type of contacting equipment.
The major types of contacting equipment are described next, followed by a
discussion of operating diagrams, also known as McCabe…Thiele diagrams.

Development of
Operating
Diagrams

The impact of the concentration gradient on the rate of mass transfer
between two phases can be evaluated graphically using a concept called
operating diagrams, or McCabe…Thiele diagrams (McCabe and Thiele,
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1925). Operating diagrams are drawn by plotting the solute concentration
in the extracting phase (e.g., air for gas transfer, activated carbon for
adsorption) as a function of the solute concentration in the aqueous phase.
The operating diagram consists of two lines: (1) an equilibrium line and (2)
an operating line. Operating diagrams can be used to determine the mini-
mum amount of the extracting phase needed for treatment and to examine
graphically the trade-off between the size of the mass transfer contacting
device and the quantity of extracting phase needed [e.g., air…water ratio for
stripping or powdered activated carbon (PAC) required for adsorption].

EQUILIBRIUM LINE

The equilibrium line is derived from two-phase equilibrium relationships
and gives the solute concentration in the extracting phase that exists
when the extracting and aqueous phases are in equilibrium with each
other. Examples of two-phase equilibrium relationships are Henry•s law
for air stripping and the Freundlich isotherm for adsorption. Equilib-
rium relationships were introduced in Sec. 4-2., and additional details on
Freundlich isotherms and Henry•s Law will be provided in Chaps. 10 and
11, respectively.

OPERATING LINE

The operating line is derived from a mass balance on the contacting device,
relating the solute concentration in each phase initially to the solute
concentration in each phase after contact has begun. An example using
a batch reactor, in which PAC is added to a vessel containing a solution
of water and an organic solute, is shown on Fig. 4-13. Initially, there is
no solute adsorbed onto the PAC. The mass balance for this system is as
follows:

'
mass initially

present in solution

(
=

'
mass

adsorbed

(
+

'
mass remaining in

solution after adsorption

(

(4-156)

VC0 = Mq + VC (4-157)

where V = volume of liquid in vessel, L
C0 = initial concentration of solute in vessel, mg/L
M = mass of carbon, g
q = concentration of solute adsorbed to the activated carbon at

any time, mg/g
C = concentration of the solute in the water after adsorption,

mg/L

Equation 4-157 can be rearranged as follows:

q =
V
M

(C0 Š C) (4-158)
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V

M

Figure 4-13
Batch contactor for powdered
activated carbon.

The operating line, which is the solute concentration
in the extracting phase as a function of the concentration
in the aqueous phase at any point in time after contact
has started, is de“ned by Eq. 4-158. When the PAC is
“rst added to the vessel, there is no solute on the PAC.
As time proceeds, the solute becomes adsorbed onto the
PAC, andq and C at a particular time are related to one
another by the operating line. It should be noted that
although adsorption in a batch reactor proceeds toward
equilibrium over the passage of time, the operating line
does not identify the time progression of the process, but
only relates the dependent variablesq and C.

The operating diagram for the relationship described
in Eq. 4-158 is shown on Fig. 4-14. Equation 4-158 is the
equation of a straight line with a slope of ŠV /M , and

several operating lines with different values forV/M have been shown. The
equilibrium line is shown on Fig. 4-14 as a dashed line.

DRIVING FORCE

The driving force for mass transfer, as shown on Fig. 4-14, is the difference
between the actual solute concentration in solution and the concentration
in solution that would be in equilibrium with the extracting phase. Initially,
the solute is entirely in the aqueous phase, and the solute is transferred
rapidly to the PAC. As time progresses, the concentration on the PAC
increases and the concentration in the aqueous phase decreases, which slows
the rate of mass transfer. After a very long time, the solute concentration
in the water is in equilibrium with the concentration on the PAC, and bulk
mass transfer ceases. Thus, the concentration gradient, or driving force, is
de“ned as the difference between the actual and equilibrium concentration
Ce in the aqueous phase.

Figure 4-14
Operating lines for a constant initial concentrationC0
and different adsorbent doses,V/ M (equilibrium line is
also plotted for reference). Liquid-phase concentration, C 
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Because the equilibrium concentration is identi“ed by the equilibrium
line and the actual concentration (determined by mass balance) is identi“ed
by the operating line, the horizontal distance between these lines describes
the concentration gradient. Equilibrium occurs and mass transfer ceases
when the operating line and equilibrium line intersect.

Analysis Using
Operating
Diagrams

The operating diagram can be used to determine the minimum amount of
extracting phase required for treatment, which is an initial indicator of the
feasibility of a process. For example, if millions of tons of activated carbon
are required to treat a given water, then adsorption with activated carbon
is not a feasible treatment option and no further analysis is necessary.
If a separation process appears to be feasible based on the amount of
extracting phase, then more detailed design and economic calculations are
warranted.

An operating line analysis for an adsorption process is shown on
Fig. 4-14. For a given volume of water, the quantity of PAC required
can be de“ned by the V/M ratio, with greater values of V/M (greater
slope of the operating line) corresponding to smaller amounts of PAC. If
the treatment objective is the concentration shown asCTO on Fig. 4-14, the
minimum amount of PAC required can be determined from the operating
line with the slope of (V /M )3, which is the operating line that intersects
the equilibrium line at the value of CTO. Operating lines with greater
slope, shown as (V/M )4, intersect the equilibrium line at a concentration
higher than CTO and therefore would be unable to meet the treatment
objective.

The operating diagram also qualitatively demonstrates the trade-off
between the quantity of the extracting phase and the size of the contacting
device. For the operating line identi“ed as (V /M )3, the driving force
(horizontal distance between the equilibrium and operating lines) becomes
in“nitesimally small as equilibrium is approached. The small driving force
results in a slow rate of mass transfer, requiring an exceedingly long
time to reach the treatment objective. In a ”ow-through system treating
a speci“ed water ”ow rate, a long time corresponds to a long residence
time and hence a very large contactor. The operating lines labeled as
(V /M )1 and (V /M )2 have lower slopes, which correspond to greater
quantities of carbon, but have larger concentration gradients when the
actual concentration (operating line) reaches the treatment objective,
resulting in shorter contact times. Thus, for the operating lines shown,
the line labeled (V /M )1 would use the most carbon but have the smallest
contactor, the line labeled (V /M )2 would have an intermediate carbon
usage rate and contactor size, the line labeled (V/M )3 would use the
minimum amount of carbon but have a large (theoretically, in“nitely
large) contactor, and the line labeled (V /M )4 would be unable to meet the
treatment objective.
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An equation similar to Eq. 4-157 can be developed for co-current
continuous plug ”ow operation. If a quantity of PAC per time, Mr , is added
to water with a ”ow rate, Q, the mass balance analysis can be written

[ accum] = [mass in] Š [mass out] + [ rxn]

0 = QCI Š QCŠ Mr q (4-159)

q =
Q
Mr

(CI Š C) (4-160)

where Q = ”ow rate, L/s
CI = in”uent solute concentration, mg/L
Mr = PAC feed rate, mass added per time, g/s
C = ef”uent solute concentration, mg/L
q = concentration of solute adsorbed to the activated carbon,

mg/g

The PAC dose in the plug ”ow system, Mr /Q , is identical to the PAC
dose in the batch reactor, M /V , and Eqs. 4-158 and 4-160 are essentially
identical.

An example calculation of the minimum amount of extracting phase
required for treatment is presented for PAC in Example 4-18.

Example 4-18 Minimum amount of PAC required to achieve given
level of treatment

Many adsorption equilibrium lines, as discussed in Chap. 10, can be
described by the Freundlich isotherm:

q = KC1/ n

where
q = equilibrium concentration of solute in solid phase, mg/g
K = Freundlich capacity factor, (mg/g)(L/mg)1/ n

C = equilibrium concentration of solute in aqueous phase, mg/L
1/ n = Freundlich intensity factor, dimensionless

Calculate the minimum dose of PAC that is required for the removal of
geosmin, an odor-producing compound. The initial concentration is 50 ng/L,
and the treatment objective is 5 ng/L. TheK and 1/n values for geosmin
are 200 (mg/g)(L/mg)1/ n and 0.39, respectively. A reasonable PAC dose
would be less than 10 to 20 mg/L. Is the process feasible and should more
detailed studies be conducted?
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Solution

The lowest PAC dose occurs when the PAC is used to capacity, which is
when the concentration on the PAC would be in equilibrium with the treatment
objective and the operating line (Eq. 4-160) intersects the equilibrium line
at the treatment objective. The intersection of the equilibrium and operating
lines is determined by equating the equilibrium equation with the operating
line and solving for the minimum dose:

�
Mr

Q

�

min
=

CI Š C

KC1/ n
=

�
50 × 10Š6 Š 5 × 10Š6

�
mg/L

�
200

� �
5 × 10Š6

� 0.39
mg/g

= 2.63 × 10Š5 g/L = 0.0263 mg/L

Comment

A dose of 0.0263 mg/L is within the acceptable range, and additional tests
that simulate water plant conditions (jar tests) can be planned. The tests
would be needed because the presence of natural organic matter (NOM) will
reduce the adsorption capacity. Further, the computed value is the minimum
dose of PAC, which yields an exceedingly small driving force as equilibrium
is approached, resulting in an extremely low rate of mass transfer and an
unreasonably large PAC contactor.

4-18 Summary and Study Guide

After studying this chapter, you should be able to:
1. De“ne the following terms and phrases and describe the signi“cance

of each in the context of environmental engineering

activity “lm model reactor
activity coef“cient “rst-order reaction residence time
Arrhenius equation Hayduk…Laudie correlation distribution
batch reactor hydraulic retention time Reynolds number
boundary layer model mass balance analysis Schmidt number
Brownian motion mass transfer coef“cient Sherwood number
completely mixed tank reactor molarity steady state
concentration molecular diffusion stoichiometry
concentration gradient molecular weight t10/� ratio
conservative species Nernst…Haskell equation tanks-in-series model
control volume operating diagram tracer
diffusion coef“cient plug ”ow reactor tracer test
equilibrium constant p notation two-“lm model
E curve reaction order van•t Hoff equation
F curve reaction rate constant Wilke…Lee correlation
Fick•s “rst law reactive species
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2. Convert concentrations into different units, that is, mg/L to mol/L
to percent by weight, and from molarity to normality.

3. Calculate species concentrations using equilibrium constants.

4. Describe the importance of the mass balance to environmental
engineering.

5. Describe the conditions necessary for something to be a good control
volume for mass balances and what constitutes a steady-state system.

6. Analyze an environmental or engineered system and determine how
to apply a mass balance, including de“nition of the control volume,
inputs, outputs, and reactions, determination of the appropriate
assumptions, and development of the governing equation. Solve
the mass balance analysis equations, including integration of the
fundamental equation if the system is not at steady state and with or
without reactions.

7. Calculate the change in concentration in a batch reactor over time
due to chemical reactions and demonstrate how this data can be
used to determine reaction kinetics.

8. Describe the characteristics of a batch reactor, a PFR, and a CMFR.

9. Develop an equation for and calculate the in”uent or ef”uent
concentrations, volume, or ”ow rate from PFRs and CMFRs under
steady or non…steady-state conditions, with or without reactions.

10. Explain why a PFR will have a lower ef”uent concentration than a
CMFR if both are the same size and treating the same contaminant
at the same ”ow rate.

11. Evaluate tracer test data, generatingC, E, and F curves, and deter-
mine model parameters such as mean detention time and variance.

12. Assess whether a reactor exhibits poor or good mixing based on
tracer test data using thet10/� value or tanks-in-series model.

13. Describe the signi“cance of mass transfer in physical…chemical
treatment processes.

14. Explain the concept of molecular diffusion and how the random
motion of molecules can lead to mass transfer in a de“ned direction.

15. Calculate diffusion coef“cients and mass transfer coef“cients.

16. Identify variables that in”uence the rate of mass transfer, and predict
changes in the rate of mass transfer when process conditions are
changed.

17. Calculate the rate of mass transfer, given concentrations and other
pertinent information about a system.

18. Explain the relationship between the concentration gradient and
operating diagrams.
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Homework Problems

4-1 Using the principles of stoichiometry, (a) balance the reaction for
the coagulation of water with 50 mg/L of ferric sulfate, Fe 2(SO4)3 ·
9H2O, shown below, (b) calculate the amount of Fe(OH) 3 precip-
itate formed in mg/L, and (c) calculate the amount of alkalinity
consumed in meq/L if the alkalinity consumed is equal to the sulfate
(SO2Š

4 ) generated:

Fe2(SO4)3 · 9H2O � Fe(OH) 3 + H+ + SO4
2Š + H2O

4-2 Using information obtained from your local water utility, compute
the ionic strength of your drinking water. In addition, estimate the
TDS concentration and electrical conductivity (EC) of the water. If
available, measure the TDS and/or EC of the water and compare to
the computed values.

4-3 Plot the activity coef“cients of Na+ , Ca2+ , and Al3+ for ionic strengths
from 0.001 M (very fresh water) to 0.5 M (seawater). Determine the
ionic strength and TDS at which the activity coef“cient correc-
tions become important (activity coef“cient less than 0.95) for
monovalent, divalent, and trivalent ions.

4-4 Un-ionized ammonia (NH 3) is toxic to “sh at low concentrations.
The dissociation of ammonia in water has an equilibrium constant
of pKa = 9.25 and is described by the reaction

NH +
4 � NH 3 + H+

Calculate and plot the concentrations of NH 3 and NH 4
+ at pH values

between 6 and 10 if the total ammonia concentration (NH 3 + NH 4
+ )

is 1 mg/L as N.

4-5 A scrubber is used to remove sulfur dioxide (SO2) from the ”ue
gas from a coal-“red power plant. The scrubber works by spraying
high-pH water downward through a tower while the ”ue gas passes
upward, transferring the SO2 from the gas to the water. The in”uent
”ue gas enters the tower at a rate of 50,000 m3/h and contains
645 mg/m 3 of SO2. The scrubber must reduce the SO2 in the
exhaust ”ue gas by 90 percent to meet emission requirements.
The maximum possible concentration of SO2 in the water is 820
mg/L. Calculate the required water ”ow rate to meet emission
requirements. Assume there is no SO2 in the in”uent water and the
air and water ”ow rates do not change in the tower.

4-6 A rancher needs to provide water for his cattle, but the only water
source is a brackish well that has a total dissolved solids concen-
tration (TDS) of 4800 mg/L. The cattle need 400 L/d of water
with TDS < 1600 mg/L. The rancher has purchased a solar still
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that operates at 37 percent recovery of water (distillate) and 96
percent removal of dissolved solids. The rancher wants to recycle
the blowdown from the still to a 20-m3 feed tank to maximize his
freshwater recovery and minimize the waste that has to be hauled off,
but the still cannot operate effectively above 52,000 mg/L TDS in
the blowdown because of scaling problems. The system will operate
as shown in the following diagram.

Well

Feed tank

Stock pond

Solar
still

Still feed
Distillate

Blowdown

Waste

a. Prepare a table showing the ”ow rate and concentration of TDS
in the (i) well, (ii) still feed, (iii) distillate, (iv) blowdown, and
(v) waste. Explain all assumptions you make.

b. Propose a modi“cation (i.e., using the existing equipment)
that would decrease the waste that has to be hauled off, and
determine how much reduction in waste ”ow this modi“cation
would achieve.

4-7 The following time and concentration data were measured in a batch
reactor. For the speci“ed data set (to be selected by instructor),
determine the reaction order that yields the best “t and estimate the
rate constant for the reaction.

Concentration, mg/L

Time, min A B C D E

0 40.0 1.18 120.0 120.0 20.0
1 31.5 1.11 36.1 51.0 9.52
2 21.5 1.06 21.5 24.0 6.38
3 17.9 1.00 16.3 8.7 4.27
4 12.2 0.93 11.5 4.1 3.96
5 10.1 0.92 9.3 1.8 3.11
6 6.84 0.81 7.8 0.55 2.65
7 5.25 0.76 6.9 0.35 2.25
8 4.30 0.73 5.9 0.096 2.15
9 2.95 0.66 5.4 0.052 1.97

10 2.42 0.59 4.9 0.022 1.70
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4-8 Calculate the hydraulic residence time and volume of a PFR required
to achieve the given ef”uent concentration for the reaction given
below (to be selected by the instructor).
a. Q = 38 ML/d, CI = 100 µg/L, CE = 2.0 µg/L, “rst-order decay

reaction, k = 0.375 minŠ1.
b. Q = 190 ML/d, CI = 15 mg/L, CE = 1.8 mg/L, “rst-order decay

reaction, k = 0.057 minŠ1.
c. Q = 5000 m3/d, CI = 55 µg/L, CE = 21 µg/L, “rst-order decay

reaction, k = 0.0086 sŠ1.
d. Q = 5000 m3/d, CI = 55 µg/L, CE = 21 µg/L, second-order

decay reaction,k = 0.0075 L/mg·min.
e. Q = 3.30 m3/s, CI = 1.25 mg/L, CE = 0.045 mg/L, second-

order decay reaction, k = 0.0936 L/mg·s.

4-9 For the system given in Problem 4-8 (to be selected by the instructor),
calculate the hydraulic residence time and volume if the reactor is a
CMFR.

4-10 For the given problem below (to be selected by the instructor),
calculate the ef”uent concentration from the following reactor or
system of reactors:
a. A CMFR with a volume of 125 m3, treating a ”ow rate of 20 ML/d

that has an in”uent concentration of 100 µg/L of a contaminant
that degrades as a second-order reaction with a rate constant of
0.51 L/mg·min.

b. A PFR with a volume of 50 m3, treating a ”ow rate of 15.2 ML/d
that has an in”uent concentration of 60 mg/L of a contaminant
that degrades as a “rst-order reaction with a rate constant of
0.426 minŠ1.

c. A laboratory CMFR with a volume of 4 L, treating a ”ow rate of
350 mL/min that has an in”uent concentration of 1.0 g/L of a
contaminant that degrades as a “rst-order reaction with a rate
constant of 0.0817 sŠ1.

d. A pipeline 2 m in diameter and 100 m long (which behaves as
a PFR), treating a ”ow rate of 380 ML/d that has an in”uent
concentration of 80 mg/L of a contaminant that degrades as a
second-order reaction with a rate constant of 0.36 L/mg·min.

e. A series of two reactors consisting of a PFR followed by a CMFR
(analogous to a pipeline followed by a storage tank) treating a
”ow rate of 500 m 3/d that has an in”uent concentration of 250
µg/L of a contaminant that degrades as a “rst-order reaction
with a rate constant of 0.01 sŠ1. The PFR has a volume of 2 m3

and the CMFR has a volume of 4 m3.
f. A real reactor with hydraulic performance equivalent to 9 tanks

in series according to the TIS model, with a volume of 125 m3,
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treating a ”ow rate of 20 ML/d that has an in”uent concentration
of 100 µg/L of a contaminant that degrades as a “rst-order
reaction with a rate constant of 0.51 minŠ1.

4-11 Compare the size of a CMFR and a PFR to achieve 50 percent
removal of a contaminant, given a ”ow rate of 104 m3/d and a
“rst-order rate constant of Š0.4 hŠ1. Repeat for 99 percent removal.
Comment on the relative ef“ciency of each type of reactor and the
situations where each type of reactor may be useful.

4-12 The following concentration data expressed in mg/L were obtained
from tracer studies conducted on “ve different reactors. For a given
reactor (to be selected by the instructor), plot the tracer curve, the E
curve, and the F curve, and determine the hydraulic residence time,
mean residence time, variance of the residence time distribution
and the mass and percent of the dye recovered.

Reactor A Reactor B Reactor C Reactor D Reactor E

Reactor volume (m3) 4000 4200 1450 304.7 682
Plant ”ow rate (ML/d) 70 100 25 4.16 12.5
Mass of dye (kg) 39.1 60 10 2.23 3.75

Time, min Reactor A Reactor B Reactor C Reactor D Reactor E

0 0 0 0 0 0
10 0 2 0 0 0
20 1 5.4 0 0 0
30 2 8.4 0.1 0 0
40 5.1 11.4 0.2 0 0
50 8.9 13 0.5 0 2
60 11.2 12.1 6.3 0 6.2
70 10.5 9.3 15.2 4.5 13
80 9.2 7.2 18.1 9 10.4
90 8 5.2 8.5 14.1 5.1

100 6.5 3.6 3.2 15.6 2.8
110 5 2.5 1.8 12.9 1.1
120 3.5 1.4 1.2 9.2 0.5
130 2 0.9 0.8 5.3 0.4
140 1.4 0.4 0.6 2.3 0.1
150 0.8 0.1 0.3 1.1 0
160 0.4 0 0.2 0.8 0
170 0.2 0 0.2 0.5 0
180 0 0 0.1 0.2 0
190 0 0 0 0.1 0
200 0 0 0 0 0
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4-13 Using the tracer data for the reactor in Problem 4-12 (to be selected
by instructor), determine the t10/� value and the equivalent number
of tanks for the TIS model for the selected reactor.

4-14 Using the tracer data for the reactor in Problem 4-12 (to be selected
by instructor) and the equivalent number of tanks from Problem
4-13, calculate the expected ef”uent concentration using the TIS
model assuming a “rst-order reaction rate constant k = 0.085 minŠ1

and in”uent concentration of 1 mg/L.

4-15 For an ideal reactor with the same hydraulic residence time as the
reactor in Problem 4-12 (to be selected by instructor), calculate the
expected ef”uent concentration assuming a “rst-order reaction rate
constant k = 0.085 minŠ1 if the in”uent concentration is 1 mg/L
and the reactor is (a) a PFR and (b) a CMFR. Compare your answers
to the result from Problem 4-14.

4-16 Calculate the diffusion coef“cient for the following compound in
water at 20� C (to be selected by instructor):
a. Trichloroethylene (TCE)

b. Trichloromethane

c. Toluene

d. Sodium bicarbonate

e. Sodium sulfate

f. Barium chloride
4-17 Calculate the diffusion coef“cient for the following compound in

air at 20� C (to be selected by instructor).
a. Tetrachloroethene

b. Benzene

c. Vinyl chloride

4-18 A 150-mm ID potable water distribution pipe has water ”owing
at a velocity of 1.52 m/s. The water entering the pipe contains
1.1 mg/L of chlorine. The walls of the pipe are covered with
an aggressive bio“lm that completely consumes the chlorine (i.e.,
the chlorine concentration at the pipe wall is zero). Calculate the
chlorine consumption rate by a 1.0 km length of pipe, using the
Gilliland correlation for the mass transfer coef“cient. The water
temperature is 25� C. For the purposes of this calculation, assume
that the 1.1 mg/L chlorine concentration is maintained constant
in the bulk water through the entire length of pipe. Based on
your calculated results, is this assumption reasonable? (When is an
assumption reasonable? What makes a good assumption, anyway?)
If the assumption is not reasonable, how would you have to modify
your approach to solve the problem correctly?

4-19 Raw water that has an in”uent pH of 2.8 is to be fed to a packed bed
of crushed limestone (CaCO3) to raise the pH and add hardness
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(as Ca2+ ). The temperature is 25� C, the bed porosity is 0.5, and the
particle sphericity is 0.75. Calculate the mass transfer coef“cient for
limestone media for 0.5-, 1.5-, 2-, or 3-cm limestone particles (particle
size to be speci“ed by instructor). The ”ow rate is 800 L/min and
the super“cial velocity is 10 m/h.
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Natural surface waters contain inorganic and organic particles. Inorganic
particles, including clay, silt, and mineral oxides, typically enter surface
water by natural erosion processes. Organic particles may include viruses,
bacteria, algae, protozoan cysts and oocysts, as well as detritus litter that
have fallen into the water source. In addition, surface waters will contain
very “ne colloidal and dissolved organic constituents such as humic acids, a
product of decay and leaching of organic debris. Particulate and dissolved
organic matter is often identi“ed as natural organic matter (NOM).

Removal of particles is required because they can (1) reduce the clarity
of water to unacceptable levels (i.e., cause turbidity) as well as impart color
to water (aesthetic reasons), (2) be infectious agents (e.g., viruses, bacteria,
and protozoa), and (3) have toxic compounds adsorbed to their external
surfaces. The removal of dissolved NOM is of importance because many

139
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of the constituents that comprise dissolved NOM are precursors to the
formation of disinfection by-products (see Chap. 13) when chlorine is used
for disinfection. NOM can also impart color to the water.

The most common method used to remove particulate matter and a
portion of the dissolved NOM from surface waters is by sedimentation
and/or “ltration following the conditioning of the water by coagulation
and ”occulation, the subject of this chapter. Thus the purpose of this
chapter is to present the chemical and physical basis for the phenomena
occurring in the coagulation and ”occulation processes. Speci“c topics
addressed in this chapter include the role of coagulation and ”occulation
processes in water treatment, the basis for stability of particles in water,
principles and design of coagulation processes, and principles and design
of ”occulation processes.

5-1 Role of Coagulation and Flocculation in Water Treatment

The importance of the coagulation and ”occulation processes in water
treatment can be appreciated by reviewing the process ”ow diagram illus-
trated on Fig. 5-1. As used in this book,coagulationinvolves the addition
of a chemical coagulant or coagulants for the purpose of conditioning
the suspended, colloidal, and dissolved matter for subsequent processing
by ”occulation or to create conditions that will allow for the subsequent
removal of particulate and dissolved matter.Flocculationis the aggregation
of destabilized particles (particles from which the electrical surface charge
has been reduced) and precipitation products formed by the addition
of coagulants into larger particles known as ”occulant particles or, more
commonly, ••”oc.•• The aggregated ”oc can then be removed by gravity

Settled
solids

Sedimentation
Influent from

surface water
Effluent to
distribution
system

Granular
filtration

Oxidant/
disinfectant

Oxidant/
disinfectantPolymer

Flocculation

Bypass flocculation
for contact (in-line) filtration

Bypass
sedimentation

for direct filtration

Liquid processing

Residuals processing
and management Waste

washwater

Coagulant
Flash
mix

Figure 5-1
Typical water treatment process ”ow diagram employing coagulation (chemical mixing) with conventional treatment, direct
“ltration, or contact “ltration.
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sedimentation and/or “ltration. An overview of the coagulation and ”oc-
culation processes is provided below.

Coagulation
Process

The objective of the coagulation process depends on the water source and
the nature of the suspended, colloidal, and dissolved organic constituents.
Coagulation by the addition of chemicals such as alum and iron salts and/or
organic polymers can involve:

1. destabilization of small suspended and colloidal particulate matter

2. adsorption and/or reaction of portions of the colloidal and dissolved
NOM to particles

3. creation of ”occulant precipitates that sweep through the water
enmeshing small suspended, colloidal, and dissolved material as they
settle

Coagulants such as aluminum sulfate (alum), ferric chloride, and ferric
sulfate hydrolyze rapidly when mixed with the water to be treated. As
these chemicals hydrolyze, they form insoluble precipitates that destabilize
particles by adsorbing to the surface of the particles and neutralizing the
charge (thus reducing the repulsive forces). Natural or synthetic organic
polyelectrolytes (polymers with multiple charged functional groups) are
also used for particle destabilization. Because of the many competing reac-
tions, the theory of chemical coagulation is complex. Thus, the simpli“ed
reactions presented in this and other textbooks to describe the various coag-
ulation processes can only be considered approximations, as the reactions
may not necessarily proceed exactly as indicated.

Flocculation
Process

The purpose of ”occulation is to produce particles, by means of aggrega-
tion, that can be removed by subsequent particle separation procedures
such as gravity sedimentation and/or “ltration. Two general types of ”oc-
culation can be identi“ed: (1) micro”occulation (also known as perikinetic
”occulation) in which particle aggregation is brought about by the random
thermal motion of ”uid molecules (known as Brownian motion, see Sec. 4-
14) and (2) macro”occulation (also known as orthokinetic ”occulation) in
which particle aggregation is brought about by inducing velocity gradients
and gentle mixing in the ”uid containing the particles. Mixing for ”occu-
lation generally lasts for 20 to 40 min. Another form of macro”occulation
is brought about by differential settling in which large particles overtake
small particles to form larger particles. The aggregated particles form large
masses of loosely bound particles known as ”oc, and this ”oc is suf“ciently
large that it will settle relatively rapidly or be easier to remove from water
by “ltration.

Practical Design
Issues

When it comes to the design of coagulation and ”occulation facilities,
engineers must consider four process issues: (1) the type and concentration
of coagulants and ”occulant aids, (2) the mixing intensity and the method
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used to disperse chemicals into the water for destabilization, (3) the mixing
intensity and time for ”occulation, and (4) the selection of the liquid…solid
separation process (e.g., sedimentation and “ltration). With the exception
of sedimentation (considered in Chap. 6), and “ltration (considered in
Chaps. 7 and 8), these subjects are addressed in the subsequent sections of
this chapter.

5-2 Stability of Particles in Water

Particles in water may, for practical purposes, be classi“ed as suspended
and colloidal, according to particle size, where colloidal particles are those
that are smaller than about 1 µm. Small suspended and colloidal particles
and dissolved constituents will not settle in a reasonable period of time.
Particles that won•t settle are stable particles and chemicals must be used
to help remove them. To appreciate the role of chemical coagulants, it
is important to understand particle…water interactions and the electrical
properties of particles in water. These subjects along with the nature of
particle stability and the compression of the electrical double layer are
considered in this section.

Particle…Solvent
Interactions

Particles in natural water can be classi“ed as hydrophobic (water repelling)
and hydrophilic (water attracting). Hydrophobic particles have a well-
de“ned interface between the water and solid phases and have a low af“nity
for water molecules. In addition, hydrophobic particles are thermodynam-
ically unstable and will aggregate over time.

Hydrophilic particles such as clays, metal oxides, proteins, or humic acids
have polar or ionized surface functional groups. Many inorganic particles in
natural waters, including hydrated metal oxides (iron or aluminum oxides),
silica (SiO2), and asbestos “bers, are hydrophilic because water molecules
will bind to the polar or ionized surface functional groups (Stumm and
Morgan, 1996). Many organic particles are also hydrophilic and include a
wide diversity of biocolloids (humic acids, viruses) and suspended living or
dead microorganisms (bacteria, protozoa, algae). Because biocolloids can
adsorb on the surfaces of inorganic particles, the particles in natural waters
often exhibit heterogeneous surface properties.

Electrical
Properties of
Particles

The principal electrical property of “ne particles in water is surface charge,
which contributes to relative stability, causing particles to remain in suspen-
sion without aggregating for long periods of time. Given suf“cient time,
colloids and “ne particles will ”occulate and settle, but this process is not
economically feasible because it is very slow. A review of the causes of
particle stability will provide an understanding of the techniques that can
be used to destabilize particles, which are discussed in the following section.
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ORIGIN OF PARTICLE SURFACE CHARGE

Most particles have complex surface chemistry and surface charges may
arise from several sources. Surface charge arises in four principal ways, as
discussed below (Stumm and Morgan, 1996).

Isomorphous Replacement (Crystal Imperfections)
Under geological conditions, metals in metal oxide minerals can be
replaced by metal atoms with lower valence, and this will impart a neg-
ative charge to the crystal material. An example where an aluminum atom
replaced a silicon atom in a silica particle is shown on Fig. 5-2. This process,
known as isomorphous replacement, produces negative charges on the
surface of clay particles.

Structural Imperfections
In clay and similar mineral particles, imperfections that occur in the
formation of the crystal and broken bonds on the crystal edge can lead to
the development of surface charges.

Preferential Adsorption of Speci“c Ions
Particles adsorb NOM, and these large macromolecules typically have a
negative charge because they contain carboxylic acid groups:

R…COOH� R…COOŠ + H+ �
pKa = 4 to 5

�
(5-1)

Consequently, particle surfaces that have adsorbed NOM will be nega-
tively charged for pH values greater than
 5.

Ionization of Inorganic Surface Functional Groups
Many mineral surfaces contain surface functional groups (e.g., hydroxyl)
and their charge depends on pH. For example, silica has hydroxyl groups
on its exterior surface, and these can accept or donate protons as shown
here:

Si…OH+2 � Si…OH + H+ � Si…OŠ + 2H+

pH � 2 pH = 2 pH 
 2 (5-2)
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Figure 5-2
Charge acquisition through isomorphous substitution of Al for Si.
Since the silicon has a charge of 4 and the aluminum has a
charge of 3, the replacement with an aluminum atom leave the
crystal with less positive charge.
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Variation in particle charge with pH.

The pH corresponding to a surface charge of
zero is de“ned as the zero point of charge(ZPC).
Above the ZPC the surface charge will be negative
(anionic), and below the ZPC the charge will be
positive (cationic). The zero point of charge, as
shown on Fig. 5-3, for silica is at pH 2, whereas
the zero point of charge for alumina is about
pH 9. The ZPC for other particles that commonly
occur in water are listed in Table 5-1. Many of
the measurements reported in Table 5-1 are in
low-ionic-strength waters (i.e., distilled water); con-
sequently, the reported pHZPC values are higher
than are observed in natural waters.

ELECTRICAL DOUBLE LAYER

In natural waters, the processes described above nearly always result in
a negative surface charge on particles. Negatively charged particles accu-
mulate positive counterions on and near the particle•s surface to satisfy
electroneutrality. As shown on Fig. 5-4, a layer of cations will bind tightly to
the surface of a negatively charged particle to form a “xed adsorption layer.
This adsorbed layer of cations, bound to the particle surface by electrostatic
and adsorption forces, is about 0.5 nm thick and is known as theHelmholtz

Table 5-1
Surface characteristics of inorganic and organic particles
commonly found in natural waters

Zero Point of Charge,
Type of Particle pH ZPC

Inorganic
Al(OH)3 (amorphous) 7.5…8.5
Al2O3 9.1
CuO3 9.5
Fe(OH)3 (amorphous) 8.5
MgO 12.4
MnO2 2…4.5
SiO2 2…3.5
Clays

Kaolinite 3.3…4.6
Montmorillonite 2.5

Organic
Algae 3…5
Bacteria 2…4
Humic acid 3

Source: Adapted from Parks (1967) and Stumm and Morgan (1996).
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Figure 5-4
Structure of the electrical double layer. It should be noted that the potential measured at the shear plane is known as the zeta
potential. The shear plane typically occurs in the diffuse layer.

layer (also known as the Stern layerafter Stern, who proposed the model
shown on Fig. 5-4.). Beyond the Helmholtz layer, a net negative charge
and electric “eld is present that attracts an excess of cations (over the
bulk solution concentration) and repels anions, neither of which are in a
“xed position. These cations and anions move about under the in”uence
of diffusion (caused by collisions with solvent molecules), and the excess
concentration of cations extends out into solution until all the surface
charge and electric potential is eliminated and electroneutrality is satis“ed.

The layer of cations and anions that extends from the Helmholtz layer to
the bulk solution where the charge is zero and electroneutrality is satis“ed
is known as the diffuse layer. Taken together the adsorbed (Helmholtz) and
diffuse layer are known as theelectric double layer(EDL). Depending on the
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solution characteristics, the EDL can extend up to 30 nm into the solution.
Techniques have been developed for measuring the electrical properties
of particles and particle systems and they have been presented in detail
(Crittenden et al., 2012).

ZETA POTENTIAL

When a charged particle is subjected to an electric “eld between two
electrodes, a negatively charged particle will migrate toward the positive
electrode, as shown on Fig. 5-5, and vice versa. This movement is termed
electrophoresis. It should be noted that when a particle moves in an electrical
“eld some portion of the water near the surface of the particle moves with
it, which gives rise to the shear plane, as shown on Fig. 5-4. Typically, as
shown on Fig. 5-4, the actual shear plane lies in the diffuse layer to the right
of the theoretical “xed shear plane de“ned by the Helmholtz layer. The
electrical potential between the actual shear plane and the bulk solution is
called the zeta potential.Zeta potential can be measured to give an indication
of particle stability; particles tend to be stable when the zeta potential is
above 20 mV and unstable when the zeta potential is below that value.

Particle Stability The stability of particles in natural waters depends on a balance between the
repulsive electrostatic force of the particles and the attractive forces known
as the van der Waals forces. Since particles in water have a net negative
surface charge, the principal mechanism controlling particle stability is
electrostatic repulsion.

Van der Waals forces originate from magnetic and electronic resonance
that occurs when two particles approach one another. This resonance is

Positively charged
counterions attracted

to negative pole

Particle with high negative 
surface charge moves toward

positive pole

Diffuse ion cloud
travels with particle

Negative
polePositive

pole

Negatively
charged ion

Figure 5-5
Schematic illustration of electrophoresis in which a charged particle moves in an electrical “eld, dragging with it a cloud
of ions.
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caused by electrons in atoms on the particle surface, which develop a
strong attractive force between the particles when these electrons orient
themselves in such a way as to induce synergistic electric and magnetic
“elds. Van der Waals attractive forces (<
20 kJ/mol) are strong enough
to overcome electrostatic repulsion, but they are unable to do so because
electrostatic repulsive forces and the EDL extend further into solution
than do the van der Waals forces. As a result, the electrostatic repulsion
represents an energy barrier that must be overcome for particles to be
destabilized.

Particle…particle interactions are extremely important in bringing about
aggregation by means of Brownian motion. The theory of particle…particle
interaction is based on the interaction of the repulsive and attractive forces
on two charged particles as they are brought closer and closer together. The
theory, “rst worked out by Derjaguin, later improved upon together with
Landau, and subsequently extended by Verwey and Overbeek, is known as
the DLVO theory after the scientists who developed it.

A conceptual diagram of the DLVO model is provided on Fig. 5-6 in
which the interaction between two particles represented by ”at plates with
similar charge is illustrated. As shown on Fig. 5-6, the two principal forces
involved are the forces of repulsion due to the electrical properties of the
charged plates and the van der Waals forces of attraction. Two cases are
illustrated on Fig. 5-6 with respect to the forces of repulsion. In the “rst case,
the repulsive force extends 4/� into solution where � is the double-layer
thickness. In the second case, the extent of the repulsive force is reduced
considerably and the repulsive forces only extend about 2/� into solution.
The net total energy shown by the solid lines on Fig. 5-6 is the difference
between the forces of repulsion and attraction.
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For case 1, the forces of attraction will predominate at very short and
long distances. The net energy curve for condition 1 contains a repulsive
maximum that must be overcome if the particles are to be held together
by the van der Waals force of attraction. Although ”oc particles can form
at long distances as shown by the net energy curve for case 1, the net
force holding these particles together is weak and the ”oc particles that
are formed can be ruptured easily. In case 2, there is no energy barrier to
overcome and particles can contact each other relatively easily.

Destabilization If the repulsive energy barrier were not present, the attractive van der
Waals forces would cause any particles that came near each other to stick
to each other. The process of ”occulation introduced at the beginning
of the chapter provides the mechanisms for particles to come near each
other. Particles will collide with each other due to the random move-
ment of particles caused by Brownian motion (micro”occulation) or due
to gentle mixing of the water (macro”occulation). Particles that stick to
each other form aggregations of larger particles, and these larger par-
ticles will settle relatively rapidly or be easier to remove by “ltration.
Eliminating the repulsive forces, then, is an essential step in the removal
of colloids from water. Reducing or eliminating the repulsive forces so
that particles have the opportunity to stick to each other is known as
destabilization.

One method of destabilizing particles is to compress the double layer so
that it does not reach as far from the particle surface. As noted earlier, the
double layer forms to counteract the negative surface charge of particles
and satisfy electroneutrality. If more ions are in solution or if the ions
have greater charge (divalent or trivalent instead of monovalent), then
electroneutrality can be satis“ed in a shorter distance. The DVLO theory
mentioned earlier accurately predicts that an increase in ionic strength
or ion valence can compress the EDL thickness suf“ciently to allow van
der Waals forces to extend further than the EDL, resulting in destabilized
particles that will ”occulate. The effect of ionic strength explains why
particles are stable in freshwater (low ionic strength, EDL extends beyond
van der Waals forces) and ”occulate rapidly in saltwater (high ionic strength,
compressed EDL), such that a river that ”ows into the sea will drop sediment
close to its mouth even though the turbulence of wave action should keep
particles suspended.

Unfortunately, reducing the thickness of the EDL by adding salt to
increase the ionic strength is not a practical method for destabilizing
particles in drinking water treatment because the required ionic strengths
are greater than are considered acceptable in potable water. Coagulating
chemicals must be added to destabilize particles, as described in the
following section.
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5-3 Principles of Coagulation

The electrical properties of particles were considered in the previous
section. Coagulation, as described in Sec. 5-1, is the process used to destabi-
lize the particles found in waters so that they may be removed by subsequent
separation processes. The purpose of this section is to introduce the prin-
cipal coagulation mechanisms responsible for particle destabilization and
removal. Coagulation practice including the principal chemicals used for
coagulation in water treatment and jar testing is presented and discussed
in Sec. 5-4.

Mechanisms that can be exploited to achieve particle destabilization
include (1) compression of the electrical double layer, (2) adsorption and
charge neutralization, (3) adsorption and interparticle bridging, and (4)
enmeshment in a precipitate, or ••sweep ”oc.•• While these mechanisms
are discussed separately here, destabilization strategies often exploit several
mechanisms simultaneously. It should also be noted that compression of
the electrical double layer, discussed in the previous section, is considered
a coagulation mechanism but is not discussed here because increasing the
ionic strength is not practical in water treatment.

Adsorption and
Charge

Neutralization

Particles can be destabilized by adsorption of oppositely charged ions or
polymers. Most particles in natural waters are negatively charged (clays,
humic acids, bacteria) in the neutral pH range (pH 6 to 8); consequently,
positively charged hydrolyzed metal salts, prehydrolyzed metal salts, and
cationic organic polymers can be used to destabilize particles through
neutralizing the charge on the particle surface. If the particle surface has
no net charge, the EDL will not exist and van der Waals forces can cause
particles to stick together.

Adsorption and
Interparticle

Bridging

Polymer bridging is complex and has not been adequately described
analytically. Schematically, polymer chains adsorb on particle surfaces at
one or more sites along the polymer chain as a result of (1) coulombic
(charge…charge) interactions, (2) dipole interaction, (3) hydrogen bond-
ing, and (4) van der Waals forces of attraction (Hunter, 2001). The rest
of the polymer may remain extended into the solution and adsorb on
available surface sites of other particles, thus creating a ••bridge•• between
particle surfaces that results in a larger particle that can settle more ef“-
ciently. Polymer bridging is an adsorption phenomenon; consequently, the
optimum coagulant dose will generally be proportional to the concentra-
tion of particles present. Adsorption and interparticle bridging occur with
nonionic polymers and high-molecular-weight (MW 105 to 107 g/mol), low-
surface-charge polymers. High-molecular-weight cationic polymers have a
high charge density to neutralize surface charge.
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Precipitation and
Enmeshment

When high enough dosages are used, aluminum and iron form insoluble
precipitates and particles become entrapped in the amorphous precipi-
tates. This type of destabilization has been described asprecipitation and
enmeshmentor sweep ”oc. Although the molecular events leading to sweep
”oc have not been de“ned clearly, the steps for iron and aluminum salts at
lower coagulant dosages are as follows: (1) hydrolysis and polymerization
of metal ions, (2) adsorption of hydrolysis products at the particle surface
interface, and (3) charge neutralization. At high dosages, it is likely that
nucleation of the precipitate occurs on the surface of particles, leading to
the growth of an amorphous precipitate with the entrapment of particles
in this amorphous structure. This mechanism predominates in water treat-
ment applications where pH values are generally maintained between pH
6 and 8, and aluminum or iron salts are used at concentrations exceed-
ing saturation with respect to the amorphous metal hydroxide solid that
is formed.

5-4 Coagulation Practice

Selection of the type and dose of coagulant depends on the characteristics
of the coagulant, the concentration and type of particles, concentration and
characteristics of NOM, water temperature, and water quality. Presently, the
interdependence of these “ve parameters is only understood qualitatively,
and prediction of the optimum coagulant combination from characteristics
of the particles and the water quality is not yet possible. The purpose of
this section is to introduce coagulation practice, including the types of
inorganic and organic coagulants and coagulant aids used, and alternative
techniques used to reduce coagulant dosages.

Inorganic Metallic
Coagulants

The principal inorganic coagulants used in water treatment are sul“de
or chloride salts of aluminum and ferric ions and prehydrolyzed salts of
these metals. These hydrolyzable metal cations are readily available in both
liquid and solid (dry) form. In the United States, the predominant water
treatment coagulant is aluminum sulfate, or ••alum,•• sold in a hydrated form
as Al2(SO4)3·xH2O, where x is usually about 14. The action, solubility, and
application of these coagulants are considered in the following discussion.

COMPLEXATION AND DEPROTONATION OF ALUMINUM AND IRON SALTS

When ferric or aluminum ions are added to water, a number of parallel
and sequential reactions occur. Initially, when a salt of Al(III) and Fe(III)
is added to water, it will dissociate to yield trivalent Al3+ and Fe3+ ions, as
given below:
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Al2 (SO4)3 � 2Al3 + + 3SO2Š
4 (5-3)

FeCl3 � Fe3+ + 3ClŠ (5-4)

The trivalent ions of Al 3+ and Fe3+ then hydrate to form the aquometal
complexes Al(H2O) 3+

6 and Fe(H2O) 3+
6 , as shown on the left-hand side of

Eq. 5-5. As shown, the metal ion has a coordination number of 6 and
six water molecules orient themselves around the metal ion. The com-
plexed water molecules then often lose protons as shown in the following
reaction:

�

�
H2O OH 2

H2OŠMe ŠOH 2

H2O OH 2




�

3+

�

�

�
H2O OH
H2OŠMeŠOH 2

H2O OH 2




�

2+

+ H+ (5-5)

These aquometal complexes then successively lose additional protons to
form a variety of soluble mononuclear [Al(H 2O) 5(OH) 2+, Al(H 2O) 4(OH) +

2,
Al(H 2O) 3(OH) 0

3] and polynuclear [Al 18(OH) 4+
20, (Al 8(OH) 20·28H2O) 4+]

species. Similarly, iron forms a variety of soluble species, including
mononuclear species such as Fe(H2O) 5(OH) 2+ [or just Fe(OH) 2+] and
Fe(H2O) 4(OH) +

2 [or just Fe(OH) +
2]. It should be noted that all of these

mononuclear and polynuclear species can interact with the particles in
water, depending on the characteristics of the water and the number
of particles. Unfortunately, it is dif“cult to control and know which
mononuclear and polynuclear species are operative. As will be discussed
later, this uncertainty has led to the development of prehydrolized metal
salt coagulants.

SOLUBILITY OF ALUMINUM AND FERRIC HYDROXIDE

The solubility of the various alum [Al(III)] and iron [Fe(III)] species are
illustrated on Figs. 5-7a and 5-7b, respectively, in which the log molar
concentrations have been plotted versus pH. The equilibrium diagrams
shown on Figs. 5-7a and 5-7b were created using equilibrium constants for
the major hydrolysis reactions that have been estimated after approximately
1 h of reaction time (upper limit of coagulation/”occulation detention
times). Aluminum hydroxide and ferric hydroxide are precipitated within
the shaded region, and polynuclear and polymeric species are formed
outside of the shaded region at higher and lower pH values. It should also
be noted that the structure of the precipitated iron is far more compact
and inert as compared to the amorphous nature of precipitated aluminum.

In most water treatment applications for removal of turbidity, disinfec-
tion by-product precursors (NOM), and color, the pH during coagulation
ranges between 6 and 8. The lower limit is imposed to prevent accelerated
corrosion rates that occur at pH values below pH 6. The darker shaded areas
corresponding to sweep coagulation region shown on Figs. 5-7a and 5-7b
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and (b) iron. [Adapted from Amirtharajah and Mills (1982).]

correspond to the operating pH and dosage ranges that are normally used
in water treatment when alum and iron are used in the sweep ”oc mode
of operation. For example, the operating region for aluminum hydroxide
precipitation is in a pH range of 7.0 to 8.0 and an alum dose from 20 to
60 mg/L. The minimum alum solubility occurs at a pH of about 6.2 at
25� C. The importance of pH in controlling the concentration of soluble
metal species that will pass through the treatment process is illustrated on
Figs. 5-7a and 5-7b. Comparing the solubility of alum and ferric species,
the ferric species are more insoluble than aluminum species and are also
insoluble over a wider pH range. Thus, ferric ion is often the coagulant of
choice to aid destabilization in the lime-softening process, which is carried
out at higher pH values (pH 9).

STOICHIOMETRY OF METAL ION COAGULANTS

When alum is added to water and aluminium hydroxide precipitates, the
overall reaction is

Al2(SO4)3·14H2O � 2Al(OH) 3(s) + 6H+ + 3SO2Š
4 + 8H2O (5-6)

After Al(OH) 3 precipitates, the species left in water is the same as if
H2SO4 had been added to the water. Thus, adding alum is like adding
a strong acid. A strong acid will lower the pH and consume alkalinity.
The change in pH depends on the initial alkalinity. Alkalinity is the acid-
neutralizing capacity of water and is consumed on an equivalent basis;
that is, 1 meq/L of alum will consume 1 meq/L of alkalinity. If the natural
alkalinity of the water is not suf“cient to buffer the pH, it may be necessary to
add alkalinity to the water to keep the pH from dropping too low. Alkalinity
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can be added in the form of caustic soda (NaOH), lime [Ca(OH) 2], or soda
ash (Na2CO3). In many water plants, caustic soda is often used because it is
easy to handle and the required dosage is relatively small. The reaction for
alum with caustic soda is

Al2 (SO4)3 ·14H2O + 6NaOH � 2Al (OH )3 (s) + 3Na2SO4 + 14H2O
(5-7)

The corresponding reaction for lime is given by the expression

Al2 (SO4)3 ·14H2O + 3Ca(OH)2 � 2Al (OH)3 (s) + 3CaSO4 + 14H2O
(5-8)

Similarly, the overall precipitation reactions for ferric sulfate and ferric
chloride are as follows.

Ferric sulfate:

Fe2(SO4)3·9H2O � 2Fe(OH) 3(s) + 6H + + 3SO2Š
4 + 3H2O (5-9)

Ferric chloride:

FeCl3·6H2O � Fe(OH) 3(s) + 3H + + 3ClŠ + 3H2O (5-10)

The application of the above equations is illustrated in Example 5-1.

Example 5-1 Calculation of coagulant doses, alkalinity
consumption, and precipitate formation

A chemical supplier reports the concentration of stock alum chemical as
8.37 percent as Al2O3 with a speci“c gravity of 1.32. For the stock chemical,
calculate (a) the molarity of Al3+ and (b) the alum concentration if reported as
g/L Al2(SO4)3·14H2O. Also, for a 30-mg/L alum dose applied to a treatment
plant with a capacity of 43.2 ML/d (0.5 m3/s), calculate (c) the chemical
feed rate in L/min, (d) the alkalinity consumed (expressed as mg/L as
CaCO3), and (e) the amount of precipitate produced in mg/L and kg/d.

Solution

1. Calculate the formula weights (FW) for Al2O3, Al2(SO4)3·14H2O,
Al(OH)3, and NaOH, given molecular weights: Al= 27, O = 16,
H = 1, S = 32 g/mol.

FW: Al2O3 = 2(27)+ 3(16) = 102 g/mol

FW: Al2(SO4)3·14H2O = 2(27)+ 3(32)+ 26(16) + 28(1) = 594 g/mol

FW: Al(OH)3 = 27 + 3(16)+ 3(1) = 78 g/mol
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2. Calculate the molar concentration of Al3+ in the stock alum chemical.
a. Calculate the density of stock chemical.

� stock = 1.32
�
1 kg/L

�
= 1.32 kg/L

b. Calculate the concentration of alum in the stock chemical as mg/L
Al2O3.

Cstock = 0.0837
�
1.32 kg/L

� �
103 g/kg

�
= 110.5 g/L Al2O3

c. Calculate the molar concentration of Al3+ in the stock alum
chemical.
�
Al3+

�
=

�
110.5 g/L Al2O3

�
�

mol Al2O3

102 g Al2O3

� �
2 mol Al3+

mol Al2O3

�

= 2.17 mol/L

3. Calculate the stock alum concentration if reported as g/L
Al2(SO4)3·14H2O.

Cstock =
�
110.5 g/L Al2O3

�
�

594 g/mol alum
102 g/mol Al2O3

�

= 643.5 g/L Al2(SO4)3·14H2O

4. Calculate the chemical feed rate. Note 43.2 ML/d= 43,200 m3/d.

By mass balance:CstockQfeed = CprocessQprocess

Qfeed =
CprocessQprocess

Cfeed
=

�
30 mg/L

��
43,200 m3/d

��
103 L/m3�

�
643.5 g/L

� �
103 mg/g

� �
1440 min/d

�

= 1.40 L/min

5. Calculate the alkalinity consumed using Eq. 5-6:
Note that alkalinity is commonly expressed as mg/L as CaCO3. CaCO3
has a molecular weight of 100 g/mol and 2 equivalents per mole.
Thus the equivalent weight is 50 g/eq or 50 mg/meq.

Alk=
�
30 mg/L alum

�
�

1 mmol alum
594 mg alum

� �
3 mmol SO2Š

4

mmol alum

� �
2 meq SO2Š

4

mmol SO2Š
4

�

×

�
1 meq alk

meq SO2Š
4

� �
50 mg CaCO3

meq alk

�

= 15 mg/L as CaCO3
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6. Calculate the precipitate formed using Eq. 5-6:

�
Al(OH)3

�
=

�
30 mg/L alum

�
�

1 mmol alum
594 mg alum

� �
2 mmol Al(OH)3

mmol alum

�

×

�
78 mg Al(OH)3
mmol Al(OH)3

�

= 7.88 mg/L Al(OH)3

�
Al(OH)3

�
=

�
7.88 mg/L

� �
43, 200 m3/d

� �
103 L/m3

�

106 mg/kg
= 340 kg/d

Comment

The sludge produced by coagulation has two components: the precipitate
formed by the reactions shown above and the particles from the raw water.
Example 14-2 in Chap. 14 addresses the additional solids generated from
the raw-water turbidity.

PREHYDROLYZED METAL SALTS

Since it is dif“cult to control the Al and Fe metal species formed, espe-
cially at low dosages, this has led to the use of prehydrolyzed metal salts.
Prehydrolyzed metal salts are prepared by reacting alum or ferric with
various salts (e.g., chloride, sulfate) and water and hydroxide under con-
trolled mixing conditions. For example, the commercial prehydrolyzed
alum salts, commonly known as PACl, have the following overall formula:
Ala(OH) b(Cl) c(SO4)d. Although many formulations do not contain any
sulfate, the presence of sulfate ions helps to stabilize the aluminum poly-
mers and keep them from precipitating. These polymers can be more
effective than those formed by simply adding aluminum salts to solution
because the larger cationic polymers can be formed by increasing the
hydroxide-to-aluminum ratio (R = OH/Al), which can lead to enhanced
charge neutralization. Another bene“t is that, as the polymer becomes
larger, it becomes more crystalline, compact, and dense. However, as the
value of R increases, the polymers become less stable and may begin to
precipitate, which can cause a problem in the storage of PACl.

Several advantages of preformed aluminum metal salts include the
following: (1) lower dosages may be required for effective coagulation (on
the basis of Al3+) for cases where NOM does not dictate the coagulant
dosage at neutral or slightly acidic conditions, (2) ”ocs tend to be tougher
and denser (although ”occulation aids are still necessary in many cases),
and (3) the performance of prehydrolyzed alum salts is less temperature
dependent as compared to unmodi“ed alum salts.
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IMPACT OF WATER QUALITY

Coagulation can be affected by pH, alkalinity, temperature, other ions in
the water, and NOM. The optimal pH range corresponds to the region of
minimum solubility and is about 5.5 to 7.5 for alum and from 5 to 8.5 for
ferric salts. Since alum and ferric salts are strong acids, the alkalinity of
the water is important in coagulation. If the alkalinity is too low, addition
of a high alum dose may drive the pH lower than the optimal range,
and a base may need to be added. PACl may be advantageous in low-
alkalinity waters because the acidity has been partially neutralized and
the pH will not drop as much. Alternatively, water with high alkalinity
may require acid in addition the coagulant to lower the pH into the
optimal range.

Temperature affects the solubility constants for the precipitation reac-
tions and may have an impact on the amount of metal hydroxide that
forms if coagulation is not near the pH of minimum solubility. The most
important effect of temperature, however, is that the ”oc that forms can be
close to the density of water. Cold water is more dense than warm water,
and when the water temperature is near 4� C, the density of alum ”oc is
very close to the density of water and the ”oc may not settle well. Ferric
hydroxide ”oc is more dense than alum ”oc and can be a better option in
locations with very cold water.

As with all cations in water, hydrolysis products of aluminum and iron
react with various ligands (e.g., SO2Š

4 , NOM, FŠ , PO3Š
4 ) forming both

soluble and insoluble products that will in”uence the quantity or dose of
the coagulant required to achieve a desired level of particle destabilization.
Thus, the optimum dose of a coagulant depends on the particular water
chemistry and the types of particles.

Natural organic matter is the term used to describe the complex matrix
of organics originating from natural sources that are present in all water
bodies. It has been observed that NOM reacts or binds with metal ion
coagulants, and some evidence suggests that the coagulant dosages at
many, if not most, operating plants are determined by the NOM…metal ion
interactions and not particle…metal ion interactions (O•Melia et al., 1999).
Qualitatively, as pH increases, humic substances become more ionized
because the carboxyl groups lose protons, and the positive charge on metal
coagulants will decrease. Consequently, higher coagulant dosages will be
required at higher pH values. At neutral pH, the amount of positively
charged Al species decreases with increasing temperature and a higher
alum dosage may be required.

Typical Dosages
A typical dosage of alum ranges from 10 to 150 mg/L, depending
on raw-water quality and turbidity. Typical dosages of ferric sulfate
[Fe2(SO4)3·9H2O] and ferric chloride (FeCl 3·6H2O) range from 10 to 250
mg/L and 5 to 150 mg/L, respectively, depending on raw-water quality
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and turbidity. Ferric chloride is more commonly used than ferric sulfate
and comes as a liquid.

Importance of Initial Mixing with Metal Salts
The rapid initial mixing of the metal salts in water treatment is extremely
important. The sequence of reactions shown on Fig. 5-8 occurs rather
rapidly. For example, at a pH of 4, half of the Al 3+ hydrolyzes to Al(OH) 2+

within 10Š5 s. Hahn and Stumm (1968), studying the coagulation of silica
dispersions with Al(III), reported that the time required for the formation
of mono- and polynuclear hydroxide species was on the order of 10Š3 s, and
the time of formation for the polymer species was on the order of 10Š2 s.

Clearly, based on the literature and actual “eld evaluations, the instan-
taneous rapid and intense mixing of metal salts is of critical importance,
especially where the metal salts are to be used as coagulants to lower the
surface charge of the colloidal particles. It should be noted that, although
achieving extremely low mixing times in large treatment plants is often
dif“cult, low mixing times can be achieved by using multiple mixers. Rec-
ommend mixing times of less than 1 s. For sweep ”ow coagulation with
aluminum hydroxide precipitate, short times are not as critical because
the precipitate forms slower in the range of 1 to 7 (Amirtharajah and
Mills, 1982).

Organic PolymersOrganic polymers are long-chain molecules consisting of repeating chem-
ical units with a structure designed to provide distinctive physicochemical
properties. The chemical units usually have an ionic functional group that
imparts an electrical charge to the polymer chain. Hence, organic polymers

Al(H2O)6
3+

Al(OH)4
Š

Al(OH)3(s)

Al(OH)(H2O)5
2+

Al13O4(OH)24
7+

Hydrogen ion

Hydrogen ion

Hydrogen ion

Hydrogen ion

Aquo Al ion

Mononuclear species

Polynuclear species

Precipitate

Aluminate ion

Figure 5-8
Aluminum hydrolysis products. The dashed lines are used to
denote an unknown sequence of reactions. [Adapted from
Letterman (1981).]
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are often termed polyelectrolytes. Organic polymers have two principal uses
in water treatment: (1) as a coagulant for the destabilization of particles
and (2) as a “lter aid to promote the formation of larger and more
shear-resistant ”ocs. While destabilization occurs primarily through charge
neutralization, nonionic and anionic polymers can be used to form a bridge
between particles. Organic polymers are not generally used as primary coag-
ulants and are often used after the particles have been destabilized to some
degree with metal coagulants. Table 5-2 summarizes some organic polymers
commonly used in water treatment.

It is common to use cationic organic polymers and metallic ion coag-
ulants together. The main advantage of the combined usage is that the

Table 5-2
Typical organic coagulants used in water treatment

Molecular Weight, Common
Type Charge g/mol Applications Typical Examples a

Cationic Positive 104 Š 106 Coagulant aid,
primary coagulant,
sludge
conditioning

Epichlorohydrin dimethylamine
(epi-DMA)

N+
Cl-

CH2 CH2

CH

CH3

CH3

OH
x

Polydiallyldimethyl ammonium
chloride (poly-DADMAC)

N+ Cl-
CH2

CH

CH2

CH3 CH3

CH

x

N+ Cl-
CH2

CH

CH CH2

CH3

CH2 CH3

y

Anionic Negative 104 Š 107 Coagulant aid,
“lter aid, ”occulant
aid, sludge
conditioning

Hydrolyzed polyacrylamides

CH2

NH2

CH

C O

x

CH2

Na+

CH

C O

O y

Nonionic Neutral 105 Š 107 Coagulant aid,
“lter aid, “lter
conditioning

Polyacrylamides

CH2

NH2

CH

C O

x

aNumber of monomer molecules in polymer designated byx andy.
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dosage of metallic ion coagulants can be reduced by 40 to 80 percent. The
lower metallic ion coagulant dosage in turn reduces sludge and alkalin-
ity consumption. With lower alkalinity consumption, the pH will not be
depressed as much, which can improve metallic ion coagulation.

Polymer Dosages
Polymer selection is empirical. The typical dosage rates for DADMAC and
epi-DMA are on the order of 1 to 10 mg/L. Low dosages of high-molecular-
weight nonionic polymers (0.005 to 0.05 mg/L) are often added before
granular “ltration and to the backwash water to improve “lter performance.
Incorrect dosing can cause mudball formation in the “lters, which are not
usually broken apart during normal backwashing operations.

Uncharged and negatively charged organic polymers are used as ”occu-
lant aids as opposed to primary coagulants. The main advantage of using
”occulant aids is that a stronger ”oc is formed. Flocculant aids are added
after the coagulants are added and the particles are already destabilized.

Enhanced
Coagulation

Disinfection by-products (DBPs) are formed as a result of chemical reactions
between chlorine and NOM. While trihalomethanes (THMs) and haloacetic
acids (HAAs) are the primary DBPs that form during chlorination, the
DBP regulations in the United States recognize that MCLs for speci“c
DBPs may not address the total risk associated with adding chlorine to
water containing NOM. Consequently, the regulations include a treatment
technique that requires the removal of NOM prior to disinfection under
certain conditions. The process of performing coagulation for the purpose
of achieving speci“ed removal of DBP precursors (NOM) is known as
enhanced coagulation. The total organic carbon (TOC, a measure of the
amount of NOM) removal requirements range from 15 to 50 percent
removal depending on the raw-water TOC and alkalinity at the speci“c site.
Speci“c requirements associated with enhanced coagulation are described
in the Stage 1 D/DBP Rule and the Enhanced Coagulation Guidance Manual
(U.S. EPA, 1999).

The dose required to achieve enhanced coagulation is typically higher
than the dose for turbidity removal. When enhanced coagulation is
required, the coagulant demand of the NOM and the required degree
of TOC removal, not turbidity, will usually dictate the coagulant dosage.
Of the metal salts and prehydrolyzed metal salts, the most effective for the
removal of NOM is typically iron, followed by alum and PACl. Additional
details for enhanced coagulation can be found in the Enhanced Coagulation
Guidance Manual(U.S. EPA, 1999) and Crittenden et al. (2012).

Figure 5-7 demonstrated that the solubility of coagulants is dependent
on pH; the minimum solubility of alum precipitate is around a pH of 6.3
at 25� C. As a result, the optimum NOM removal with alum is at a pH
ranging from 5.5 to 6.5, depending on the water temperature and total
dissolved solids (TDS) concentration. Removal of NOM with alum can also
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occur at higher pH values, but higher alum doses are required to meet the
same NOM removal that can be achieved at optimum pH. In instances of
high-pH conditions at the point of coagulation, acid addition to lower the
pH can help improve NOM removal.

The coagulant dose and time required for particle destabilization and
effective NOM removal depends on water temperature and the type of
particles; consequently, jar tests have to be conducted. The important
factors that need to be evaluated in jars and full-scale implementation are
”oc strength, size, and settling rate.

Jar Testing for
Coagulant
Evaluation

Because of the many competing reactions and mechanisms that are oper-
ative in the coagulation process, the selection of coagulants and dosage is
typically determined empirically using bench-scale and pilot-scale studies.
The standard bench-scale testing procedure for determining coagulant
doses and types is the ••jar test•• procedure. The jar testing permits rapid
evaluation of a range of coagulant types and doses. A modern jar test
apparatus is shown on Fig. 5-9. As shown on Fig. 5-9, the apparatus consists
of six batch reactors, each equipped with a paddle mixer. Square-shaped
jars are used to avoid vortex ”ow, which can occur if circular beakers are
used.

The purpose of the jar test is to simulate, to the extent possible, the
expected or desired conditions in the coagulation…”occulation facilities.
Standard jar testing procedures are available in AWWA (2011). Generally

Figure 5-9
Jar test apparatus. Note use of square
containers to limit the formation of
vortex ”ow in which the particles rotate
in the same position relative to each
other.
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the test consists of a rapid-mix phase (high mixing intensity) with simple
batch addition of the coagulant or coagulants followed by a slow-mix period
to simulate ”occulation. Flocs are allowed to settle and samples are taken
from the supernatant. These parameters should be measured as part of
the jar test routine: (1) turbidity or suspended solids removal; (2) NOM
removal as measured by dissolved organic carbon (DOC) or a surrogate
measure of dissolved NOM, such as ultraviolet(UV) at 254 nm; (3) residual
dissolved coagulant concentrations of Fe or Al coagulants; (4) pH, and
(5) alkalinity. If direct “ltration is to be used, the “lterability should be
evaluated using a “lterability test. The “lterability is evaluated by “ltering
the mixed suspension through a 5- or 8-µm laboratory “lter to simulate a
granular medium “lter.

The results of a series of jar tests to determine the optimum alum dose
and pH for turbidity removal for given water are summarized on Fig. 5-10. As
shown on Fig. 5-10, the optimum alum dose and pH would be approximately
8 mg/L and 7, respectively, because the turbidity is minimized under these
conditions. However, it must be emphasized that the raw-water particle
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concentration and NOM vary with water quality, and thus the optimum
coagulant dosage also changes as the water quality changes.

5-5 Principles of Mixing for Coagulation and Flocculation

Mixing is an important part of coagulation and ”occulation processes.
Coagulation is performed in a rapid-mix unit that is designed to bring
together the coagulant and particles in an ef“cient manner. Flocculation
is performed in basins that are designed to bring the particles in contact
with one another and form larger particles that can be removed by gravity
separation or “ltration. Mixing is a complex topic and signi“cant amounts
of research have been devoted to understanding, describing, and modeling
turbulence caused by mixing. A detailed investigation of mixing is beyond
the scope of this book, and other books such as Crittenden et al. (2012)
devote more attention to the relationship between mixing and coagulation
and ”occulation.

On a macroscopic level, mixing is brought about when ”uid at one point
in the basin is moving at a different velocity than ”uid at an adjacent point,
a concept known as the velocity gradient. Under turbulent-”ow conditions,
the velocity gradient is not well de“ned and varies both in time and space
throughout a coagulation or ”occulation basin. Camp and Stein (1943) pro-
posed that the velocity gradient averaged over the entire basin, the global
root-mean-square (RMS) velocity gradient, might serve as a useful design
parameter for ”occulation facilities. Furthermore, they developed a rela-
tively simple equation that related the RMS velocity gradient to the power
input to the mixing facility by relating power to the forces on a ”uid element.

V

�X

�Z

�Y V + �V� xy

Figure 5-11
Schematic of forces acting on ”uid
element in ”occulator.

Consider the ”uid element illustrated on Fig. 5-11
and the forces acting on it. The shear stress in the
x…y plane, � xy, is due to the velocity gradient in the z
direction and the force exerted on it is given by the
expression

Force = � xy �x �y = µ
dv
dz

�x �y (5-11)

where µ = dynamic viscosity of water, N·s/m 2

The product of force and velocity is power, so, using the velocity incre-
ment due to the shear stress in the ”uid element, the power per unit volume
can be written as

P
V

=
Force× velocity

�x �y �z
=

�
µ (dv/ dz) �x �y

� �
(dv/ dz) �z

�

�x �y �z
= µ

�
dv
dz

� 2

(5-12)
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where P/V = power dissipated in selected ”uid element, J/m 3·s

Rearranging (Eq. 5-12) and de“ning the RMS velocity gradient (dv/ dz)
asG,

G =

�
P

µV
(5-13)

where G = global RMS velocity gradient (energy input rate), sŠ1

P = power of mixing input to vessel, J/s or W
V = volume of mixing vessel, m3

The Camp…Stein RMS velocity gradientG has since become a widely
adopted standard used by engineers for assessing energy input in all kinds
of mixing processes, including rapid…mix and particularly ”occulation
units. For rapid-mix units, very high velocity gradients are required (e.g.,
G = 600Š 5000 sŠ1), whereas ”occulation requires a velocity gradient high
enough to contact the particles to allow them to ”occulate without settling
out of solution and yet low enough to prevent particles from falling apart
due to shear forces caused by mixing (e.g.,G = 20 Š 50 sŠ1).

5-6 Rapid-Mix Practice

Common rapid-mixing devices used for the addition of coagulants to the
process water are summarized in Table 5-3 and some are displayed on
Fig. 5-12. The most common devices include mechanical and hydraulic
mixers, in-line static and mechanical mixers, and pressurized water jets. For
situations where rapid-mix units are designed for coagulation by adsorp-
tion/destabilization, engineers will use G values in the range of 3000 to
5000 sŠ1. For rapid mix units designed for sweep coagulation reactions,
engineers will useG values in the range of 600 to 1000 sŠ1.

Table 5-3
Types of common coagulant mixing devices and their typical application

Mixing Device Application in Coagulant Addition

Mechanical mixers in stirred tanks Sweep coagulation
Hydraulic mixers Sweep coagulation
In-line mechanical mixers Adsorption/destabilization
In-line static mixers Adsorption/destabilization
Diffusion by pressurized water jets/pumps Adsorption/destabilization
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Figure 5-12
Illustrations of mixing approaches used in water treatment: (a) pumped ”ash mixing, (b) in-line static mixer, and (c) in-line
venturi mixer.
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For design of large-scale rapid-mix systems empirical methods are used
for their design. Manufacturers typically supply the design information that
can be used to size the system and determine the power requirements. An
example design of an in-line static mixer is presented in Crittenden et al.
(2012).

5-7 Principles of Flocculation

Flocculation theories have evolved from the following observations:
(1) small particles undergo random Brownian motion due to collisions
with ”uid molecules resulting in particle…particle collisions and (2) stirring
water containing particles creates velocity gradients that bring about
particle collisions. These interactions are known as microscale (perikinetic)
and macroscale (orthokinetic) ”occulation, respectively. Another form
of ”occulation occurs due to differential settling in which large particles
settling in a quiescent basin overtake small particles to form larger parti-
cles. In ”occulation basins, however, the mixing provided to encourage
macroscale ”occulation is suf“cient to keep particles from settling; thus,
differential settling is not an effective mechanism where active mixing is
occurring. A thorough discussion of the theory of ”occulation is discussed
in Crittenden et al. (2012). A brief discussion of the mechanisms and
modeling of ”occulation processes is presented in this section.

Rate of Particle
Collision

The fundamental problem in mathematical modeling of the ”occulation
process is predicting the change of the particle size distribution as a
function of time for a given set of chemical and hydrodynamic conditions.
Any general kinetic model must account for changes in the number of
particles found in all size classes. Particles of sizedi collide with particles
of sizedj , forming particles of size dk when collisions are successful. At the
same time, aggregates of sizedk may break up into smaller aggregates due
to hydrodynamic shearing forces.

The overall particle collision rate is a function of the rate of macroscale
”occulation (r M ), rate of microscale ”occulation ( rµ), and rate of differen-
tial settling ”occulation ( rDS) between particles i and j .

The rate of particle attachments rij is a function of the particle concen-
trations and a collision frequency function � i j :

rij = �� ijni nj (5-14)

where rij = rate of attachment between i and j particles
� = collision ef“ciency factor (attachments per collision)

� ij = collision frequency function for particles of i and j size classes
ni = concentration of i particles
nj = concentration of j particles
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The collision ef“ciency factor �, de“ned as the ratio of collisions that
result in attachment to total collisions, has a range of values 0� � � 1. The
collision ef“ciency factor depends on the effectiveness of destabilization; for
example, if particles have been destabilized completely, then� = 1. Solution
of mass balances on ”occulation reactors that use Eq. 5-14 require the use
of appropriate values of � to predict the change in the size distribution of
the suspension as aggregation occurs.

Collision
Frequency
Function

The collision frequency function � ij depends on the size of the particles, the
”occulation transport mechanism, and the ef“ciency of particle collisions.
The overall collision frequency function is a function of the individual
mechanisms of ”occulation as follows:

� ij = � M + � µ + � DS (5-15)

where � ij = overall collision frequency between particlesi and j
� M = macroscale collision frequency,= rM /�n i nj

� µ = microscale collision frequency, = rµ /�n i nj
� DS = differential settling collision frequency, = rDS/�n i nj

As noted above, differential settling is not effective when mixing is
provided to encourage macroscale ”occulation, so the overall collision
frequency in a ”occulation basin can be considered to be the sum of the
microscale and macroscale collision frequencies.

Various models have been developed to describe the overall rate of
”occulation ranging from simple models of spherical particles in a linear
”ow “eld to more complex models involving nonlinear ”ow “elds and
fractal geometry. The following discussion is a simplistic view of ”occulation
kinetics (spherical particles in a linear ”ow “eld) and is intended only to
provide insight into the ”occulation mechanisms that are most signi“cant
for various size particles.

MACROSCALE COLLISION FREQUENCY

Consider particles i and j with diameters di and dj , respectively, suspended
in and moving in ”uid streamlines in the x direction with water subjected to
a velocity gradientdvx/dz, as shown on Fig. 5-13. When the distance between
the centers of the particles, Rij , becomes equal to (di + dj )/2, a collision
will occur. When ”uid ”ow is laminar and steady, the velocity gradients
are well de“ned, as shown on Fig. 5-13. The velocity gradient on Fig. 5-13
is proportional to the shear stress on the ”uid elements because it is a
Newtonian ”uid. Given a uniform velocity gradient, the rate of ”occulation
can be determined from geometric considerations, as illustrated below.

The rate of macroscale ”occulation in a system of unequal size (het-
erodisperse) particles subjected to uniform mixing may be derived using
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Figure 5-13
De“nition sketch for analysis of the
”occulation process.

the relationships shown on Fig. 5-13. The ”ow rate of ”uid into an area
element dAof the control surface is given by the following expression (Swift
and Friedlander, 1964):

dq= (velocity) (differential area) =
�

z
dvx

dz

� �
2
)

R2
ij Š z2dz

�
(5-16)

where dq = differential ”ow of ”uid through area element dA, m3/s
q = ”uid ”ow rate through particle area projected onto y…z

plane, m3/s
z = vertical direction, m

dvx/dz = velocity gradient in x-direction, G, sŠ1

Rij = distance between centers of particlesi and j , m

In a heterogeneous solution, the ”ow rate of particles through the
control area may be expressed as the product of thei and j particle
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concentrations (n i and nj , respectively) and the differential ”ow of ”uid
through the control surface. Assuming that the velocity gradient is constant,

Particle ”ow through control surface = 2ni nj

� z=Rij

z=0
dq

= 4ni nj

�
dvx

dz

� � Rij

0
z
)

R2
ij Š z2dz

(5-17)

Recalling from calculus that
�

x
�

a2 Š x2 dx = Š 1
3

�
a2 Š x2

� 3/ 2 + c, the
integrated form of Eq. 5-17 is given by the expression

Particle ”ow = 4ni nj

�
dvx

dz

� '
Š

1
3

�
R2

ij Š z2
� 3/ 2

( Rij

0

=
4
3

�
dvx

dz

�
R3

ij ni nj (5-18)

The rate of ”occulation is equal to the ”ow rate of particles times
the collision ef“ciency � (i.e., the fraction of collisions that result in
attachment):

rij =
4
3

�
dvx

dz

�
R3

ij ni nj � (5-19)

where rij = rate of collision between i and j particles (rate of ”occulation)

Substituting the term ( di + dj )/2 for R ij (see Fig. 5-13) results in the
following expression for the rate of ”occulation, by macroscale mechanisms,
betweeni- and j -sized particles:

rM =
1
6

�
dvx

dz

�
�
di + dj

� 3 ni nj � (5-20)

where rM = rate of macroscale ”occulation

Under turbulent-”ow conditions, the velocity gradient is not well de“ned
and varies both in time and space throughout the ”occulation basin. When
averaged over the entire basin, the velocity gradient is known as the
root-mean-square (RMS) velocity gradient and is given the symbolG (see
Eq. 5-13).

Thus for unequal-sized (heterodisperse) particles the collision frequency
function for the macroscale ”occulation rate � M can be determined from
Eq. 5-20 by de“ning the velocity gradient as G (Eq. 5-13) and using the
relationship given in the nomenclature for Eq. 5-15, resulting in

� M =
1
6

G
�
di + dj

� 3 (5-21)

where G = RMSvelocity gradient, sŠ1
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MICROSCALE COLLISION FREQUENCY

The ”ux of j -size particles to the surface of a singlei -size particle by diffusion
is given by the expression

JA = Š Dlj

�
� nj

� r

�

r=d i / 2
=

Š2Dljnj

di
(5-22)

where JA = ”ux of particles, m · number of particles/s
Dlj = liquid-phase diffusion coef“cient for particle j to particle i ,

m2/s

Thus, the ”occulation rate rµ,j is given by the expression

rµ,j = sphere surface area× ”ux =
�
�d 2

i

�
�

2Dljnj

di

�
= 2�d i Dljnj (5-23)

Substituting the Stokes…Einstein equation Dlj = 2kT/6�µd j (see
Eq. 4-120) into Eq. 5-21 and incorporating the collision ef“ciency factor �
and the number of particles, ni , an expression for the rate of ”occulation,
rµ,ji of all j -size particles diffusing to the surface of alli -size particles can be
obtained:

rµ,ji = 2�d i Dlj nj ni � = 2�d i

�
2kT

6�µd j

�
�n i nj =

2
3

�
�

kT
µ

� �
di

dj

�
ni nj

(5-24)

where k = Boltzmann•s constant, 1.3807× 10Š23 J/K
T = absolute temperature, K (273+ � C)
µ = dynamic viscosity of water, N·s/m 2

Generalizing to all possible combinations of i and j to form a particle of
sizek, the overall rate of rµ is given by

rµ = 2
3�

�
kT
µ

� �
di
dj

�
ni nj

j diffusing to i
(different sizes)

+ 2
3�

�
kT
µ

� �
di
dj

�
ni nj

i diffusing to j
(different sizes)

+ 2
3�

�
kT
µ

� �
di
dj

�
ni

�
2nj

�

i , j diffusing toward

each (other equal size)
(5-25)

Grouping terms and simplifying the rate expression in Eq. 5-25 result in
the expression

rµ =
2
3

�
�

kT
µ

�
ni nj

�
1
di

+
1
dj

�
�
di + dj

�
(5-26)

The collision function for microscale ”occulation of heterodisperse
particles can now be written as

� µ =
�

2kT
3µ

� �
1
di

+
1
dj

�
�
di + dj

�
(5-27)
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Figure 5-14
Collision frequency functions for
macro”occulation (orthokinetic ”occulation)
and micro”occulation (perikinetic ”occulation).
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The collision frequency functions for macroscale and microscale ”occula-
tion are given by Eqs. 5-21 and 5-27, respectively. The collision frequency
function may be plotted for a given system to assess the relative effect of each
type of ”occulation mechanism. A plot of the collision frequency functions
is presented on Fig. 5-14 for a system containing particlesdi of size 2.0µm
and particles dj with sizes ranging from 0.01 to 100µm. The curves shown
on Fig. 5-14 are for aG value of 100 sŠ1 and water temperature of 15� C.
As shown on Fig 5-14, microscale ”occulation is the dominant mechanism
for particles of size less than 0.1µm and the macroscale mechanism is
dominant for larger particles. Thus, the mixing provided in a ”occulation
basin is primarily focused on aggregating particles larger than 0.1 µm.
Smaller particles are aggregated primarily by microscale ”occulation, and
the purpose of designing for a particular hydraulic detention time in a
”occulation basin is to provide suf“cient time for this process to occur.

5-8 Flocculation Practice

The purpose of ”occulation basins is to provide gentle mixing that pro-
motes macro”occulation for a suf“cient amount of time to allow both
micro”occulation and macro”occulation to take place. Today•s ”occula-
tion installations can be divided into two groups: mechanical and hydraulic.
In mechanical ”occulation horizontal paddles and vertical turbines have
become the most common con“gurations for the prime mover, although
new innovations continue to be developed. No particular arrangement
dominates in hydraulic ”occulation. Occasionally designers have used agi-
tation with air or pumped water jets to create the velocity gradients for
”occulation, but these efforts have met with limited success.
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Some views of these three most common approaches to ”occulation are
given on Fig. 5-15. Information on how these approaches compare to each
other with respect to a number of design and operational issues is presented
in Table 5-4. All three of these approaches have been used successfully in
numerous operations, and design details for a number of variations of each
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Effluent to
sedimentation
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Figure 5-15
Common types of ”occulation systems: (a) vertical-shaft turbine ”occulation system, (b) horizontal paddle wheel ”occulation
system, and (c) hydraulic ”occulation systems.
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Table 5-4
Comparison of basic approaches to ”occulation

Horizontal Shaft Vertical-Shaft Hydraulic
Process Issue with Paddles Turbines Flocculation

Type of ”oc produced Large and ”uffy Small to medium, dense Very large and ”uffy
Head loss None None 0.05…0.15 m
Operational ”exibility Good, limited to lowG Excellent Moderate to poor
Capital cost Moderate to high Moderate Low to moderate
Construction dif“culty Moderate Easy to moderate Easy to dif“cult
Maintenance effort Moderate Low to moderate Low to moderate
Compartmentalization Moderate

compartmentalization
Excellent
compartmentalization

Excellent
compartmentalization,
some designs nearly plug
”ow

Advantages � Generally produces
large ”oc

� Reliable

� No head loss

� One shaft for several
mixers

� Flocculators can be
maintained or
replaced without basin
shutdown

� No head loss

� Very ”exible, reliable

� Highest energy input
potential

� Simple and effective

� Easy, low-cost
maintenance

� No moving parts

� Can produce very
large ”ocs

Disadvantages � Compartmentalization
more dif“cult

� Replacement and
some maintenance
requires shutdown of
basin

� Shaft breakage on
startup because of
high initial torque

� Dif“cult to specify
proper impellers and
reliable gear drives in
competitive bidding
process

� Little ”exibility

of them can be found in other sources (e.g., Kawamura, 2000; Letterman
and Yiacoumi, 2011; Crittenden et al., 2012).

The choice among these three alternatives is usually driven by per-
sonal preference, by downstream processes, and by the level of operational
expertise available. Horizontal-shaft paddles and vertical turbines are both
common in conventional treatment (includes sedimentation). Vertical
turbines tend to dominate in direct “ltration (no sedimentation) where
horizontal-shaft paddles are rarely used. Hydraulic ”occulation is usually
employed with conventional treatment, although it has also been success-
fully used for direct “ltration. Hydraulic ”occulation is particularly popular
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in locations with poor access to resources and trained personnel for mainte-
nance and operation, but it also plays an important role in some developed
countries, particularly Japan. In recent years, vertical turbine ”occulators
have gained in popularity as impeller designs have improved and as design
engineers learn how to specify them properly. One special attraction of
vertical turbines is that these ”occulators can be replaced or maintained
while the process is operating.

Combining hydraulic and mechanical ”occulation sometimes allows the
water utility to capitalize on the strengths of both approaches. Using such a
combination, the number of mechanical ”occulators is reduced, reducing
the capital and maintenance costs and increasing the reliability. In such
combinations, Kawamura (2000) recommends that mechanical ”occulators
be located at the end of the process to keep the ”oc in suspension during
low-”ow conditions. The Houston East plant in Houston, Texas [570 ML/d
(150 mgd)], and the Mohawk Water Treatment Plant in Tulsa, Oklahoma
[380 ML/d (100 mgd)], both utilize this design and achieve excellent
settled water turbidity and operate effectively during low-”ow conditions by
isolating some of the treatment trains (Kawamura, 2000).

The basic design criteria for mechanical ”occulators are the Camp…Stein
RMS velocity gradientG and the hydraulic detention time �. Requirements
of hydraulic detention time depend more on the downstream process
than on the means of ”occulation. Somewhat shorter ”occulation times
are often used for direct “ltration (10 to 20 min) than for conventional
treatment (20 to 30 min). Longer ”occulation times are also required
in colder climates. Representative design parameters for horizontal-shaft
paddles and vertical turbines are shown in Table 5-5. Flocculation times
depend on how the particles are going to be removed in the subsequent
processes.

As ”oc grows larger, it becomes more susceptible to the shear imparted to
the water by the impeller blades. The velocity gradient that provides optimal

Table 5-5
Typical design criteria for horizontal-shaft paddles and vertical-shaft turbines

Horizontal Shaft Vertical-Shaft
Design Parameter Unit with Paddles Turbines

Velocity gradient,G sŠ1 20…50 10…80
Tip speed, maximum m/s 1 2…3
Rotational speed rev/min 1…5 10…30
Compartment dimensions (plan)

Width m 3…6 6…30
Length m 3…6 3…5

Number of compartments No. 2…6 4…6
Variable-speed drives „ Usually Usually
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opportunities for collisions between particles early in the ”occulation
process might be excessive and tear large ”oc apart toward the end of the
”occulation process. Thus, it is common to design ”occulation facilities
with multiple stages (typically two to four) with decreasing velocity gradient
in each successive stage. This design strategy is known astapered ”occulation.
For instance, a vertical turbine ”occulation system might be designed with
a G values of 80, 60, 40, and 20 sŠ1 in four successive stages. In addition,
it is sometimes necessary to vary the ”occulation energy from one season
to the next because the viscosity of water is dependent on temperature and
viscosity is a key term in the equation forG. As a result, variable-speed drives
are usually provided.

The size and shape of a ”occulation basin are generally determined
by the type of ”occulator selected and the type of sedimentation process
employed downstream. If mechanical ”occulators are paired with rectan-
gular, horizontal-”ow sedimentation basins, the width and depth of the
”occulation basins should match the width and depth of the sedimentation
basins. Similar dimensions enhance constructability and reduce overall
project costs.

Diffuser walls are often used to divide ”occulation basins into separate
compartments, to place a hydraulic division between ”occulation and
sedimentation basins, as well as in other situations where an even velocity
pro“le is required and backmixing is undesirable.

Vertical Turbine
Flocculators

Vertical-shaft turbine ”occulators are impellers attached to a vertical shaft
that is rotated by an electric motor through a speed reducer. The impellers
used for mixing can be placed in two broad classi“cations: (1) radial
”ow impellers and (2) axial ”ow impellers. Examples of the two types of
impellers and the differences between their performances are illustrated on
Fig. 5-16. The radial impeller directs ”ow outward from the impeller blades
in a horizontal direction, through centrifugal force, with a velocity pro“le
that peaks at the center of the blades. The axial impeller directs the ”ow
parallel to the vertical shaft. The circulation pattern in the mixing tank is
also substantially different for these two types of impellers. Two circulation
loops are generated from radial ”ow mixers: one above the impeller and
one below. Axial ”ow impellers, on the other hand, create one circulation
pattern from the bottom of the tank to the top and back through the
impeller again.

Axial ”ow impellers can be con“gured in two ways: to pump downward
or to pump upward. Down pumping is usually employed in ”occulation
because it helps keep the particles in the tank in suspension. The axial
impeller shown on Fig. 5-16 is arranged to pump downward.

IMPELLER DESIGN CRITERIA

Important design considerations for vertical turbine impellers are the
displacement capacity (the rate at which the impeller pumps water), the
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Circulation patternVelocity profilesPhoto

(a)

(b)

Figure 5-16
Comparison of (a) radial and (b) axial ”ow mixers with respect to shape, velocity pro“les, and circulation patterns. [Adapted
from Oldshue and Trussell (1991).]

power consumption, and the pumping head. Together, these determine
much about the nature of the ”ow in the impeller•s operating environment.

To evaluate the impeller•s performance, it is important to know the
nature of the ”ow in the mixing tank, speci“cally if the ”ow is laminar or
turbulent as determined by the Reynolds number. Virtually all ”occulation
impellers operate in the turbulent-”ow regime. The Reynolds number for
a vertical turbine ”occulator is given by the expression

Re =
D2N �

µ
(5-28)

where Re = Reynolds number, dimensionless
D = diameter of impeller, m
N = impeller•s rotational speed, sŠ1

� = density of water, kg/m 3

µ = dynamic viscosity of water, kg/m·s

For the vertical turbines used in ”occulation, full turbulence is developed
at Reynolds numbers of 10,000 and greater.
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Example 5-2 Estimating Reynolds number of vertical
turbine ”occulator

A vertical turbine 1.6 m in diameter is used to mix the contents of a ”occu-
lation tank 4 m in diameter. The turbine rotates at a speed of 20 rev/min.
The absolute viscosity of the water is 1.31× 10Š3 kg/m·s. Determine if
turbulent conditions are present.

Solution

1. Determine the Reynolds number using Eq. 5-28:

Re=
D2N�

µ
=

(1.6 m)2(20 minŠ1 )(998 kg/m 3)

(60 s/min)(1.31 × 10Š3 kg/m·s)
= 6.5 × 105

2. Because the computed value ofR is greater than 104, the ”ow regime
is turbulent.

Three parameters that are important to the design of mixing devices are
the power number, the pumping number, and the head number. These
have the following form:

Np =
P

�N 3D5
(5-29)

NQ =
Q

ND3 (5-30)

NH =
�Hg

(ND)2
(5-31)

where P = power required, J/s (W)
Np = power number, dimensionless
D = diameter of impeller, m

NQ = pumping number, dimensionless
NH = head number, dimensionless

� = ”uid density, kg/m 3

N = rotational speed, rev/min
Q = ”ow rate imparted by impeller, m 3/s

�H = head impeller imparts to impeller ”ow, m
g = acceleration due to gravity, 9.81 m/s2

The power number is the most straightforward of these numbers to
determine. All that is required is a torque meter on the shaft of the mixer
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and a tachometer to measure its rate of rotation. As a consequence, power
numbers are available for most commercial impellers. The availability of
power numbers is convenient because it is the power number and the
rotational speed that determine the nominal Camp…Stein RMS velocity
gradient G for the basin.

In general, as the pumping number increases, the circulation pattern
becomes prevalent. As the head number increases for a given pumping
number, more turbulence, shear, and mixing occur. In addition, if the
pumping number and head number are available, they can be used to
determine whether a particular impeller mixer is suitable for the mixing
tank. For example, the circulation time (the volume of the ”occulation
chamber divide by the impeller ”ow rate) is related to the mixing time
required to achieve completely mixed conditions. However, pumping num-
bers and head numbers are substantially more dif“cult to measure and, as
a result, they are not as readily available as the power number.

IMPACT OF IMPELLER SHAPE

Several types of impellers used in water treatment along with their typ-
ical uses are displayed in Table 5-6. When impellers on vertical shafts

Table 5-6
Power and pumping numbers for common impellers

Power Pumping

Impeller Type Photograph Number Number Application

Flat-bladed turbine (FBT) 3.6 0.9 Blending, maintaining
suspensions, ”occulation

Pitched-blade turbine (45� PBT) 1.26 0.75 Blending, maintaining
suspensions, ”occulation

Pitched-blade turbine with
camber (hydrofoil, 3 blades)

0.2…0.3 0.45…0.55 Blending, maintaining
suspensions, ”occulation

Cast foil with proplets 0.23 0.59 Blending viscous liquids

Rushton turbine (6 blades) 4.5…5.5 0.72 Gas…liquid dispersion,
solids suspension,
”occulation

Propeller (pitch of 1:1) 0.32…0.36 0.4 Blending viscous liquids
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Figure 5-17
Trailing vortex behind 45�

pitched-blade turbine in turbulent
”ow. [From Sḧafer et al. (1998).]

were “rst used for ”occulation, some radial ”ow turbines were used, par-
ticularly Rushton turbines and ”at-bladed turbines. As these impellers
move through the water, however, they create substantial trailing vortices
(Van•t Reit et al., 1976). Vortices represent anisotropic turbulence that
contributes signi“cantly to ”oc breakup. Long pitch blade turbines sub-
sequently became more popular, but, as illustrated on Fig. 5-17, even
these produce substantial trailing vortices (Sḧafer et al., 1998). Today
hydrofoils, or pitched-blade turbines with cambered blades (blades with
an upper surface shaped like an airplane wing) are the impellers of
choice. Properly designed, ”occulators using these devices can form
large ”oc similar to that formed by more traditional horizontal paddle
”occulators.

OTHER DESIGN CONSIDERATIONS

In addition to the choice of the impeller itself, the following design param-
eters should be carefully scrutinized: (1) the ratio of the blade diameter to
equivalent tank diameter should be greater than 0.35, preferably between
0.4 and 0.5, and (2) the velocity pro“le caused by the mixing blade should
have a maximum of 2.5 m/s (8 ft/s) in the “rst stage and less than 0.6 m/s
(2 ft/s) in the last stage of the ”occulator. Design criteria are summarized
in Table 5-7.

Depth and Shape of Flocculation Chamber
The depth and shape of the ”occulation chamber can be important.
Most mixing tests are conducted in square tanks with the impeller held
at two-thirds of the depth of the tank. The more closely the full-scale
design emulates those conditions, the more likely it is that the full-scale
performance will replicate the manufacturer•s test data. As a result, when
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Table 5-7
Key design criteria for vertical-turbine ”occulator

Parameter Range De“nition Sketch

Impeller Hydrofoil or 45�

pitched-blade turbine (PBT),
hydrofoil preferred

Te

D

H

C

D/ Ta
e 0.3…0.6, 0.4…0.5 preferred

H/ Te 0.9…1.1
C/ H 0.5…0.33
N 10…30 rev/min
Tip speed 2…3 m/s

aTe =
)

4Aplan
*

�.

vertical turbine impellers are used, it is wise to stick to a nearly cubical
shape ”occulation chamber and to locate the impeller at approximately
two-thirds of the chamber•s water depth.

Example 5-3 Design of vertical turbine ”occulator

Vertical turbines are to be used for ”occulation in a water treatment plant
with a design ”ow rate of 75 ML/d (20 mgd) and design temperature of
10oC. Flocculation is to be designed with four parallel trains and each train
is to be made of four compartments in series. The total detention time in
”occulation is to be 20 min. Determine the following design features for the
“rst compartment in each ”occulation train:

1. The dimensions of the compartment

2. The diameter of the impeller (assume a turbine having three pitched
blades with camber, a foil)

3. The water power required to achieve aG of 80 sŠ1 (the power that
must be input to the water through the impeller shaft)

4. The maximum rotational speed

5. The pumping capacity of the impeller and circulation time in the tank

At 10� C, the absolute viscosity of water is 1.31× 10Š3 kg/m·s and the
density of water is 999.7 kg/m3. The circulation time is the volume of the
”occulation chamber divided by the impeller pumping rate.
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Solution

1. Determine the dimensions of the compartment:

Volume=
(75 ML/d)(1000 m3/ML)(20 min)

(1440 min/d)(4 trains)(4 stages/train)
= 65.1 m3

Assume a perfect cube of lengthL:

L =
3
�

65.1 m3 = 4.0 m (13.2 ft)

2. Determine the diameter of the impeller. Based on Table 5-7, choose
an impeller diameter of 0.45Te:

Te =

�
4 × Aplan

�

AssumeAplan = 4.0 m × 4.0 m = 16 m2:

Te = 4.51 m

D = 0.45 × 4.51 m = 2.03 m

ChooseD = 2 m.

3. Determine the power input to the water: The water power is determined
by the requirement forG = 80 sŠ1 . Rearranging Eq. 5-13,

P = G
2
µV

= (80 sŠ1 )2(1.31 × 10Š3 kg
*

m·s)(65.1 m3) = 546 kg·m2/s 3

= 546 J/s

4. Determine the maximum rotational speed: From Table 5-6, for a
three-bladed foil,Np values of 0.2 to 0.3, use 0.25. Rearranging
Eq. 5-29,

N = 3

�
P

Np� D5

= 3

�
546 J/s

(0.25)(999.7 kg/m 3)(2 m)5
= 0.409 sŠ1

= (0.409 sŠ1 )(60 s/min) = 24.5 minŠ1 (rev/min)

Note: N is within the operating range of 10 to 30 rev/min recom-
mended in Table 5-7.
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5. Determine the pumping capacity and circulation time:
a. Pumping capacity: From Table 5-6,NQ 
 0.5. Rearranging

Eq. 5-30,

Q = NQND3

= (0.5)(0.409 sŠ1 )(2 m)3 = 1.64 m3/s

b. Circulation time:

tc =
V
Q

=
65.1 m3

1.64 m3/s
= 39.8 s

The circulation time is a little less than 1 min.

Horizontal Paddle
Wheel

Flocculators

Horizontal-shaft paddle wheel ”occulators are often employed if con-
ventional treatment is used and a high degree of solids removal by
sedimentation is required (see Fig. 5-18). However, they require more
maintenance and expense, mainly because bearings and packings are typ-
ically submerged. An advantage of horizontal-shaft ”occulators is that one
shaft ”occulates a larger basin volume, but with that advantage comes
the liability that a signi“cant amount of the mixing capacity is lost when
one drive is out of commission. When these units “rst start rotating, a
tremendous torque is suddenly applied. Consequently, most failures occur

(a) (b) (c)

Figure 5-18
Views of paddle ”occulators: (a) horizontal paddle wheel arrangement and (b) and (c) vertical paddle arrangements. (Courtesy
AMWELL. A Division of McNish Corp.)
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during startup, especially if the unit is started at maximum rotational speed.
Consequently, these mixers should be started at the lowest speed possible
to minimize the initial torque.

The power input to the water by horizontal paddles may be estimated
from the expression

P =
CDAP�v 3

R

2
(5-32)

where CD = drag coef“cient on paddle (for turbulent ”ow), unitless
AP = projected area of paddle, m2

� = ”uid density, kg/m 3

vR = velocity of paddle relative to ”uid, m/s

Here, vR is usually assumed to be 70 to 80 percent of the paddle speed
without tank baf”es. With tank baf”es, 100 percent of the paddle speed is
approached. The Reynolds number for a paddle ”occulator is

Re =
D2

pwN �

µ
(5-33)

where Dpw = diameter of paddle wheel, m

Criteria that are useful for the design of paddle wheel ”occulators are
summarized in Table 5-8. Two things can be done to increase or decrease

Table 5-8
Design criteria for paddle wheel ”occulator

Parameter Unit Value

Diameter of wheel m 3…4
Paddle board section mm 100 × 150
Paddle board length m 2…3.5
Apaddle boards/tank section area % <20
CD (see Eq. 5-32) (for Re> 1000) L/ W = 1 CD = 1.16

L/ W = 5 CD = 1.20
L/ W = 20 CD = 1.5
L/ W 
 20 CD = 1.90

Paddle tip speed m/s Strong ”oc, 4
m/s Weak ”oc, 2

Spacing between paddle wheels
on same shaft

m 1

Clearance from basin walls m 0.7
Minimum basin depth m 1 m greater than diameter

of paddle wheel
Minimum clearance between
stages

m 1
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the G that is produced by a paddle wheel: (1) change the number of paddle
boards or (2) change the rotational speed. It is dif“cult to achieve 50 to
60 sŠ1 with paddle wheel ”occulators. Typical values of G for paddle wheel
”occulators are 20 to 50 sŠ1.

Example 5-4 Design of horizontal paddle
wheel ”occulator

Horizontal-shaft paddle wheel ”occulators are to be used for ”occulation
in a water plant with a design ”ow rate of 150 ML/d (40 mgd) and water
temperature of 10oC. Flocculation is to be designed with two parallel trains
and each train is to be made of “ve stages of ”occulation (compartments) in
series. The total detention time for ”occulation is to be 20 min. The paddle
wheel ”occulators to be used will have the design shown below:

1 2 3 4 5
Stage

L

W

r3
r2

r1

Train 1

Train 2

Shaft
Paddle

Two paddle wheels will be on the shaft in each compartment. The
paddle wheel design should include three paddle boards per arm with
leading edges located at 0.67, 1.33, and 2.0 m from the shaft centerline.
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The width of the paddle boards is 0.15 m. Determine the following design
features for the second compartment in each ”occulation train:

1. The dimensions of the compartment in the stage (including the number
of paddle wheels and their length)

2. The water power input required to achieve aG value of 40 sŠ1

3. The rotational speed of the paddle shaft

Solution

1. Determine the physical features of the ”occulation basins:
a. The dimensions of the compartment in the “rst stage are as

follows:

Basin depth= (2 m)(2)+ 1 m = 5 m

Volume=
(150 ML/d)(1000 m3/ML)(20 min)

(1440 min/d)(2 trains)(5 stages/train)

= 208.3 m3/stage

Basin area (plan)=
208.3 m3

5 m
= 41.7 m2

Minimum length of stage= 4 m + 2(0.5 m) = 5 m

Nominal width=
41.7 m2

5 m
= 8.33 m (perpendicular to ”ow)

b. Determine paddle con“guration: Two paddle wheel assemblies
are needed. Clearance is needed at each end of each paddle and
between the paddles.

Required clearance= 2(0.7 m)+ 1 m = 2.4 m

Length of both paddles= 8.33 m Š 2.4 m = 5.93 m

Length of each paddle=
5.93 m

2
= 2.97 m

c. Summary:
Compartment:
Depth= 5 m
Length= 5 m
Width= 8.33 m
Paddle wheel assemblies:
Number= 2
Length of paddles= 2.97 m
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2. Determine the water power input required to achieve aG value of
40 sŠ1 using Eq 5-13:

P = G
2
µV

= (40 sŠ1 )2(1.31 × 10Š3 kg/m ·s)(208.3 m3) = 436.7 kg·m2/s 3

= 436.7 J
*

s

3. Determine the power required by the paddles by rearranging Eq. 5-32
and noting that the areas and shapes of the “rst, second, and third
boards are the same; therefore

P =
1
2

� CDAP

�
vr

r,inside paddles+ vr
r,middle paddles+ vr

r,outside paddles

�

a. Determine the areas of the boards at each position (inside, middle,
and outside):

AP = (2 wheel)(4 boards
*

wheel)(0.15 m)(2.97 m)= 3.56 m2

b. Check the length-to-width ratio and select the drag coef“cientCD:

PaddleL/ W = 2.97/0.15 = 19.8

CD 
 1.5 (from Table 5-8)

c. Develop parameters needed to determine the paddle power
requirements:

Velocity of paddles= vr =
r2� N(0.75)
60 s/min

where r = distance to centerline of paddle from center of
rotation

N = shaft rotational speed, rev/min
0.75 = relative velocity of paddle with respect to ”uid
rinside = r1 = 0.67 Š 0.15/2 = 0.595 m
rmiddle = r2 = 1.33 Š 0.15/2 = 1.255 m
routside = r3 = 2.0 Š 0.15/2 = 1.925 m

d. Substitute known values in the paddle power equation:

P =
� CDAP

2

�
vr

r,inside paddles+ vr
r,middle paddles+ vr

r,outside paddles

�

=
� CDAP

2

'
2� N(0.75)
60 s/min

( 3

(r3
1 + r3

2 + r3
3)
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=

	
(999.7 kg/m 3)(1.5)(3.56 m3)

2


 '
2� N(0.75)
60 s/min

( 3

× [(0.595)3 + (1.255)3 + (1.925)3]

= (2669.2)(4.85 × 10Š4 N3)(9.321)

4. Equate the required power determined in step 2 to meet theG value
to the power required by the paddles as determined in step 3 above
and solve forN:

436.7 = (2664.7)(4.85 × 10Š4 N3)(9.321)

N = 3

�
436.7

(2669.2)(4.85 × 10Š4 )(9.321)
= 3.31 rev/min

5-9 Energy and Sustainability Considerations

The environmental impacts associated with the coagulation and ”occulation
processes is related to the production and transport of coagulant chemicals
to the plant site and the energy associated with the mixing devices. Barrios
et al. (2008) performed a life cycle assessment on the operational stage
of two water treatment plants that supply Amsterdam with potable water.
That analysis found that coagulation contributed about 23 percent of the
environmental impact of the operational stage and most of that was due to
chemical production. The plants used ferric chloride as a coagulant, and the
analysis determined that switching to alum would reduce the environmental
impact for the coagulation process by 3.8 percent, and switching to ferric
sulfate would reduce it by 15.5 percent. Vince et al. (2008) also found that
ferric chloride had more signi“cant environmental impacts than alum; in
the case of ozone layer depletion, 1 kg of ferric chloride production had
an equivalent impact to 35 kg of alum production. Thus, the selection of
the coagulant has an effect on the environmental impacts from a water
treatment plant.

Since the goal of coagulation and ”occulation processes is to treat
particles in water so they can be removed by downstream sedimentation
and/or “ltration processes, engineers may want to consider upstream
pretreatment steps such as bank “ltration of surface waters to remove
particles prior to treatment. Upstream particle reduction may reduce the
required chemical doses.
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The energy consumed in the rapid-mix and ”occulation processes are
relatively low compared to raw-and “nished-water pumping at the plant.
The energy requirements are related to the mixing requirements (velocity
gradient or G value) and the duration of mixing. For instance, a pumped
diffusion ”ash mix system with G = 1200 sŠ1 and � = 1 s has a theoretical
energy requirement of 0.0004 kWh/m 3. Ef“ciency of energy transfer to the
water will increase the energy requirements; a recent design with similar
mixing characteristics was calculated to consume 0.0014 kWh/m 3. For
”occulation, similar energy for mixing is required regardless of whether
the energy powers an external motor (in the case of mechanical mixers)
or is consumed as head loss through the process (in the case of hydraulic
”occulation). For a ”occulation process with G = 50 sŠ1 and � = 30 min, the
theoretical energy requirement is 0.0013 kWh/m 3. As with the rapid-mix
systems, the ef“ciency of transferring energy to the water will increase the
energy consumption.

Energy consumption can be reduced by proper design of pumps and
mixers to operate at their best ef“ciency points. Because the energy
requirements of the coagulation and ”occulation processes is relatively
low, however, there is little to be gained by attempting to reduce the energy
consumption by reducing the mixing energy. Mixing energy is an impor-
tant aspect of the coagulation and ”occulation processes, and minimizing
energy by providing less mixing may be counterproductive by resulting in
increased coagulant use.

5-10 Summary and Study Guide

After studying this chapter, you should be able to:

1. De“ne the following terms and phrases and describe the signi“-
cance of each in context of coagulation and ”occulation and water
treatment:

Brownian motion hydraulic ”occulator stable particle
coagulant aid jar testing suspended particle
coagulant macro”occulation sweep ”oc
charge neutralization mechanical ”occulator tapered ”occulation
destabilization micro”occulation velocity gradient
electrical double layer orthokinetic ”occulation zeta potential
enhanced coagulation
”oc

perikinetic ”occulation

2. Explain the role of coagulation and ”occulation and explain how
they “t into the overall process train for a surface water treatment
plant.
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3. Describe the origin of surface charge on particles and identify the
surface charge (positive or negative) that exists on nearly all natural
particles in water.

4. Draw a diagram of the electric double layer around particles and
describe how the EDL contributes to particle stability.

5. Describe the mechanisms for particle destabilization.

6. Describe the chemicals used as coagulants and the primary mecha-
nisms that coagulants use to destabilize particles.

7. For a given coagulant dose, calculate coagulant feed rate, the alka-
linity consumed, and the amount of dry solids produced.

8. Describe the impact that temperature, concentration of NOM, pH,
and other water quality parameters have on coagulation.

9. Explain what enhanced coagulation is.

10. Describe the jar test procedure for how to select the proper coagulant
and dose to get effective coagulation.

11. Calculate the power required to achieve a speci“c value of velocity
gradient (mixing energy) for a coagulation or ”occulation process.

12. Describe the two primary mechanisms for ”occulation and identify
which mechanism has the most impact on particles of various sizes.

13. Calculate the collision frequency functions for ”occulation.

14. Describe the advantages and disadvantages of common types of
”occulators.

15. Evaluate an existing coagulation/”occulation process and explain
how each of the following affect the process: coagulant dose, alkalin-
ity, pH, temperature, rapid mixing energy, ”occulation energy, and
hydraulic residence time of the ”occulation basin.

16. Design a ”ash mix process and/or a ”occulation process (basic
design criteria, mixing energy, mixer horsepower, and basin dimen-
sions).

17. Describe the factors in the coagulation and ”occulation processes
that have the largest effects on sustainability and energy consumption
and measures that can be considered to minimize the environmental
impact of these processes.

Homework Problems

5-1 For the problem below (to be selected by the instructor), calculate
(1) the molar concentration of metal ion in the stock coagulant
solution, (2) the coagulant feed rate, (3) the alkalinity consumed
expressed in units of mg/L as CaCO3, and (4) the amount of
precipitate produced.
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Plant Stock coagulant chemical
Coagulant capacity Speci“c

Coagulant dose (mg/L) (ML/d) Concentration gravity

A alum 40 125 49% as
Al2(SO4)3·14H2O

1.33

B ferric chloride 25 75 41% as FeCl3 1.42
C ferric sulfate 25 75 50% as Fe2(SO4)3 1.45
D alum 45 20 8.3% as Al2O3 1.33
E alum 50 300 8.3% as Al2O3 1.33

5-2 An in-line mechanical mixer is used as the rapid mixing device
for coagulant addition in a plant treating a ”ow rate of 40 ML/d.
Calculate the power the mixer must dissipate into the water if the
mixer is to achieve a velocity gradient of 1200 sŠ1 at a temperature
of 15� C, if the hydraulic detention time in the mixing zone is 2 s.
If the mixer is 65 percent ef“cient (that is, 65 percent of the input
energy to the mixer is dissipated into the water), what is the required
power of the mixer?

5-3 Assume that addition of ferric sulfate to surface water causes ferric
hydroxide to precipitate as uniform spherical particles with an
initial diameter of 0.5 µm. For a velocity gradient G of 60 sŠ1 and
temperature of 20� C, calculate the collision frequency functions
for ”occulation between these particles and viruses (diameter =
25 nm) due to microscale ”occulation and macroscale ”occulation.
Do the same for Cryptosporidium oocysts (diameter = 5 µm).
Which mechanism predominates for the ”occulation of each type
of particle with ferric sulfate?

5-4 Graph the microscale and macroscale collision frequency functions
for ”occulation between a 1 µm particle and a second particle that
ranges in size from 0.01µm to 10 µm, for a velocity gradient of
50 sŠ1 and temperature of 10� C. What size of particle will have the
slowest rate of collisions with 1µm particles?

5-5 A ”occulator is designed to achieve a velocity gradientG = 80 sŠ1 at
25� C. Assuming that the ”occulator operates that the same power,
determine G imparted to the water at 5� C. What impact will this
have on the ”occulation process?

5-6 For the ”occulation system below (to be selected by instructor),
calculate the (1) Reynolds number and (2) amount of power that
must be applied to the shaft to rotate it, (3) G value, (4) ”ow rate
imparted by the impeller, and (5) tank turnover time.
a. A six-bladed Rushton turbine 2.0 m in diameter rotating at

25 rev/min in a tank 4 m square and 4 m deep, water temperature
= 10� C.
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b. A 45� pitch-bladed turbine 1.8 m in diameter rotating at 15
rev/min in a tank 3.8 m square and 3.8 m deep, water tempera-
ture = 15� C.

c. A 3-bladed hydrofoil 2.2 m in diameter rotating at 18 rev/min in
a tank 4 m square and 4 m deep, water temperature= 5� C.

d. A 3-bladed hydrofoil 2.0 m in diameter rotating at 20 rev/min
in a tank 4 m square and 4 m deep, water temperature= 25� C.

5-7 The ”occulation process in one treatment train at a surface water
treatment plant is to be designed to treat a ”ow rate of 12 ML/d with
a hydraulic detention time of 30 minutes. The ”occulation basin
should be divided into 4 equally sized stages with successively lower
velocity gradients in each stage (that is, tapered ”occulation). The
velocity gradients in stages 1, 2, 3, and 4 should be 80, 65, 50, and
35 sŠ1, respectively. The water temperature is 15� C. Calculate the
volume of the ”occulation basin, the volume of each stage, and the
power required for the ”occulator in each stage.

5-8 Develop a design for the “rst stage of the ”occulation basin in
Problem 5-7 using a vertical shaft ”occulator. Determine the (1)
length, width, and depth of the stage, (2) diameter of the impeller
using a 3-bladed hydrofoil, (3) the rotational speed, (4) ”ow rate
imparted by the impeller, and (5) the circulation time in the tank.

5-9 What is the largest paddle wheel that meets the design criteria in
Table 5-8? How many paddle boards may be used on such a wheel?

5-10 Design a ”occulation compartment for a horizontal-shaft ”occulator
with two paddles like that in Example 5-8. The water temperature is
10� C. How fast must the paddle wheel rotate in that compartment
to generate aG value 30 sŠ1?
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Drinking water sources include primarily freshwater (e.g., surface and
groundwater). As discussed in Chap. 2, surface waters contain naturally
suspended materials that can be observed in the water as cloudiness or
turbidity. If turbid waters are placed into a large quiescent basin and left
over time, the suspended material can settle to the bottom of the basin.
Particles settle out of solution because they are large enough to settle out
by gravitational forces. This process is calledsedimentation.

Most raw surface waters contain mineral and organic particles. Mineral
particles usually have densities ranging from 2000 to 3000 kg/m3 and will
settle out readily by gravity, whereas organic particles with densities of 1010
to 1100 kg/m 3 may require a long time to settle by gravity. Depending
on their density, suspended particles larger than 1 µm can be removed
by sedimentation. Sedimentation may be employed at the beginning of a

193
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water plant to remove mineral particles from highly turbid waters, called
presedimentation, or after coagulation and ”occulation processes, which is
referred to as conventional sedimentation.

The simplest form of sedimentation basin is a large, open structure
where the water can ”ow through quiescently. As water ”ows through the
basin, particles settle to the bottom, where they form a sludge layer that is
pushed by mechanical scrapers to a collection trough and removed. The
clari“ed water ”ows over a weir at the far end of the basin. An example
of a rectangular horizontal-”ow sedimentation basin is shown on Fig. 6-1a.
These basins take a lot of space, so various means have been developed to
accelerate the settling process. Figure 6-1b shows an example of tube settlers,
which accelerate settling by minimizing the distance particles have to fall
before they are removed. Other options for accelerating the sedimentation
process are to direct the water to ”ow up through a ”uidized sludge blanket
or buoyant media, where collisions with other particles causes aggregation
(the larger aggregated particles will settle faster) or to add additives to the
water that attract particles and make them heavier.

The removal of suspended matter from water at low cost and low energy
consumption is conceptually simple but often involves complications that
render proper sedimentation basin design a challenge for many engineers.
The performance of a sedimentation basin for a given raw-water quality
can be understood with the help of particle-settling theories. When supple-
mented with the understanding of the practical aspects of sedimentation
basin design, sedimentation basins can be designed to perform reliably
and consistently.

Particle suspensions are separated into four classi“cations based on their
concentration and morphology, as shown on Fig. 6-2. Type I particles are
discrete and do not interfere with one another during settling because
the concentration is low and they do not ”occulate. Type I suspensions
are found in grit chambers, presedimentation basins for sand removal
prior to coagulation, and settling of sand particles during backwashing of
rapid sand “lters. Type II suspensions consist of particles that can adhere

Figure 6-1
Photos of (a) rectangular
horizontal-”ow
sedimentation basin and
(b) tube settlers in a
sedimentation basin. (a) (b)
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UV-B (middle-wave UV), 543,
544

UV-C (short-wave UV), 543, 544
UV (ultraviolet) equipment,

545…546
UV light, seeUltraviolet light
UV light/hydrogen peroxide

(UV/H 2O2) process,
505…506

V
Validation testing, UV reactor,

554…555
Valves, rapid granular “lter, 241
Van der Waals forces, 146…147
Van•t Hoff equation, 336…337
Van•t Hoff relationship, 60
Vapor pressure, 443…444
Variable frequency drive (VFD)

pumps, 320
Variance, of tracer test results, 90,

92…95
Velocity gradient, RMS, 162…163,

168
Velocity units, 624
Vertical turbine ”occulators,

174…181
design of, 178…181
in ”occulation practice,

171…173
impeller design, 174…177
impeller shape, 177…178

VFD (variable frequency drive)
pumps, 320

Viruses, 305
Volatile organic compounds

(VOCs), 447…448
Volume:

bed, 401
control, 67…68
equivalents/volume, 49…50
of sludge, 593…594

unit backwash, 265
unit “lter run, 264…266

Volume units, 624

W
WAC exchange resins,see

Weak-acid cation exchange
resins

Wash troughs, 241
Waste extraction test (WET), 615
Waste wash water, 599…602
Wastewater collection system, 602,

604
Wastewater-impaired waters, 16
Water:

addition of hydrogen peroxide
to water containing
ozone, 499…500

adsorbate…water interactions,
375, 376

air-to-water ratio, 453…455
air…water interface, 457…459
particles in, seeParticles in water
physical properties of, 631…632

Waterborne disease:
history of, 5…7
transmission of, 7…9

Water distribution system,
maintenance of disinfection
in, 575…576

Water ”ux, 341…343
Water mass loading rate, 462
Water quality:

effect on inorganic metallic
coagulants, 156…157

and public health, 5…9
Water…surface interactions, 375,

376
Water treatment:

chemical reactions in, 63…66
coagulation and ”occulation in,

140…142

de“ned, 1
principles, 2…3
sustainability in, 4
trends and challenges, 21…23

Water treatment regulations,
17…21, 526, 564, 565

Water vapor, 540, 541
Watson, Herbert, 557
Watson equation, 557…559
Watson plots, 558…559
Weak-acid cation (WAC)

exchange resins, 387…389,
391, 393

Weak-base anion (WBA) exchange
resins, 387…388, 390, 391, 393

Website, textbook, 635
Weight, equivalent, 50
Weirs:

and outlet currents, 229…230
for rectangular sedimentation

basins, 215
for sludge blanket clari“ers, 226
for up”ow clari“ers, 218

WET (waste extraction test), 615
Wet sludge, volume of, 593
Wet-volume capacity, 390, 391
Width, of settling zone, 215
Wilke…Lee correlation, 112…115
Wind effects, 229

Z
Zeolites, 372
Zero liquid discharge (ZLD), 335,

363
Zero point of charge (ZPC), 144
Zeta potential, 146
ZLD (zero liquid discharge), 335,

363
Zone settling, seeHindered (Type

III) particle settling
Zoonotic diseases, 6, 7
ZPC (zero point of charge), 144
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