PRINCIPLES OF
WATER TREATMENT

Ty T e AT
R S ) S g S e e
SN St R L - | | TS ‘__‘,._—-4—"»73»
= = e e P vm!&— -
T e 1 s | ) i i il i

[l T

v e

- -
=
T T ‘_-'f

KERRY J. HOWE DAVID W. HAND JOHN C. CRITTENDEN
R. RHODES TRUSSELL GEORGE TCHOBANOGLOUS



Principles of Water
Treatment

Kerry J. Howe, Ph.D., P.E., BCEE

Associate Professor of Civil Engineering
University of New Mexico

David W. Hand, Ph.D., BCEEM
Professor of Civil and Environmental Engineering
Michigan Technological University

John C. Crittenden, Ph.D., P.E., BCEE, NAE

Hightower Chair and Georgia Research Alliance Eminent Scholar

Director of the Brook Byers Institute for Sustain Arc oyaLCIlm ) ‘_"71

Georgia Institute of Technology ) 0 ; ’1'[' v",’! 1
- Pl

R. Rhodes Trussell, Ph.D., P.E., BCEE, NAH | i N ] TV

Principal - N e
Trussell Technologies, Inc. ” ':] E:—{'-
George Tchobanoglous, Ph.D., P.E., NAE b S

Professor Emeritus of Civil and Environmental Engineering
University of California at Davis

WILEY
John Wiley & Sons, Inc. @ M W H ®



Cover Design: Michael Rutkowski

Cover Photographs: Main photograph courtesy of George Tchobanoglous; top photographs courtesy of MWH file
photographs.

Cover photo is the Vineyard Surface Water Treatment Plant, owned by the Sacramento County Water Agency.

This book is printed on acid-free paper.
Copyright © 2012 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under Section 107 or 108
of the 1976 United States Copyright Act, without either the prior written permission of the Publisher, or authorization
through payment of the appropriate per-copy fee to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA
01923, (978) 750-8400, fax (978) 646-8600, or on the web at www.copyright.com. Requests to the Publisher for
permission should be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ
07030, (201) 748-6011, fax (201) 748-6008, or online at www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: Information contained in this work has been obtained by John Wiley and Sons
(Wiley), MWH, and the authors from sources believed to be reliable. However, neither Wiley, nor MWH, nor the authors
guarantee or warranty the accuracy or completeness of any information published herein, and neither Wiley, nor MWH,
nor the authors shall be responsible for any errors, omissions, or damages arising out of the use of this information.
Wiley, MWH, and the authors also specifically disclaim any implied warranties of merchantability or fitness for a
particular purpose. No warranty may be created or extended by sales representatives or written sales materials. Neither
the publisher, nor MWH, nor the authors shall be liable for any loss of profit or any other commercial damages,
including but not limited to special, incidental, consequential, or other damages. This work is published with the
understanding and intention to supply information but is not an attempt to render engineering or other professional
services. If such services are required, the assistance of an appropriate professional should be sought. The fact that an
organization or website is referred to in this work as a citation and/or a potential source of further information does not
mean that Wiley, MWH, or the authors endorses the information the organization or website may provide or
recommendations it may make. Further, readers should be aware that internet websites listed in this work may have
changed or disappeared between when this work was written and when it is read. Neither the publisher, nor MWH, nor
the authors shall be liable for damages arising herefrom.

For general information about our other products and services, please contact our Customer Care Department within
the United States at (800) 762-2974, outside the United States at (317) 572-3993 or fax (317) 572-4002.

Wiley publishes in a variety of print and electronic formats and by print-on-demand. Some material included with
standard print versions of this book may not be included in e-books or in print-on-demand. If this book refers to media
such as a CD or DVD that is not included in the version you purchased, you may download this material at
http://booksupport.wiley.com. For more information about Wiley products, visit www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Principles of water treatment / Kerry J. Howe, David W. Hand, John C. Crittenden, R. Rhodes Trussell,
George Tchobanoglous.
pages cm

Includes index.

ISBN 978-0-470-40538-3 (hardback); ISBN 978-1-118-30167-8 (ebk); ISBN 978-1-118-30168-5 (ebk);
ISBN 978-1-118-30967-4 (ebk); ISBN 978-1-118-30969-8 (ebk); ISBN 978-1-118-30970-4 (ebk)

1. Water—Purification. I. Howe, Kerry J. Il. Hand, David W. III. Crittenden, John C. (John Charles), 1949-
IV. Trussell, R. Rhodes V. Tchobanoglous, George.

TD430.W3752 2012

628.1'62—dc23

2012017207

Printed in the United States of America
10987654321



About the Authors

Dr. Kerry J. Howe is an associate professor in the Department of Civil
Engineering at the University of New Mexico. His career in water treatment
spans both consulting and academia. He has a B.S. degree in civil and
environmental engineering from the University of Wisconsin-Madison, an
M.S. degree in environmental health engineering from the University of
Texas at Austin, and a Ph.D. degree in environmental engineering from
the University of Illinois at Urbana-Champaign. After a stint at CH2M-Hill,
he worked for over 10 years at MWH, Inc., where he was involved in
the planning, design, and construction of water and wastewater treatment
facilities up to 380 ML/d (100 mgd) in capacity. He has experience with
conventional surface water treatment and other treatment technologies
such as membrane treatment, ozonation, and packed-tower aeration. At the
University of New Mexico, his teaching and research focuses on membrane
processes and desalination, physicochemical treatment processes, water
quality, sustainability, and engineering design. Dr. Howe is a registered
professional engineer in Wisconsin and New Mexico and a Board Certified
Environmental Engineer by the American Academy of Environmental
Engineers.

Dr. David W. Hand is a professor of civil and environmental engineering
at the Michigan Technological University. He received his B.S. degree
in engineering at Michigan Technological University, an M.S. degree
in civil engineering at Michigan Technological University, and a Ph.D.
in engineering from Michigan Technological University. His teaching and
research focuses on water and wastewater treatment engineering with
emphasis on physicochemical treatment processes. He has authored and
co-authored over 130 technical publications including six textbooks, two
patents, and eight copyrighted software programs. He received the ASCE
Rudolf Hering Medal, an outstanding teaching award and publication award
from the Association of Environmental Engineering and Science Professors,
and a publication award from American Water Works Association. He is



vi

About the Authors

a Board Certified Environmental Engineering Member of the American
Academy of Environmental Engineers.

Dr. John C. Crittenden is a professor in the School of Civil and Environ-
mental Engineering at the Georgia Institute of Technology and the director
of the Brook Byers Institute for Sustainable Systems. In this position, he
leads the creation of an integrated initiative in Sustainable Urban Systems.
He is a Georgia Research Alliance (GRA) Eminent Scholar in Sustainable
Systems and occupies the Hightower Chair for Sustainable Technologies.
Dr. Crittenden is an accomplished expert in sustainability, pollution pre-
vention, physicochemical treatment processes, nanotechnology, air and
water treatment, mass transfer, numerical methods, and modeling of air,
wastewater, and water treatment processes. He has received multiple awards
for his research in the treatment and removal of hazardous materials from
drinking water and groundwater. He has four copyrighted software prod-
ucts and three patents in the areas of pollution prevention, stripping,
ion exchange, advanced oxidation/catalysis, adsorption and groundwater
transport. The American Institute of Chemical Engineers (AIChE) Centen-
nial Celebration Committee named Dr. Crittenden as one of the top 100
Chemical Engineers of the Modern Era at their 100th annual meeting in
2008. He is a member of the National Academy of Engineering.

Dr. R. Rhodes Trussell is a registered Civil and Corrosion Engineer in
the State of California with 40 years of water treatment experience. He has
aB.S.,,M.S,, and Ph.D. in environmental engineering from the University of
California at Berkeley. He founded Trussell Technologies, Inc., a consulting
firm specializing in the application of science to engineering, after working
for 33 years for MWH, Inc. He has authored more than 200 publications,
including several chapters in all three editions of MWH'’s Water Treatment:
Principles and Design. Dr. Trussell has served as Chair of the EPA Science
Advisory Board’s Committee on Drinking Water, serves on the Membership
Committee for the National Academy of Engineering, and as Chair of the
Water Science and Technology Board for the National Academies. For
the International Water Association, Dr. Trussell serves as a member of the
Scientific and Technical Council, the Editorial Board, and on the Program
Committee. In 2010, Dr. Trussell was awarded the prestigious A.P. Black
Award from the American Water Works Association.

Dr. George Tchobanoglous is a professor emeritus of environmental
engineering in the Department of Civil and Environmental Engineer-
ing at the University of California at Davis. He received a B.S. degree
in civil engineering from the University of the Pacific, an M.S. degree
in sanitary engineering from the University of California at Berkeley,
and a Ph.D. in environmental engineering from Stanford University.
His principal research interests are in the areas of wastewater treatment,
wastewater filtration, UV disinfection, wastewater reclamation and reuse,
solid waste management, and wastewater management for small systems.
He has authored or coauthored over 500 technical publications, including



About the Authors

22 textbooks and 8 reference works. Professor Tchobanoglous serves nation-
ally and internationally as a consultant to both governmental agencies and
private concerns. An active member of numerous professional societies, he
is a past president of the Association of Environmental Engineering and
Science Professors. He is a registered civil engineer in California and a
member of the National Academy of Engineering.



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 field 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 significant 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 field 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 Design contain a detailed analysis
of the principles of treatment processes as well as in-depth material on
design. MWH'’s Water Treatment: Principles and Design also 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 consult MWH's Water Treatment:
Principles and Design on 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 defined as the processing of water to achieve
a water quality that meets specified 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 specific
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



2 1 Introduction

treatment with a wide variety of water quality requirements that depend
on the specific 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.
Chapter 2 describes the relationship between water quality and public health,
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 significantimpact 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 scientific principles governing the
process was not essential in completing a successful design. In recent years,
however, significant 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 awide variety of purposes—about 3300 chemicals are produced in quan-
tities greater than 454,000 kg/yr (1,000,000 1b/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 scientific 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 sufficient for predicting whether new equipment
will work. Understanding the scientific 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 scientific 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, scientific principles can guide the decision-making process
regarding why a process is not working and what changes to operation
would fix 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, MWHs
Water Treatment Principles and Design, 3rd ed. (Crittenden etal., 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 difficult 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 field of water treatment.
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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 efficient 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.
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