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Preface

The Chemical Sciences Roundtable (CSR) was established in 1997 by the National
Research Council (NRC). It provides a science-oriented, apolitical forum for leaders in the
chemical sciences to discuss chemically related issues affecting government, industry, and
universities. Organized by the NRC’s Board on Chemical Sciences and Technology
(BCST), the CSR aims to strengthen the chemical sciences by fostering communication
among the people and organizations—spanning industry, government, universities, and
professional associations—involved with the chemical enterprise. The CSR does this pri-
marily by organizing workshops addressing issues in chemical science and technology that
require national attention.

A workshop was organized by the Chemical Sciences Roundtable of BCST on the topic
Water and Sustainable Development: Opportunities for the Chemical Sciences. The work-
shop brought together top experts in the area of water science and technology and leaders
in chemistry and chemical engineering from government, industry, and academia. This
interaction was intended to enhance the synergy between these two communities and help
engage a broader cross section of the chemical sciences community in this important arena
of science and technology. The workshop sessions provided technical background and
explored enhanced roles that the chemical sciences R&D community might play in identi-
fying and addressing the issues that make water a critical limiting factor in human eco-
nomic development and sustainability. The goal of the workshop was to inform the Chemi-
cal Sciences Roundtable. In that process, it may also engage the broad chemical sciences
community in addressing the question of how to ensure the adequate supply of water that
is required for public health, sustainable agriculture and food security, energy generation,
and economic growth.

This report is largely an edited transcript of speaker and discussion remarks at the
workshop. The discussions were edited and organized around major themes to provide a
more readable summary. In accordance with the policies of the CSR, the workshop did not
attempt to establish any conclusions or recommendations about needs and future direc-
tions, focusing instead on issues identified by the speakers.

Parry Norling and Frankie Wood-Black
Workshop Organizers
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1

Introduction and Summary
Frankie Wood-Black

ConocoPhillips

Parry Norling
DuPont Company (retired)

At the World Summit on Sustainable Development, held
in 2002 in Johannesburg, South Africa, concern for safe
water supplies and adequate sanitation was noted as a key
issue in the protection and management of natural resources
for economic and social development. The report issued from
the World Summit indicated a number of commitments that
are directly related to water and sustainability—the focus
and the topics of discussion at this workshop. Perhaps one of
the most challenging of these commitments, outlined in Sec-
tion IV of the Implementation Plan of the report),1 is to
launch a program of actions to achieve the millennium de-
velopment goal (outlined in the Millennium Declaration) for
safe water. The goal is, by the year 2015, to halve the pro-
portion of people unable to reach or afford safe drinking
water and the proportion of people without access to basic
sanitation. Meeting this challenge will require the talents of
chemists and chemical engineers, in addition to economists,
city planners, and engineers in other fields. Greater under-
standing is needed of the fundamental causes of the prob-
lems and how to develop innovative technologies to reduce
water scarcity (improved desalination, water conservation,
water recycle); purify available water (analysis, treatment,
pollution prevention); and manage water resources.

Many of the specific technical challenges and opportuni-
ties for the chemical sciences are well understood, but most
responses have yet to be formulated and funded. Much of the
public debate has focused on the problems and not the solu-
tions, especially where the chemical sciences have answers.
This workshop of the Chemical Sciences Roundtable sought
to focus on solutions or paths to solutions in three sessions:
Context and Overview, Water Quality and Supply, and Busi-

ness Opportunities and Responsibilities. In the scope and
time frame of this workshop it was impossible to cover all
aspects of sustainable water supplies.

It should be noted that this meeting occurred at a fortu-
itous time. On June 2, 2003, the G8 leaders released a Water
Action Plan that built on the principles and goals of the $1
billion Water for the Poor Initiative of the United States.
That initiative was created to improve sustainable manage-
ment of freshwater resources and to accelerate and expand
international efforts to achieve the United Nations Millen-
nium Declaration Goal. Initiative efforts include improving
access to clean water and sanitation services, improving
watershed management, and increasing the productivity of
water. The G8 plan included two components from the U.S.
initiative: (1) point-of-use technologies (chlorine-based so-
lutions and filters used in the household), which are effec-
tive in combating disease and saving lives, and (2) revolving
funds, which allow communities to finance capital-intensive
water infrastructure projects over an affordable period of
time at competitive rates.

CONTEXT AND OVERVIEW

To understand the opportunities for the chemical sciences
in dealing with water-related problems, it is important to
understand various aspects of the issues related to the cur-
rent global agenda, impacts on water quality, water supplies
(quantity and availability), and potential problems raised by
water pollution. In this session, presentations were given by
Alan Hecht, White House Council on Environmental Qual-
ity (currently at the U.S. Environmental Protection Agency);
Dennis Hjeresen, Green Chemistry Institute; and David
Krabbenhoft, U.S. Geologic Survey. Their talks framed
the context of the issues surrounding water and provided a
global perspective, appreciation of the role of green chem-
istry, and a specific challenge from a single contaminant—
methylmercury.

1The Report of the World Summit on Sustainable Development
Johannesburg, South Africa, August 26-September 4, 2002, can be found at
http://www.johannesburgsummit.org/.
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2 WATER AND SUSTAINABLE DEVELOPMENT

Here, it was pointed out that 80 percent of diseases in the
developing world are water related, 4 billion to 7 billion
people will face water scarcity in 2050, and water has be-
come a priority issue for economic development throughout
the world. The chemical sciences were called upon to ad-
dress issues such as sanitation (the number-one means of
reducing disease), water management (including use of in-
novative technology), and national water strategies. Other
challenges mentioned include the shift of water use from
agricultural to industrial applications; accessibility of water
supplies; and dilemma of who pays for the treatment, trans-
portation, and infrastructure necessary to deliver water to
end users.

There was discussion about getting bright young scien-
tists and engineers more interested in the world’s water prob-
lems. It was suggested that the water issue lacks a “glamour
factor” and that although the world’s water concerns are
great, there does not appear to be a major driver for attract-
ing the best and brightest toward this fundamental problem
that impacts every individual.

It was noted that developing countries currently have the
opportunity to avoid the mistakes of the developed world.
Instead of following the model of “develop first and clean up
later,” they might “leapfrog” with current and new technolo-
gies. A number of examples in which current technologies
are far superior and can minimize the impact on water re-
sources were provided.

Another key point raised involved the water-energy bal-
ance. It was pointed out that it takes energy to produce or
transport water to the areas that are in need, and that current
population densities in the arid and semiarid regions,
the water-intensive nature of both agriculture and industry,
and the sources and uses of water are all at the crux of this
balance.

A number of places where green chemistry will eliminate
the use of hazardous reactants (potential water pollutants),
conserve water, and increase both the quality and the quan-
tity of pure water were discussed. In one example, a systems
approach is being used in industrial water treatment to pro-
tect infrastructure from corrosion, scaling, and bacterial
growth with the use of more benign chemicals at lower lev-
els. Another example highlighted the use of unique catalysts
that are making hydrogen peroxide an economical and vi-
able replacement for chlorine as an oxidant in a number of
processes. Praise was also given to closed-loop systems that
eliminate the use and contamination of water. It was noted
that such systems are now in place for photographic film
processing.

This session concluded with a look at mercury, the lead-
ing environmental contaminant that often results in con-
sumption advisories for fish in the United States and around
the world. Sources of mercury emissions in the environment,
biological processes that transform mercury to the more bio-
logically available methylmercury, and chemical conditions
that favor such transformations were described. It was sug-

gested that greater understanding of the true toxicological
impacts of mercury is needed, and concern was raised about
the way in which wetland restoration projects have been car-
ried out. Such efforts, it was noted, can actually increase the
presence of methylmercury in the environment.

WATER QUALITY AND SUPPLY:
ANALYSIS AND TREATMENT

In this session, technical approaches to analysis and treat-
ment of water problems were discussed by Thomas E.
Hinkebein, National Desalination Roadmap Program man-
ager and manager of the Geochemistry Department, Sandia
National Laboratories; Richard Luthy, Silas H. Palmer Pro-
fessor of Civil and Environmental Engineering Stanford
University; and Elias Greenbaum, corporate fellow and re-
search group leader, Oak Ridge National Laboratory, and
professor of biological physics, University of Tennessee.

The link between population growth and stresses on wa-
ter supplies was emphasized. It was pointed out that signifi-
cant growth is taking place in areas with limited water sup-
ply. Since 54 percent of the U.S. population lives within 60
miles of the ocean, often in a marginal environment, it was
suggested that the opportunity exists for development of vi-
able desalination water sources. However, without a clear
plan for the future, it was predicted that water supply issues
will limit growth, rely on case-by-case government support,
and cause more conflict between states that have water and
those that do not.

Challenges of desalination were discussed within the con-
text of the jointly developed Desalination and Water Purifi-
cation Technology Roadmap of the Bureau of Reclamation
and Sandia National Laboratories. This roadmap serves as a
strategic research pathway for desalination and water purifi-
cation technologies to meet future water needs. Near-term
and long-term objectives were discussed and included ex-
tending existing technologies, requiring technology break-
throughs such as reducing capital costs, increasing energy
efficiency, reducing operating costs, and reducing cost of
zero liquid discharge processes. It should be noted that in the
time since this workshop was held, the National Research
Council’s Water Science and Technology Board has re-
viewed the roadmap (see Appendix D).

Detection of organic contaminants (especially compounds
that are persistent, bioaccumulative, and toxic [PBTs], such
as polychlorinated biphenyls [PCBs]) in water and in sedi-
ments was also discussed during this session. Details of work
on mitigating the effects of contaminants in sediments and
reducing the risk to health by decreasing the bioavailability
of the chemicals were described. This work involves adding
carbonaceous material to sediments to facilitate binding of
contaminants. It was explained that these treatments may be
superior to dredging, which is planned for PCBs in the
Hudson River.

The types of analytical tools and bioavailability tests now
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INTRODUCTION AND SUMMARY 3

available to address some of these questions were discussed;
however, it was pointed out that no single tool or currently
available test will allow these questions to be answered. It
was suggested that tools must be used with prudence to avoid
misapplication and care must be taken to avoid “short cuts”
when dealing with living systems since impacts may not be
known until years later. It was noted that partnerships be-
tween the disciplines and the regulatory agencies are essen-
tial in allowing the scientific community to address, under-
stand, and tackle these complex problems.

The conclusion of the afternoon session centered on a
device that uses the natural fluorescence associated with the
photosynthesis of algae to detect the health of the drinking
water supply. The basic concept behind this technology is
that if a chemical agent or other contaminant entered a body
of water, the algae would be affected in real time. This would
impact its ability to photosynthesize and provide a useful
signal for monitoring water quality.

In the evening, workshop participants heard from Vir-
ginia Grebbien, general manager of the Orange County
Water District in California, about the status and challenges
faced by the water district, which is considered one of the
most innovative in the United States. She outlined some so-
lutions that the district has implemented to address these
challenges. Once again, the scientific community was called
on to engage in helping to meet the future needs of this water
district as well as others around the country. The importance
of understanding the impacts of contaminants; how to deal
with them; and how to develop fast, reliable, and inexpen-
sive monitoring methods was highlighted.

BUSINESS OPPORTUNITIES AND RESPONSIBILITIES

The final session of the workshop focused on what indus-
try and the scientific community can do to help meet the
challenges presented in the first two sessions. This session
looked at the market opportunities and responsibilities faced
by the regulated industries (i.e., industrial users and suppli-
ers), as well as the regulatory agencies. Presentations were
given by Floyd Wicks, president and chief executive officer
of American States Water Company; Bhasker Davé, R&D
manager of advanced recycle technology and membrane
separations technology at Ondeo Nalco; Carol Jensen, vice
president of global research and development for perfor-
mance chemicals, Dow Chemical Company; and Bruce
Macler, national microbial risk assessment expert in the
Water Division of the U.S. Environmental Protection
Agency, Region 9.

A number of important issues facing private water supply
companies were also outlined during this session. It was
pointed out that about half of the 60,000 water systems in the
United States are privately owned and that investor-owned
water utilities serve approximately one in seven people. It
was also suggested that a fundamental challenge to the in-

dustry is that there is an increased perception of risk, yet
research dollars in this area are declining.

The overall process of managing the costs and risks in
industrial water management as a critical component of sus-
tainable development was highlighted. Here, sustainable de-
velopment was described as development that is socially de-
sirable, ecologically sustainable, and most importantly,
economically viable. Solutions in integrated water manage-
ment that follow this path were presented, such as how in-
dustries can minimize their water usage by conserving, recy-
cling, and cascading water. It was pointed out that this
involves matching the water purity to the needs of the pro-
cess and stepping-down water from high-purity-requirement
processes to lower-purity-requirement processes. Three ar-
eas of industrial waste management in which the chemical
sciences can provide the needed innovation—green chemis-
try, novel equipment (e.g., membrane technology), and smart
operations (e.g., use of modeling and sensors to allow auto-
mation)—were also discussed.

Another company’s effort as a water user and as a sup-
plier of clean water technology was presented. It was re-
ported that a significant amount of fresh water is used by
industry each year and that there is heavy investment in an-
nual water acquisition, treatment, and disposal. To reduce
the rising expenses, efforts are being made to integrate best
practices in water, manage resources and technology, and
optimize supplier relationships across the entire company.
Success stories and discussion of technologies being devel-
oped helped illustrate industry’s awareness and commitment
to the proactive and intelligent management of water.

The formulation of regulations and current problems fac-
ing the regulatory agencies were the final topics of discus-
sion. It was pointed out that regulations are intended to mini-
mize the danger from contamination. They also deal with the
public perception of safety and its social, political, and eco-
nomic implications. In order to continue to improve the regu-
latory structure for water, several challenges were outlined
for the research community. These included the need for ro-
bust technology to monitor environmental problems, an un-
derstanding of how to control persistent organics, knowing
how to minimize disinfection by-products, and continued
improvement in membrane technology. It was predicted that
in the near term (within the next five years) the need to con-
trol pollutants such as arsenate and perchlorate, will con-
tinue and tools to monitor these materials will be required.
However, the longer term (10 years plus) will require ap-
proaches to control a broad spectrum of persistent organics
in the environment, as well as improvements in brine and
sludge disposal techniques.

KEY QUESTIONS

The presentations and discussions that followed raised some
important questions for further consideration:
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• What constitutes safe drinking water and who decides
what safe is?

• What roles should industry and government play in
water management?

• Where do cost-benefit analyses come into play?
• Should all water be treated to the same standards?
• What is the future of desalination, and is it limited?
• How should water be valued more appropriately?
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DEVELOPMENT CHALLENGES

Today, 1.1 billion people worldwide live in poverty with-
out access to safe drinking water and another 2.4 billion have
no access to proper sanitation. Water-related diseases are
among the most common cause of illness, affecting mainly
the poor in developing countries. In 2000, the estimated
mortality due to water- and hygiene-associated diarrheas and
other diseases was 2.2 million, the majority of whom are
children under the age of 5. For the developing world,
achieving clean water and improving sanitation are crucial
elements of development and poverty alleviation. It is no
wonder that access to clean water and sanitation has become
a priority international issue.

DEVELOPMENT GOALS FOR WATER

The United Nations Millennium Development Goals and
the World Summit on Sustainable Development (WSSD)
Action Plan target two key water-related issues: By 2015,
halve the proportion both of people without access to safe
drinking water and of people without adequate sanitation.
Achieving the goal of access to safe drinking water alone
requires addressing the needs of approximately 125,000
people every day until 2015.

The United States is aggressively pursuing several pro-
grams to address these basic human needs. At the WSSD in
September 2003, the United States launched a nearly $1 bil-
lion Water for the Poor Initiative aimed at significantly in-
creasing access in the developing world to clean water and
sanitation. A major element of the U.S. initiative is the pro-
motion of safe drinking water systems at the household level.

The 2002 World Health Organization (WHO) world
health report attributed 2.2 million deaths annually, mainly
from infectious diarrhea, to the lack of safe drinking water,
sanitation, and hygiene. These constitute the third-highest
risk factor for disease and disability in the developing world,
after malnourishment and unsafe sexual practices. Meeting
the internationally agreed water goal on sanitation requires a
frontal attack on eliminating waterborne diseases.

SAFE WATER SYSTEMS

The WHO report has identified the provision of water
disinfection capacity at point of use (POU) as the most cost-
effective approach to reducing waterborne disease. Regard-
less of whether or not collected household water is initially
of acceptable microbiological quality, it often becomes con-
taminated with pathogens of fecal origins during transport
and storage. Cost-effective technologies already exist to treat
water at its POU, including locally produced water disinfec-
tant and dilute chlorine-based solution. A variety of candi-
date technologies for treatment of household water have been
developed and employed in different parts of the world. New
technologies are being field-tested. Proctor and Gamble has
pioneered the development of a coagulating and water puri-
fication tablet called PUR, which has been field-tested in
Nicaragua and the Philippines by the U.S. Centers for Dis-
ease Control and Prevention (CDC). The product, especially
designed for the low-income market, has demonstrated sig-
nificant reductions in diarrheal disease in test markets. PUR
will soon be available to join other products to serve as a tool
for point source purification of water.

When these technologies are coupled with education and
hygiene programs, field experience shows that a 50 percent
or greater reduction in water-related disease can be achieved
relatively quickly. According to the WHO (2002) world
health report: “There is now conclusive evidence that simple,
acceptable, low-cost interventions at the household and com-

1

Meeting the Global Water Challenge
Alan D. Hecht

White House Council on Environmental Quality1

1Dr. Hecht is now director for sustainable development in the Office of
Research and Development at the U.S. Environmental Protection Agency.
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munity level are capable of dramatically improving the mi-
crobial quality of household stored water and reducing the
risks of diarrhea disease and health in populations of all ages
in the developed and developing world.”

SOCIAL MARKETING

Once the market for these technologies has been estab-
lished, it tends to grow on its own and becomes self-sustain-
ing. Market development is advanced by social marketing,
which involves both behavior change and product develop-
ment. Social marketing combines education to motivate
healthy behavior with the provision of needed health prod-
ucts and services to lower-income persons by marketing
through the private sector. The United States has been a
leader, along with the United Kingdom, in the social mar-
keting of other health commodities (e.g., condoms, insecti-
cide-treated nets, oral rehydration salts). Test cases show
remarkably good results. In Zambia and Madagascar,
$600,000 in donor funding has helped create a market for
POU technologies that has now reached more than 2 million
people. Collaborative efforts by WHO, UNICEF (the United
Nations Children’s Fund), CDC, and Population Services
International (PSI) are operating in more than 20 low-in-
come countries.

In the world today, 4 billion to 7 billion people also face
possible water scarcity by 2050 (Figure 1.1). Water short-
ages in many parts of the world, including the U.S.-Mexico
border, underscore the need for effective water management

and greater water efficiencies, especially in agricultural use.
Forty percent of the world’s population depends on the wa-
ters of 263 river basins that are shared by two or more coun-
tries. Regional security, human resource development, pov-
erty alleviation, and human health needs are all served by
effective international cooperation on water resource man-
agement. U.S. international financial and technical assistance
aims to strengthen institutions for regional water coopera-
tion. For example, the U.S. Agency for International Devel-
opment (USAID) is a partner in the West Africa Water Ini-
tiative, a new alliance of 12 organizations worldwide
announced at WSSD. USAID has provided $4.4 million to
this initiative, complementing more than $36 million in total
resources, to invest in small-scale potable water supply and
sanitation, hygiene, and water management, primarily in
poor rural and urban communities.

U.S. WATER CHALLENGES

Domestic U.S. water needs are also a focus of attention.
Aging infrastructures, growing U.S. population demands on
water, and nonpoint sources of pollution are all stressors on
U.S. water resources. Administration efforts are under way
to ensure better water resource management, more efficient
operation, full cost pricing, and promotion of watershed ap-
proaches.

Domestic and international good governance, innovative
financing, and applications of science and technology are
essential tools to address global water issues. Development

FIGURE 1.1 Water scarcity in 2050. SOURCE: UN WWAP (2003).
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and application of simple technologies can go a long way in
addressing some of the world’s key water and health prob-
lems and reducing excessive water use. Global water chal-
lenges cross all scientific disciplines. The chemical sciences
can be a key player in improving the lives of billions of
people around the world.
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DISCUSSION

The World Water Forum

Jess Purl, of Chicago Chem Consultants, raised concerns
about prospects for future international consensus address-
ing water issues. He referred back to the World Water Fo-
rum (held March 16-23, 2003, in Kyoto, Japan) mentioned
earlier by Dr. Hecht and pointed out that among the very
disparate groups that attended the forum in Kyoto, there was
very little understanding of the basic fundamental issues of
sanitation and human health. Mr. Purl was concerned that
such inadequacies in the discussion decrease the likelihood
for involvement of the current U.S. administration in future
negotiations on water issues.

Dr. Hecht agreed that many of the groups weighing in on
water issues at the forum lacked a balanced view of threat
issues. For example, protests against privatization of water
overwhelmed much of the discussion; and yet, he believes
that ownership or management of water systems by private
companies is not very prevalent throughout the world and is
overall not a major issue. However, Dr. Hecht felt that the
current administration is committed to water issues, and he
is hopeful that it will stay engaged in any international agree-
ments concerning water that come up in the future.

Dr. Hecht reiterated how this administration is looking at
new ways to address environmental problems in general that
would lead to improvements in water. Resource use and en-
vironmental health will be improved through U.S. develop-
ment strategies to address fundamental infrastructure needs,

political infrastructure, corruption, and overall good gover-
nance of developing countries. He was not clear on what
form these efforts might take, but he believes that there
would have to be increases in development aid to make this
happen.

Dr. Hecht thinks that water and other resource and envi-
ronmental issues must be addressed through capacity build-
ing, development of systems, and education. He spent a great
deal of time at the World Water Forum in bilateral meetings
explaining better ways of financing developing countries.
However, Dr. Hecht believes that although the issues reso-
nated with these countries, they will need an enormous
amount of help from the United States and other develop-
ment assistance efforts. He hopes that the current adminis-
tration will support such efforts.

Need Versus Economic Reality

Denny Hjeresen, of the American Chemical Society,
brought up a problem associated with addressing the needs
of developing countries when there is no viable economic
market to do so. He mentioned a meeting he attended several
years ago for water ministers from across Africa at which
the minister from Senegal stood up and said what they really
needed was water treatment at the rate of $1 per person per
year that would also be provided for free.

Dr. Hjeresen wanted to know, as the United States makes
this commitment to water worldwide, how the economics of
providing some of these solutions will be addressed. He
talked about the very strong focus on the private sector mar-
ket in the United States and said that at a dollar per person
per year, there will not be many companies interested in
working in this area. He pointed out that in looking at the
sales growth chart Dr. Hecht presented, 22,000 units at 60
cents per unit is not much economic incentive for most busi-
nesses.

Dr. Hecht agreed that it is not likely that the private sector
is going to invest heavily in this area because water is not
profitable. He also pointed out that public funding is becom-
ing less of an option as developed countries cut back on over-
seas development assistance. He said that France supports
doubling the current $80 billion in overseas development
assistance (ODA) provided by G8 countries, whereas the
White House opposes any increased funding. Therefore, de-
veloping countries will have to look for other financing.

Dr. Hecht recommended that as long as the ODA exists, it
should be spent on building capacity and training people to
develop financing approaches. He said that there are several
examples in which such efforts have been effective, such as
in India and South Africa.

Water Quantity Versus Water Quality

Steve Cabaniss, of the University of New Mexico,
wanted to know how much of the conflict over water be-
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tween the United States and Mexico has to do with quantita-
tive water transfer versus water quality and salination issues.

Dr. Hecht responded that both issues are important, how-
ever, the water quantity problem is more serious politically
because it has its basis in treaty. Under the 1944 Boundary
Water Treating Act, water is exchanged between the United
States and Mexico. He said that in the last number of years,
Mexico has fallen behind its transfers of water to the United
States because of a long-term drought. Before the Iraq war,
this issue had reached very high political levels and was dis-
cussed many times by Presidents Fox and Bush.

Dr. Hecht said that this point of contention continues to
be a significant issue, given that there are farmers in Texas
managing an approximate $3 billion agricultural industry
that remains relatively dependent on Mexican water. Even
the National Security Council became involved in U.S.-
Mexico water issues and helped facilitate agreement on a
transfer of Mexican water to Texas. The problem continues
because Mexico still suffers from drought conditions and
poor water management. Dr. Hecht said that regardless of
the details, the amount of water that has been transferred
between these two countries has not met the treaty obliga-
tion. This has kept water, along with immigration and other
issues, festering and will potentially become a more serious
problem in the future.

Water Profitability

Fareed Salem, with ConocoPhillip, said that he has been
involved in the water business for a long time and has not
earned much money from it. He has observed, however, that
technology innovation is a key factor to water and profitabil-
ity.

Mr. Salem also said that the role of government in
sustainability efforts should be facilitation rather than lead-
ership. He thought that a business approach should be taken
where communities set up water sustainability business
councils. He felt that sustainability efforts should be com-
munity driven because the priorities for each community are
different.

Dr. Hecht responded by saying that the role of govern-
ment is very important because someone has to pay for clean
water. Water treatment, storage, and transfer must be fairly
priced. He brought up the fact that the current pricing of
clean water does not reflect these costs and addressing this is
essential for solving the looming water problems. Dr. Hecht
also expressed concerns that were raised at the talks in Kyoto
that the poor will not be well served if governments do not
play a role in providing clean water sources. Dr. Hecht
agreed that the private sector should play a big role in
sustainability efforts together with communities, but major
hurdles exist to provide fairly priced water sources that are
also profitable.

Water Trouble Spots and Global Impacts

Jan Dell, of CH2M Hill, posed questions dealing with
how the effects of poor sanitation or water issues in one re-
gion can have global impacts. She wanted to know about
water issues that might be analogous to those posed by the
movement of air pollution from one region to another. Ms.
Dell also commented on her experience working for multi-
nationals and their water supply chains. She asked about the
potential link between sanitary treatment in southern China
and the outbreak of SARS (severe acute respiratory syn-
drome).

In response, Dr. Hecht talked about industry’s role in ad-
dressing global pollution issues. He mentioned a group at
the Commerce Department called the Environmental Tech-
nologies Trade Advisory Committee that is working with
industries developing facilities overseas to get them to think
more broadly about their capability as a service to the com-
munities. Dr. Hecht said that great potential exists for these
plants—whether they manufacture soda pop, pharmaceuti-
cals, or computer chips—as they process water for their own
needs and expand operations to provide water supplies for
the local community.

On the issues of treatment, sanitation in China, and the
SARS outbreak, Dr. Hecht was not aware of a link. He did
highlight the CDC’s efforts on international environmental
health and sanitation issues and the success of the safe drink-
ing verification programs around the world (www.cdc.gov/
safewater). He also pointed out that, surprisingly, China was
not part of the bilateral negotiations at the World Water Fo-
rum in Kyoto and that most of the focus there was on Africa
and Central America.

Population and Water Supply

Don Phipps, of the Orange County Water District, felt
that there are inconsistencies in discussing sustainable water
supplies when the consuming organism is not a sustainable
resource—that is, its population is not constant.

Mr. Phipps mentioned how for years technology has en-
abled water supplies to be provided in areas with growing
populations, but it is becoming increasingly difficult to con-
tinue doing this. He expressed concern that if the world popu-
lation does not stabilize, it will be impossible to meet water
supply needs.

Dr. Hecht agreed that improved use of resources is criti-
cal. He went on to say that population impacts water sup-
plies most significantly in areas that are urbanizing rapidly.
Currently, he said, Africa is the continent that has the high-
est rate of urbanization and is the least equipped to deal with
it. Finally, Dr. Hecht and Mr. Phipps agreed that addressing
the issue of population in some form is a part of the holistic
approach necessary to solve the world’s water supply needs.
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INTRODUCTION

Most experts agree that water will be the next major envi-
ronmental stress issue, rivaling and perhaps exceeding glo-
bal climate change for technical and management solutions
in the coming decades. The source of the water crisis is
simple but exceedingly difficult to address, water resources
are finite and the population that depends on those supplies
is increasing inexorably. Virtually all of the global environ-
mental impacts attributable to this population growth have
ties to or severe impacts on water resources:

• Deforestation resulting from the demand for agricul-
tural land, housing, and fuel

• Loss of biological species in forests and in waters
• Desertification, erosion, and salination of farmland

from unsustainable agricultural practices
• Pollution of fresh and marine waters, further depleting

food sources
• Introduction of persistent organic pollutants into the

ecosystem
• Changing climate with as yet unpredictable changes in

the hydrologic cycle having manifestations in flood,
drought, sea-level change, and the spread of infectious
diseases

Among water issues facing the world today, land-based
sources of water pollution are among the most pressing.
Adequate supplies of satisfactory-quality water are essential
for the natural resources and ecological systems on which all
life depends. An estimated 20 percent of the world’s fresh-
water fish and 80 percent of estuarine-dependent fish spe-
cies, for example, have been pushed to the brink of extinc-
tion by contaminated water and loss of or damage to their
habitat.

Green chemistry, however, offers a scientifically based
set of solutions for protecting water quality. This paper high-

lights examples of green chemistry approaches to avoiding
water pollution.

GREEN CHEMISTRY

In the broadest sense, green chemistry is about prevent-
ing upstream pollution. It is the utilization of a set of prin-
ciples that reduces or eliminates the use or generation of
hazardous substances in the design, manufacture, and appli-
cation of chemical products. It is really a very simple ap-
proach that can have profound impacts for more complicated
problems. Individuals, organizations, and companies turn to
green chemistry for myriad reasons including those outlined
below.

Voluntary Alternative

It can be highly beneficial for an organization to do some-
thing that is in its best interest as opposed to the rulemaking
strategy. Rulemaking has been somewhat effective, but has
proven overall to be insufficient. The tendency of other coun-
tries such as China is to think that if they just had more regu-
lations, they would be able to improve their water systems.
However, more regulations are not always the answer. For
example, the Soviet Union on paper had the toughest envi-
ronmental regulations on the planet, but enforcement was
sorely lacking and thus its regulations were essentially inef-
fective in cleaning up pollution. Green chemistry presents an
alternative to the command-and-control approach to envi-
ronmental protection.

Economics

What has really influenced progress on environmental is-
sues is a closer look at economics. The American business
community receives a lot of criticism for its quarterly profit
mentality. Yet when companies began looking at their profit

2

Green Chemistry:
The Impact on Water Quality and Supplies

Dennis J. Hjeresen
Los Alamos National Laboratory and the Green Chemistry Institute
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sheets, they found that there were two fundamental ways to
increase profit: (1) increase your price, but this puts you at a
disadvantage relative to your competition, or (2) decrease
your cost. Many companies began looking for areas in which
they could exercise more control over their costs and found
that many of these costs lie in the environmental arena.

Life-cycle analysis (LCA), a tool of green chemistry, is a
way of examining the total environmental impact of a prod-
uct through every step of its life—from obtaining raw mate-
rials, through making the product in a factory, selling it in a
store, using it in the home, and disposing of it. LCA reveals
true waste costs. Companies have wasted a lot of money
over the years on waste disposal and waste treatment, not to
mention litigation. In looking at these costs, it makes sense
that companies began to realize very quickly that control
over process efficiency was also a control over cost. De-
creasing pollution fundamentally increased profit, so move-
ment into this area happened quickly.

This issue has also emerged internationally. Much of in-
ternational competition is now based on control over costs:
raw materials, labor, regulations, and environmental control.
Early on there was a movement to ship a lot of U.S. manu-
facturing overseas because the laws were less stringent and
the labor was less expensive. This is no longer the case.

Incomplete Safety Analysis

There are on the order of 75,000 chemicals manufactured,
imported, or in commercial use in the United States accord-
ing the U.S. Environmental Protection Agency’s (EPA)
Toxic Substances Control Act Chemical Substance Inven-
tory. About 3,000 of the substances listed are released into
the environment every year in quantities of 1 million pounds
or more. At the same time, toxicological data on most of the
chemicals on the inventory are incomplete and falling be-
hind. The EPA uses eight tests to analyze the safety of chemi-
cal substances. About 43 percent of the 75,000 registered
chemicals have gone through just one EPA test and only 7
percent have been screened through all eight. The regulatory
accountability for manufacturing new and existing chemi-
cals with such incomplete safety analysis has become in-
creasingly problematic for businesses and for the EPA.
Safety concerns can thus be addressed through the use of
alternative environmentally benign chemical substances.

Limited Regulatory System

In the United States, toxic substance discharges into the
environment are fairly well regulated. About 650 chemicals
and compounds are registered on the EPA Toxics Release
Inventory. In 1999, U.S. toxics releases from 22,639 differ-
ent facilities totaled about 7.8 billion pounds (3.5 billion ki-
lograms). Releases of toxic substances to surface and injec-
tion wells added up to about 540 million pounds in our water

supply in 2000 (Table 2.1). Avoiding such discharges in the
first place is thus a goal of green chemistry efforts.

CHEMISTRY AND ENVIRONMENTAL ISSUES

Chemistry has often been seen as a detriment to the envi-
ronment. The history of the twentieth century was that
chemical substances tended to wind up in the environment,
typically not intentionally. A good example is the
bioaccumulation of persistent organic pollutants in the eco-
system. The original intention of these chemical applications
was very good. Over time, however, dealing with the impact
of a chemical once it is in the environment is extremely ex-
pensive and is less likely to be undertaken.

This legacy is a serious problem, not only for the environ-
ment, but for the field of chemistry in general. There are
many potential chemistry students who feel that they want to
do something important for the environment, but they do not
choose chemistry as their primary discipline. The number of
students going into chemistry is dropping steadily. If it were
not for foreign students coming to the United States for a
chemical education, many chemistry departments would be
closing down.

It seems all of the bad examples would be sufficient to
motivate a change in behavior in the right direction. In many
cases, behaviors have changed, but overall there is a relation
between chemistry and the environment that really has to be
addressed at the upstream level.

ADDRESSING GLOBAL CHALLENGES

As evident from projections by the United Nations, popu-
lation demands on water resources will continue to climb.
For the 4 billion to 7 billion people projected, in addition to
supplies of food and water, will there be adequate goods and
services? Will there be plastic bags? Will there be floors and
ceilings? When this equation of population growth is carried
out into the products, goods and services, and rising standard
of living that is being demanded, it ties back to what the
chemical community has to supply.

TABLE 2.1  Annual U.S. Water Releases to Surface and
Injection Wells

Year Surface Releases Injection Wells Total Releases (lbs)

1995 180,516,139 236,194,397 416,700,536
1996 173,288,209 204,329,109 373,617,318
1997 218,371,916 219,513,898 437,885,859
1998 233,365,761 210,639,389 434,005,150
1999 253,591,816 199,547,803 453,139,619
2000 260,882,385 279,036,646 539,919,031
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On the one hand, this presents a growth market. On the
other, by continuing down the path of “pollute first, clean up
later,” chemistry is really not in a position to help. Chemis-
try must take a role in providing some alternatives. Leapfrog
technology is required because when you look at population
growth, the vast majority of it is going to take place in the
developing world, not the developed world.

There is an opportunity here to leapfrog technology in the
same way that China, Thailand, and India have in telecom-
munications. Instead of investment in landline phones, it has
all gone to cellular. Similar approaches are being taken in
chip manufacturing and new industries. Western companies
are going into these countries with the latest in environmen-
tal technology, which then sets the standards for local pro-
duction. It does not always catch up right away, but it does.

GREEN CHEMISTRY EXAMPLES

The EPA, along with the National Science Foundation,
the National Institute of Standards and Technology, and a
number of the other stakeholders, sponsors the annual Presi-
dential Green Chemistry Challenge Awards. Examples of
some award winners are presented below and illustrate how
chemistry relates to water. The examples given here focus
on a holistic approach to water rather than a chemical-by-
chemical approach. In general, green chemistry applies to
issues far outside the traditional chemical industry.

Oxidative Technologies—Chlorine Alternatives

One of the environmental issues with which many are
struggling now is endocrine disruption and the combination
of chemicals in the environment in ways that they were not
originally released. There are two problems, one having to
do with the actual chemicals that cause endocrine disruption
and the other relating to chlorine in particular. Approxi-
mately 70,000 organochlorine compounds are presently de-
tectable in the environment. The vast majority of these were
not produced directly by manufacturing processes. Rather,
the majority of them result from the combination of chlorine
with other molecules in the environment that has created new
chemical species. These new compounds have not been
tested for their safety.

The impact of these endocrine disruptors on mammalian
and aquatic systems is largely unknown. This is also not
something that EPA has the budget to monitor adequately.
The result is that a rather large-scale ecological test is being
run in real time. However, other issues of industrial waste
treatment, water conservation, the marine environment, and
particularly agriculture can be addressed that are important
to the overall equation of sustainable development.

For example, Terry Collins at Carnegie Mellon Univer-
sity has taken a broad systematic approach to addressing
chlorine molecules in the environment. Because chlorine is

used predominantly for oxidation, he thought it might be
possible to approach the problem overall by seeking out al-
ternative oxidants. One of the great oxidants available is
hydrogen peroxide. However, it is not an efficient enough
oxidizer for most industrial applications. Over the last few
years, Terry Collins and his group have developed the new
set of tetraamino macrocyclic ligand (TAML®) catalysts to
activate hydrogen peroxide and improve its efficiency.

The TAML catalysts that Collins has developed are now
rapidly being commercialized for the replacement of chlo-
rine in a number of oxidation applications, such as pulp and
paper, fabric treatment, and disinfection.

This example illustrates one of the key points of green
chemistry. That is, for almost any one of the major contami-
nants being talked about, there are a whole range of indus-
trial applications. Thus, when taking on a problem, the solu-
tion can also be applied to a wide range of industrial
applications.

By applying this technology broadly, it becomes more
cost competitive. Conversely, as the technology becomes
cost competitive, it can find more applications. Costs are
particularly competitive when the life cycle of disposal and
treatment of wastewaters is factored into the equation.

Photographic Chemicals—A Closed-Loop Approach

The ways in which water sources become contaminated
are sometimes surprising. Photographic processing, for ex-
ample, is one of the great “out-of-sight, out-of-mind” sources
of water contamination. People across the world send their
photographs out for processing each day, quite unaware of
the major source of contamination that comes from photo-
graphic chemical developer simply dumped down drains. In
the United States alone, the amount of photographic devel-
opment waste adds up to about 1,200 million gallons of wa-
ter containing 15 million gallons of developer and contami-
nants such as hydroquinone, ammonia, and silver.

DuPont has come up with a new photographic develop-
ment system called DuCare™ that addresses this waste is-
sue. With the DuCare system, hydroquinone developer is
replaced with erythorbic acid, and 99 percent of the devel-
oper and fixer is recycled at a central facility. The chemicals
are actually distributed in containers that once used are re-
turned to DuPont for recycling. Thus, not only is the chemis-
try of the developer replaced, the way in which the photo-
graphic chemicals are distributed is as well. Overall, DuPont
changed the nature of the business. Instead of just being a
chemical supplier, it now provides a valuable service.
DuPont came up with a way of delivering fixers and devel-
opers to stores that enables elimination of water use and con-
tamination and is great for its bottom line. The only water
involved now is what is originally put in the DuPont photo-
graphic processing system. Utilization of this system has the
potential to the save about 395 million gallons of water per
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year in the United States alone. Other companies around the
world are also working on incorporating this type of closed-
loop approach into photographic development.

Industrial Waste Treatment

It is important to think of the scale of the economics be-
ing talked about here. The numbers are easy to come by in
terms of the chemicals. The United States sells about $3.5
billion in this world market for chemical treatment, but a $5-
billion-a-year market in chemicals for water treatment is ac-
tually very little. Although, it sounds like a big number, the
one underlying it is substantially bigger. In terms of the in-
dustrial infrastructure, more than a trillion dollars is being
protected from corrosion, from scaling, and from bacterial
growth, which are huge economic problems.

When you talk about replacing these chemicals or about
avoiding pollution, you have to have an idea of the scale that
is being considered. Another Presidential Green Chemistry
Challenge Award winner Ondeo Nalco also uses this closed-
system approach.

Ondeo Nalco used to be a chemical supplier for water
treatment, including chemicals for corrosion, scaling, and
bacterial growth. It was quite a lucrative business too. In
recent years, however, Ondeo Nalco has taken a very differ-
ent approach to business. Similar to DuPont, Ondeo Nalco
now provides more of a service to its customers rather than
merely supplying chemicals. For its customers it provides a
systematic analysis of facility use, substitute chemistry to
decrease toxicity, and precise control of chemical use. Fun-
damentally, what has happened is that now Ondeo Nalco
sells substantially fewer chemicals, which has reduced the
amount of chemicals going out in water. At the same time its
profit is high because it has provided an effective service for
the purchaser.

Lithographic Technologies—Water Conservation

The next example involves semiconductor fabrication.
Semiconductor manufacturing is somewhat deceptive be-
cause semiconductor plants do not typically have smoke-
stacks with pollutants billowing out. Also, the industry pro-
vides high-paying jobs and other features unlike the
manufacturing jobs of the past. However, semiconductor
manufacturing plants are essentially chemical factories with
electronic output.

The resource intensity of semiconductor manufacturing
is enormous. In a recent article (Williams, E.D.; Ayres, R.U.;
Heller, M. Environ. Sci. Technol. 2002, 36(24); 5504-5510),
it was found that 1.7 kg of chemicals and fuels are used to
manufacture every 2-g, 32-MB DRAM chip produced. If you
just consider water, 32,000 g of water are required for every
2-g chip. However, a lot of the water is recycled in plants
and a lot of it is reused, but the water is deionized, which

translates into fairly high energy content. There are also 45 g
of chemicals used per 2-g chip.

Water is really a huge issue here. The average semicon-
ductor fabrication plant will go through 2 million to 3 mil-
lion gallons of deionized water a day. Typically the plants
are located in semiarid regions of the country (e.g., Austin,
TX; Albuquerque, NM; San Jose, CA; and Irvine, CA) that
already struggle with water issues. However, this water use
has not been much of an issue for the industry because eco-
nomically the industry could afford it. For example, at its
plant in Albuquerque, New Mexico, Intel has bought water
rights from farmers up and down the Rio Grande in order to
have a sufficient volume of water for its processing. Because
of the very high-value product being made, paying such a
high price for water was justified.

Then something occurred that changed this happy sce-
nario. The industry hit a physics problem. The ratio of the
width of features to their depth (aspect ratio) started to cause
problems. Water with aqueous chemicals was used to clean
the wafers as the chip features were produced. However, as
the aspect ratio of the features increased, the high surface
tension of the water inhibited it from being able to penetrate
between the features. The industry then had to look for alter-
natives to water for cleaning.

A solution to this problem came out of Los Alamos Na-
tional Laboratory. It was found that supercritical fluids, es-
pecially supercritical CO2, could be used for cleaning in-
stead of water. This is because in the supercritical state, CO2
has no surface tension and can penetrate the small spaces
with the addition of propylene carbonate, a food additive.
Figure 2.1 shows the improved performance of cleaning with
supercritical CO2. This technology has been commercialized,
and the supercritical fluid technology has won a Presidential
Green Chemistry Challenge Award. Now six other compa-
nies are beginning the construction of new equipment for the
semiconductor industry to bring this kind of technology to
bear. Again, it was a rate-limiting problem, but one of the
benefits is that 2 million to 3 million gallons of water a day
are available for other uses. Thus, it is important to consider
conservation of water resources, as well as reduction of con-
tamination in the equation.

Marine Environment—Anitfoulants

A $4-billion-a-year problem for the shipping industry is
marine fouling in coastal water regions. Every ship has this
problem of buildup of marine organisms (Figure 2.2). Or-
ganisms on ships’ surfaces increase drag and fuel costs, but
cleaning them off is an expensive process, and takes a ship
out of service. The typical approach to this problem has been
the use of tributyltin in paint. Tributyltin kills marine organ-
isms, but unfortunately, it also bioaccumulates and becomes
toxic to larger organisms. In coastal regions, immune, repro-
ductive, and mutagenic effects in marine organisms are now
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quite high. This makes less food available in coastal regions
and has led to some very long term impacts.

Rohm and Haas looked at this problem and developed the
new Sea-Nine® antifoulant, 4,5-dichloro-2-n-octyl-4-
isothiazolin-3-one (DCOI). The metabolic breakdown prod-
ucts of DCOI are nontoxic and do not bioaccumulate. DCOI
is also cost competitive with tributyltin. It thus made sense
for shipowners to switch to the less toxic alternative. Adop-
tion of the new antifoulant was also facilitated by the num-
ber of international regulations beginning to ban the use of
tributyltin. Again, regulation coupled with effective chemis-

try tools has helped shipowners move to use of the more
environmentally friendly alternative and eliminate the use of
tributyltin.

Agriculture

At the heart of sustainable development are food and
water. It would not be possible to support the current popu-
lation or that of the future without being able to provide food
in a sustainable way. Providing enough food and water has a
lot to do with the chemical industry. The chemical revolu-

FIGURE 2.2 Marine fouling a major
economic and environmental issue.

 

FIGURE 2.1 Comparison of a semiconductor component showing sidewall polymer (A) prior to cleaning, and (B) after cleaning with
supercritical CO2.

A B
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tion of the 1950s and 1960s made it possible to grow enough
food to sustain the planet’s population. The agricultural
chemicals industry is big, with $12 billion a year in pesti-
cides alone. That is a fairly healthy dollar figure, but it is not
healthy in terms of persistence and bioaccumulation. Really,
the environmental movement began with Rachael Carson in
the 1950s identifying the pathways of bioaccumulation of
dichlorodiphenyltrichloroethane (DDT) in organisms.

Chemistry is going to have a critical role in a sustainable
future, but what kind of chemistry will it be? In terms of
herbicides and pesticides, they are not a problem for the most
part when applied in correct doses in a scientifically respon-
sible way. However, around the world, these chemicals are
often mishandled, and proper safety procedures are not fol-
lowed. Even here in the United States the typical person ap-
plying herbicides and pesticides to a lawn does not always
read or follow the safety instructions provided.

The issue is how to avoid contamination of the environ-
ment in the first place. Over the last few years a number of
Presidential Green Chemistry Challenge Awards have gone
for agricultural applications and pesticide applications. There
are even more examples such as the area of roach protection,
ant protection, and other household uses. Companies are
going to very different systems of alternative pesticides, in-
cluding the biomimetic approach. Instead of using a broad-
scale neurotoxin to go after a species, more specific targets
are being sought.

For example, Dow and Rohm and Haas separately have
developed biomimetic pesticides that mimic the hormonal
input that causes molting. Insects do not eat when they molt.
If they are forced to molt early, they starve to death. These
are endocrine hormones that essentially dissipate very
quickly in the environment and are also effective in small
doses. Thus, instead of having to use large quantities across
fields, very small quantities can be used.

Another approach that is somewhat more controversial is
the use of genetic engineering. What Eden Biosciences did
is essentially study the plant biology. Plants have what can
be thought of as the equivalent to an immune system that,
when challenged with a disease or by insect infestation, leads
to a protein cascade while the plant tries to fight it off. These
proteins were identified, and now Eden is engineering them.
When they are applied to the plants, increased growth and
increased resistance to both disease and drought are obtained.

There are two or three advantages presented by these ex-
amples from the green chemistry community. One is that
smaller doses are being used, and this means increased
worker safety. The UN Food and Agriculture Organization
has estimated that 10,000 agricultural workers die annually
from pesticide poisoning. There is thus a very good reason
to put things on the market that are less harmful, not only to
the environment, but to the people who are working in the
field. Another great advantage of the examples presented is
the decreased water use, not only decreased water contami-
nation.

Donlar Corporation won another award for its poly-
aspartic acid (PAA), which it uses in disposable diapers and
other applications that require absorbents. Now it has also
developed an agricultural application of PAA as an absor-
bent around the roots of plants that creates a sink for water
and chemicals. It draws water from the surrounding area into
the plant, which means less water use.

SUMMARY

Addressing sustainability issues such as water and food
production cannot be a choice between resources or the en-
vironment. Instead, there have to be more innovative solu-
tions. Fundamentally, water quality is going to have to be
tackled along with water quantity. Desalination can be used
to deal with water quantity, but it requires a large use of
energy and can lead to significant water contamination. A
desalination plant also does not put clean water back into the
environment. Concentrated brine is created as part of the
process at least in a 2-to-1 ratio, and it takes energy to pro-
duce that. For rich countries that have energy surpluses, this
is certainly an option. However, for countries with fewer
resources, other options are needed.

For example, 70 percent of the water in China is contami-
nated and unusable for human consumption. This is typical
of many developing countries. A lot of contamination is hu-
man waste. That can certainly be managed with infrastruc-
ture: collection and treatment. However, there is also a lot of
industrial waste containing persistent metals and organics
that must be avoided from the beginning.  Water quantity
will not be dramatically increased so water quality must be
addressed.

Part of the answer for developing countries therefore is to
be able to reuse water repeatedly. Green chemistry is really a
viable approach to such global environmental problems. So-
lutions may come on a process-by-process basis. Each chem-
ist uses processes and develops processes.  Part of the issue
for the chemical community is how to make environmental
design as much a criterion at the development stage of a
process or a product as any other factor. If something can be
designed to be red, it can be designed to be “green” as well.

In conclusion, green chemistry is a viable approach to
global environmental problems. However, success requires
an effective and complex blend of technical, social, eco-
nomic, and political contributions.

DISCUSSION

Adequacy of Green Chemistry Tools

Dave Layton, of Lawrence Livermore National Labora-
tory, began the discussion by raising concerns about the use
of experimental and simulation tools to replace problem
chemicals with those that are benign. He felt that it is diffi-
cult to anticipate and screen for long-term problems, and
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that the tools available cannot adequately mimic complex
environmental situations, such as contaminants moving from
one medium to another.

Dr. Hjeresen agreed that historically it was difficult to
look ahead and foresee that something like chlorofluorocar-
bons would cause ozone depletion. However, he felt that by
applying toxicology at the inception of programs rather than
as an external regulatory function it may be possible to act
preventively.

As an example, Dr. Hjeresen discussed ionic liquids.
Early on in the development of ionic liquids, people consid-
ered them to be overall environmentally benign. Then re-
searchers started looking at the toxicology of the compounds.
Problems were found at the early stages of development, and
this enabled new directions to be taken to make truly envi-
ronmentally benign liquids. Dr. Hjeresen agreed that there
of course would be surprises, but that this is no reason not to
try the more benign path.

Adequacy of Chemical Industry Voluntary Measures

Jay Means, of Western Michigan University, expressed
concern about the adequacy of the chemical industry’s vol-
untary measures. He felt that before looking abroad to inter-
national issues it would be necessary to look at home and
determine what the political, economic, and social systems
would be willing to do or not do. Mr. Means was concerned
that these challenges are not being met domestically.

He provided an example of how the Great Lakes have
relatively enlightened neighbors in the nation of Canada; and
yet decades ago, 43 or so areas of concern were identified
that limit the uses of fresh water in the Great Lakes. To date,
in both Republican and Democratic administrations, Mr.
Means knew of no areas that had been cleaned up.

Mr. Means stated that chemistry and the chemical indus-
try are part of both the problem and the solution and that
government can neither look only to a business to regulate
itself, nor look only to its own bottom line for the choices it
makes to support problem solving.

Mr. Means was concerned in looking at the language put
forward earlier, that there is a deep desire to help but not
much commitment. He felt that having a deep desire to do
something does not translate to action, and a willingness to
help suggests that the solution has to come from the ground
up. He continued that in many cases these societies, particu-
larly in the international domain, do not have the capability
to even begin to raise themselves up.

Further, Mr. Means remarked that given such a situation,
it is no wonder that the United States is viewed as the enemy
in many of these domains. Thus, bringing chemical technol-
ogy to some of these countries, in light of their inability to
manage even simple systems with their governments and
societies, would really be the wrong approach.

Dr. Hjeresen thought that Mr. Means provided some ex-
cellent points of discussion for the meeting. He agreed that

these are very difficult problems with no simple solution.
For example, he said that in the United States alone there are
17 different agencies at the federal level that have something
to do with water, even before you get to states, water dis-
tricts, and others. He said that it is good that everyone has a
stake in this, but is bad when you are trying to make a deci-
sion. When you are talking about a fixed commodity such as
water, he said, a decision always implies that there is some
differential parceling of that resource, there is no good po-
litical mechanism to address this.

Dr. Hjeresen thought that the world situation is quite dif-
ferent in that there are grades to work with. He discussed the
very high level of response in the United States, Western
Europe, and Japan, but stated that there is also a middle level
in countries that are at a middle level of industrial develop-
ment where he thinks a technological approach could have a
significant impact. There are a lot of people in these coun-
tries: China, India, Pakistan, and Brazil. Dr. Hjeresen thinks
that targeting the middle state of economic development has
the greatest chance of success.

He agreed that poorer areas—villages of Africa or
Bangladesh—are where it is necessary to provide clean wa-
ter at a dollar per person per year, with someone giving them
the dollar. That is partially a money issue, a commitment
issue, and a human rights issue.

Dr. Hjeresen stated that the chemical community is actu-
ally much stronger in that middle range where it is possible
to essentially shut off the flow of contaminants from a known
factory into a known water supply in a fixed amount of time.
This is where he felt that technology could play the greatest
role.

He continued that the difficulty with approaches to sus-
tainable development is that it often requires having too
many people to make it happen. With the green chemistry
approach, you can take a look at everything a chemist does
and it becomes more manageable.

Dr. Hjeresen said that he thinks the chemical community
has a lot more to add here, that even in the poorest countries
there are a lot of things that chemistry can do to make a
difference. He continued that it is a daunting problem that
cannot be solved all at once.

Life-Cycle Approach

Don Phipps, of the Orange County Water District, sug-
gested that what Dr. Hjeresen proposed is a paradigm shift
rather than an outright solution. He agreed that such an ap-
proach makes sense because it is impossible to guarantee
that anything released to the environment will always re-
main benign. It is possible, however, to adopt a paradigm to
use the best technology available to determine the fate of
compounds and track what they do. Mr. Phipps agreed that
it is very important that there be a shift from simply looking
at the short-term solution—you develop a product that
serves a single purpose, move on, and do not worry about
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what happens after its use—to more of a chemical recycling
paradigm.

Dr. Hjeresen agreed that just looking at the life cycle of
chemical processes is a very important first step to make.

Business Drivers

Dan Askenaizer, of Montgomery Watson and Harza, was
very interested in the examples presented for DuPont and
Ondeo Nalco. In regard to the DuPont photographic system
he wanted to know more about what influenced DuPont to
move in such a direction—what were the drivers? Was it
only economics? Also, he wanted to know how this service
has worked out for DuPont.

In response, Dr. Hjeresen said that it is often the case that
companies venture into such efforts due to being “beaten
with a stick.” He talked about how the Union Carbide isocy-
anate disaster in Bhopal, India, significantly impacted the
chemical industry, especially in the United States. The event
prompted the industry to take action to improve its opera-
tions and led people to start thinking more in terms of the
triple bottom line of social, economic, and environmental
issues.

He continued that such decisions almost always start at
the bottom by people looking for a path to do the right thing,
but that implementation comes from a champion for the idea
at the upper levels of the organization. He said that the big-
gest problem in general with most organizations is middle
management interfering with the flow of such ideas. Once
they are implemented, he said, most companies find their
efforts to be very successful.

Commenting on the success of DuPont’s efforts, Dr.
Hjeresen said that he thinks the technology has not pen-
etrated to the degree it would hope for but that this is com-
mon with a lot of environmentally benign technologies.
However, he gave the example of supercritical CO2 for semi-

conductor applications, which has been readily accepted.
Supercritical CO2 for dry cleaning has not been accepted as
readily. A number of good products have come out that can
replace perchloroethylene as a dry cleaning substitute, with
much less contamination of groundwater. However, the only
place this has really taken over is on ships and in large cities
where a dry cleaner is on the first floor of a building and
perchloroethylene fumes reach the upper floors. Also, since
California banned the use of perchloroethylene, more and
more businesses have started noticing, and the orders for
alternative machines shot up.

Dr. Hjeresen concluded that often a combination of regu-
latory measures and strong economic incentives is necessary
to implement voluntary efforts such as those of DuPont and
Ondeo Nalco.

Voluntary Versus Command and Control

Jeff Perl, of Chicago Chem, commented further on vol-
untary approaches versus command and control. He briefly
discussed how the 1990 Pollution Prevention Act essentially
involved a voluntary action and represented an effort to make
that shift happen. Yet because of the legacy of command and
control, the water system is used to make money from indus-
try putting water down the drain so the incentive for reduc-
ing water use is not there. He wondered if Dr. Hjeresen had
any thoughts about how to move more in the direction of a
voluntary system and whether perhaps we would be better
served by directing some of the metropolitan water funds
into industries that reduce their water use.

Dr. Hjeresen felt that the answer is unique to each coun-
try, region, or municipality; he said the key, regardless of
geographical location, is to address how to appropriately
value water. He felt that the intrinsic value of water is
underappreciated throughout the world.
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INTRODUCTION

Mercury, as an issue, had a rebirth in the late 1980s, espe-
cially in Wisconsin’s most precious tourist area, the north-
ern Wisconsin Lake District. More than 50 percent of the
fish in the district during that time were contaminated with
levels of mercury exceeding those provided in advisories
limiting the consumption of fish for certain people. With
such a pristine area being contaminated, people became very
concerned and wanted some explanation.

In this paper, the development and current understanding
of this problem are explored. Two examples are given of
current projects that are at the crossroads of politics and
policy; both are directly trying to answer the question of
just how responsible current emissions are in driving this
problem versus historic contamination that now blankets the
world’s sediments and soils from a legacy of mercury
releases.

Mercury Contamination

It is difficult to not currently be aware of this issue. It is
on the front page of about every newspaper and magazine,
and it is there for a very good reason. Methylmercury formed
by bacterial action on ionic mercury (Hg(II)) is far and away
the leading environmental contaminant for consumption ad-
visories of fish in the United States, as well as globally. This
is because mercury emissions are ubiquitous, and almost no
other contaminant bioaccumulates to the extent of methylm-
ercury. Typical bioconcentration factors are a million- to a
hundred million-fold more than water concentrations, giv-
ing levels of toxicological concern even in the most remote
sections of the planet. This makes the issue highly visible
today, along with discussion of reducing mercury emissions
from coal-burning facilities and compliance with the Clean
Air Act and its proposed amendments with the Clear Skies
Initiative.

3
Methylmercury Contamination of Aquatic Ecosystems:
A Widespread Problem with Many Challenges for the

Chemical Sciences
David P. Krabbenhoft

U.S. Geological Survey, Water Resources Division

There are direct health effects on humans and fish-eating
wildlife from methylmercury contamination of fish. Last
year it was found that mercury is, in fact, a major endocrine
disrupter and that mercury, specifically methylmercury, is a
significant inhibitor of selenium uptake by humans, wildlife,
or any invertebrate system. Selenium deficiency can thus
come from mercury exposure. In addition, concern has in-
creased about sociocultural damage to people in fish-eating
communities whose culture would be affected if they had to
switch their food base.

Global Loading Sources

The impacts on the globe from mercury releases before
and after industrialization are shown in Figure 3.1. There is
three- to ten-fold more mercury now compared to pre-indus-
trialization.

It is not clear how loadings from mining, atmospheric,
and other sources compare to each other. Most of the effort
for geochemists now lies in trying to understand what con-
trols the availability of various mercury sources once they
are released to the environment. It is known that mercury
sources cannot be traced back to mercury releases atom for
atom. However, it is not known why. That is an area in which
the chemical sciences can play a very big role in helping to
understand what happens to mercury, especially how it is
made biologically available.

Where does mercury come from globally? About a third
of the mercury currently released to the world’s atmosphere
comes directly from human activities. Another third comes
from the oceans through photoreduction at the surface and
volatilization because mercury is incredibly photosensitive.
Speciation changes take place by the hour whether in a lake,
a stream, or an ocean and are difficult to study because they
depend on time of day and light intensity. For a geochemist
this is a big challenge. The third source comes from soil
emissions, again, mostly through photoreduction. The ma-
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jority, then, probably two-thirds of the emissions are actu-
ally reemissions of anthropogenic sources of mercury in the
oceans and soils of the world. Current efforts are focused on
determining how quickly these emissions can be reduced.
To do this a better quantitative context is needed for estab-
lishing how quickly the world’s ecosystems will respond to
any proposed mercury emissions reduction strategies.

A number of developing countries, particularly China, are
the biggest mercury emitters worldwide, primarily because
of their use of energy generated from coal combustion. The
use of coal is by far the most significant source of mercury
emitted to the atmosphere and for the last decade has con-
tributed to the emission and deposition of an immense
amount of mercury into the ecosystems of China. When the
third largest reservoir in the world, Three Gorges Dam, is
filled, the mercury now present in those areas that are going
to be flooded will be methylated at a high rate since the high-
est-efficiency route to methylate mercury is to flood an area.
Many of the people who live on the Yangtze River are fish-
ermen, and they will undoubtedly receive more methylmer-
cury as a result of that dam construction, coupled with the
large-scale use of coal in the last decade. Such a result has
already been demonstrated in Canada where there were five-
to twenty-fold increases in mercury concentrations in fish
after the creation of a reservoir.

Modeling

More information is available for the United States than
most other countries because a great deal of effort is put
into understanding mercury emissions and deposition pat-

terns. Data from the Toxic Release Inventory coupled with
an atmospheric mercury model can be used to predict mer-
cury deposition patterns around the United States. It turns
out that mercury deposition is as much a function of rainfall
patterns in the United States as it is of the actual sources of
emissions.

Rainfall amount alone can completely account for the dif-
ferences observed because the atmosphere is presently never
depleted of mercury from rainfall. The amount that can be
stripped out from a rainfall event is an infinite pool. There is
heterogeneity to the earth’s skies, particularly in industrial-
ized areas such as the United States, but the stripping mecha-
nism that brings mercury to the earth, most importantly, is
rainfall.

The model suggests that mercury deposition rates differ
by up to three orders of magnitude across the United States.
It might be on the order of a factor of 10 or so, but the
greatest deposition occurs in the eastern United States,
where there are more mercury emissions due not only to
more incineration and more coal combustion, but also to
more rainfall.

Mercury Cycling

It is now known that mercury coming out of stacks is
speciated primarily in three different forms: elemental
(zerovalent Hg) as a vapor, particulate (organic Hg(II) com-
pounds), and ionic (inorganic Hg(II) compounds, primarily
mercuric chloride). Elemental mercury travels around the
globe, while particulate mercury is not transported very far
and ionic mercury is transported intermediate distances. The

FIGURE 3.1 Pre-industrial (left) and current (right) global mercury cycle. SOURCE: Adapted from Mason, R. P.; W. F. Fitzgerald; F. M. M.
Morel. 1994. The biogeochemical cycling of elemental mercury: Anthropogenic influences, Geochimica et Cosmochimica Acta, 58(15):
3191-3198.
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Hg(HS)2, and Hg(Sn)HS- that are then converted to meth-
ylmercury.1

Mercury Loading and Ecological Restoration

Until 15 years ago, mercury was not considered as much
of a problem as it is today. About 27 million pounds of mer-
cury were largely unaccounted for in the Sierra Nevadas
from the 1849 Gold Rush in California. That mercury is still
making its way out of the Sierra Nevadas through the central
valley drainage system and into San Francisco Bay where it
is now a very large issue.

Hundreds of tons of mercury currently enter the Califor-
nia bay delta system. At the same time, the bay is slated for
a substantial effort of ecological restoration, and the num-
ber-one activity for spending money in that ecological resto-
ration is the construction of wetlands. It is now known that
the best way to make methylmercury in the environment is
to put mercury into wetlands. When this was realized a few
years ago, in the San Francisco area, it created a major prob-
lem for local, state, and federal agencies.

However, this is not just a case of mercury loading in the
water or on land. Figure 3.3 shows estimates of the atmo-
spheric loading rates. The value for Wisconsin is only milli-
grams per square meter per year anywhere in the state. The
riverine load from the Sierras draining the historical con-
taminated areas of the Gold Rush, by comparison, dwarfs
that in Wisconsin.

However, the average mercury concentration in a preda-
tor fish or sport fish represented by diamonds in Figure 3.3
is as high for the bay delta of California as it is for northern

 

FIGURE 3.2 Aquatic cycling of mercury.

1F.M.M. Morel, A.M.L. Kraepiel, and Marc Amyot. 1998. The chemical
cycle and bioaccumulation of mercury. Annual Review of Ecology and Sys-
tematics, 29:543-566.

ionic form of mercury probably has a significant impact on
ecosystems since it is a very soluble species and quickly
becomes part of a methylation cycle.

Mercury would not be such a concern if it were not me-
thylated. All of the mercury in consumable fish tissues and
just about all vertebrate systems is methylmercury. This is
the only form of mercury that bioaccumulates in humans and
wildlife, the only form of mercury that crosses the blood-
brain barrier where it causes most of its problems, and the
only form that accumulates in human neurological tissues.
Not only does methylmercury bioaccumulate more once it is
in the body, but it can also access areas that elemental mer-
cury cannot. About half of the mercury in humans probably
comes from dental fillings, but that inorganic mercury does
not get to the more sensitive parts of the body.

It is very important to understand the connection between
where methylmercury is produced, where it is absorbed, and
its behavior in the body (Figure 3.2). The path from release
to the formation of ionic mercury involves photochemical
processes, deposition, and then formation of methymercury
at the sediment-water interface in most aquatic ecosystems.
The primary methylating agents in most of these aquatic eco-
systems are sulfate-reducing bacteria, which are ubiquitous
in the top centimeter where most sediments transition from
aerobic to anaerobic. Sulfate diffuses down from the water
just above this area, and if mercury is present, the sulfur will
be in the form of Hg(II) compounds such as HgS(HS)-,

0

50

100

150

200

250

N. Wisc . Everglades SF Bay

0

0.2

0.4

0.6

0.8

1

F
is

h 
H

g 
(

Hg Load Fish Hg

0

50

100

150

200

250

N. Wisc . Everglades SF Bay

H
g 

Lo
ad

in
g 

(u
g/

m
2/

y)

0

0.2

0.4

0.6

0.8

1

F
is

h 
H

g 
( u

g/
g)

Hg Load Fish Hg

FIGURE 3.3 Relating sources and loading to bioaccumulation—
bioavailability is the key.



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

22 WATER AND SUSTAINABLE DEVELOPMENT

Wisconsin. More effective means than controlling mercury
load are thus needed to address mercury toxicity in ecosys-
tems.

EXAMPLES

Ideally, available research findings could prescribe a
“safe” level of mercury exposure to ecosystems that would
result in an acceptable amount of mercury in fish. However,
it is presently not known if “new,” recently deposited mer-
cury is what drives mercury levels in fish or if vast pools of
“old” mercury currently residing in soils and sediments from
decades to centuries of deposition are the driving factor and
could sustain the problem for many decades to come. To fill
this information gap, researchers are currently conducting
two different mercury loading studies in the United States
(the Aquatic Cycling of Mercury in the Everglades [ACME]
project) and Canada (the Mercury Experiment to Assess At-
mospheric Loading in Canada and the United States
[METAALICUS] Project), using stable isotopes of mercury
that effectively distinguish between new and old mercury.2

Aquatic Cycling of Mercury in the Everglades (ACME)
Project

The ACME project began in 1995 and has changed tre-
mendously over the last eight years. This is a completely in-
field experimental approach to understand mercury cycling
processes and is ready to interface directly with the $8 bil-
lion Everglades restoration program. This is the largest res-
toration program ever attempted in the United States, and
although it is not intended to make the mercury conditions in
the Everglades worse, it may.

The large series of in-field experiments mimic what may
happen as a result of restoring this ecosystem. This is being
done to see what impact the current approach will have.
When a wetland is drained and its soil is oxidized, the wet-
land cannot be recreated from that soil. Now about 50 per-
cent remains of what was once the Florida Everglades, often
described as a “river of grass.”

Agricultural Impacts

There are many complicating factors in the attempt to
restore this large wetland area, and many come from the
Everglades agricultural area. This is a very important veg-
etable and sugarcane growing area for the United States and
is the source of many vegetables in winter.

One of the detrimental actions in the Everglades agricul-

tural area occurs because these former Everglades soils lack
free nutrients. To grow crops, farmers must make phosphate
available. Because alkaline soils bind all the nutrients, farm-
ers add elemental sulfur by the ton to adjust the soil pH and
free the nutrients. Sulfur is converted to sulfate (sulfuric acid)
by bacterial action. This feeds the sulfate-reducing bacteria
that make methylmercury. As it turns out, it is evident that
sulfate additions in this agricultural area have more to do
with the methylmercury problem in the Everglades than
mercury falling from the sky. Efforts are now being made to
work out what the primary controlling set of processes is and
the external factors that led to this large problem of mercury
contamination in the Everglades.

South Florida is an area with ecosystem-wide postings
for mercury, unique to fish consumption advisories for mer-
cury in the United States. Only in South Florida does it say
that no one should eat fish. Everywhere else, advisories state
that one can eat one fish per month if you are not pregnant or
of childbearing age. The eating and catching of fish are cur-
tailed as revenue of hundreds of millions of dollars is being
lost because tourists no longer come to fish.

Drainage canals in the agricultural area keep fields from
becoming flooded, but they also convey the sulfate put on
fields to the Everglades. The result is a 100-mile-long sul-
fate gradient that runs from the agricultural area just south of
Lake Okeechobee all the way down to Everglades National
Park. Right now the only way for the national park to be
affected by agricultural activities is by short-circuiting the
canals, draining nutrients straight down into the park. In fact,
this is the first step that was undertaken in the Everglades
restoration, opening these floodgates to get water down there
as quickly as possible.

Hydrologic Restoration Versus Water Quality Restoration:
Sulfates

It has been difficult to express discontent with the ap-
proach being used in the hydrologic restoration of the Ever-
glades, which ignores the quality of that water. It is under-
standable that Everglades National Park people want water
as soon as possible; their ecosystem is greatly diminished by
the lack of water. Water and appropriate breeding habitat for
those fish-eating wading birds that historically were found
in great numbers in South Florida are needed for the success
of the ecosystem.

However, if water is shunted down there too fast, sulfur is
going to be there for a very long time. It will continue to
cycle and may eventually get buried, but it is going to have a
very long history and cause continuing problems.

Population Impacts

An additional point is that in South Florida presently,
there are plans for a very large scale aquifer storage and
recovery system to support what is anticipated to be a dou-

2For additional details on the ACME project, see http://sofia.usgs.gov/
people/krabbenhoft.html, and for the METAALICUS project, see http://
www.biology.ualberta.ca/old_site/metaalicus//metaalicus.htm.
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bling of the population over the next 25 years. To meet and
integrate with sustainable water development needs, the wa-
ters that are being sent into the aquifer will be recovered
later, not only for use as drinking water, but also to feed the
ecosystem when it needs its water laden with sulfate. Efforts
are being made to see just how great an impact this will have
in the near future.

Flooding

Flooding previously exposed lands can have a huge im-
pact. Flooding also occurs naturally in the Everglades. Ev-
ery year, every other year, every third year, depending on
whether it is a wet or a dry cycle, the Everglades naturally go
through this dry-down and rewetting, moving the whole eco-
system into much, much higher levels of methylmercury,
much higher than in environments that remain wet.

To most people in South Florida restoring the Everglades
is equivalent to restoring the natural hydrology of the sys-
tem. Water quality in the Everglades is synonymous with
phosphorus abatement, but phosphate has no impact on me-
thylmercury formation.

There are many other chemical concerns in the Ever-
glades that have not been addressed because phosphorus
gets all the attention. In South Florida, the hydrologic resto-
ration will call for specifically more wetting and drying,
higher high waters, and longer periods of dry-out and oxi-
dation of the soils. As the soils become wet again, it is nec-
essary to know what mercury is the source of the newly
formed methylmercury.

Is it mercury already in the soil, derelict contamination,
or mercury in rainfall that rewet the system? If it is mercury
in rainfall that rewet the system, it is still possible to improve
the situation. If it is mercury that is already in the soil, it
becomes a much more difficult problem.

By the use of the stable isotopes in experiments in meter-
wide tanks (mesocosms), it is possible to distinguish between
mercury that has been added and mercury that is already in
the ecosystem. It was found that the older mercury is less
available to Gambusia, the little mosquito fish ubiquitous
across the Everglades and a very good biomarker across the
system (Figure 3.4). What was observed however is that over
this range of loading in the Everglades, there was a very
linear and positive relationship between the amount of mer-
cury added and the amount of mercury in the fish. This is
mercury added, not remobilized mercury from sediments.

It was very important to establish that, in fact, in contami-
nated ecosystems there is still a positive response between
the amount of mercury that is added and the amount of mer-
cury found in fish.

Mercury Aging

Studies were also carried out to understand the effects of
the age of mercury sources on bioavailability. A comparison

was made between the percentage of two sources of mercury
in fish, one six weeks old (200Hg) and the other six months
old (202Hg). The same amount of each mercury isotope was
added to the same mesocosm. It was found that six-week-old
mercury was three times more prevalent in fish than mercury
that was four and a half months older. This is the so-called
mercury aging effect. It has been found in the last few years
that ecosystems do not cycle old mercury and new mercury
equivalently.

These experiments have been repeated with the same re-
sults. In these very same mesocosms—now two years old—
fish were gathered again and it is no longer possible to find
either one of these isotopes that are still present in sediment.
They are seen in sediment, but not in fish.

Mercury accumulation in fish is being driven by new
mercury coming in. Now a third isotope can be added and it
ends up in fish at the same amount added, but the mercury
that gets into sediments is stabilized, probably by reduced
sulfur groups in the soils. It does not cycle anywhere near as
actively as the new mercury.

Then a series of mixed experiments was conducted and it
was found, for example, that adding dissolved organic car-
bon (DOC) with mercury greatly increased the amount of
mercury that became methylated and bioaccumulated in fish.

Low amounts of added sulfate resulted in considerable
methylmercury formation. By adding more, sometimes there
would be more, but if there is a high amount of sulfate in the
mesocosms, methylation is shut down because the
bioavailability of the mercury decreases. What does this
mean for the Everglades? A series of hypotheses are being
tested presently with a model to see whether any of this can
be predicted.

It is now believed that if sulfate loads are reduced coming
into the ecosystem, the peak of methylmercury formation
will be moved further north, but there will still be a zone in
which sulfur levels are so high that there will be inhibition.
There will also be an optimal zone for methylmercury for-
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mation, but the overall size of the peak will be less. Under a
restorative flow condition with no attention to water quality,
sulfate transport into the system will increase; instead of
having just a peak of methylmercury formation in one area,
there will be an entire southern Everglades system with high
methylmercury levels. This is undesirable.

METAALICUS Project—Ecosystem Level Response to
Changes in Mercury Loading

One of the criticisms of the work conducted in the Florida
Everglades is that the experiments are run inside meter-wide-
diameter cylinders giving “mesocosm effects,” with results
that are not representative of the surrounding environment.
An approach to deal with this criticism is to dose an entire
watershed in northwestern Ontario with mercury, and not
only do that, but dose a whole watershed with mercury iso-
topes to answer two questions: (1) What is the true ecosys-
tem-scale response to a change in mercury load, looking at
the same time at new versus old mercury? (2) Which is more
important at the watershed scale?

The project is known as METAALICUS. The list of par-
ticipants is very long. It is a large project, and the mercury
isotopes alone cost about a million dollars a year, but this is
the only way to really answer these questions. The major
questions to be answered deal with the ecosystem-level re-
sponse to a change in mercury loading. Next, it has been
stated over and over again that a hundred years of derelict
contamination exists in soils and sediments across the globe.
Will things improve if mercury emissions are reduced?
Third, can the vast sedimentary pools of mercury sustain the
problem for very long periods of time? Last, do new and old
mercury behave similarly in the environment, and if not,
why?

Mercury-202 is being added to the lake; mercury-199 to
the wetlands, which are on the western edge of the lake; and
mercury-200 to the entire forested catchment. The mercury
is added to the wetland and the catchment by a very brave
aviator who flies right above the treetops in driving rain-
storms (Figure 3.5).

This is being done at a rate of about 20 µg/m2 per year;
similar to what is seen in the eastern United States. An area
that presently gets about 5 µg of mercury is being increased
to about 20 µg. It should be noted that the amount of mer-
cury being added to the ecosystem is so small that the best
mass spectrometers would not detect it. The added mercury
is thus not an environmental concern.

Mercury Aging

It was found that mercury-202 added directly in the lake
is methylated at a five to seven times higher rate than native
mercury, providing further evidence in a completely differ-
ent ecosystem (not confined by a cylinder or anything else)

to show that new mercury is responsible for the formation of
methylmercury. It is not old mercury that has facilitated the
problem. This is not to say that old mercury has nothing to
do with it, but atom for atom, the old mercury is not nearly as
involved.

There continues to be a significant amount of ambient
mercury moving off the uplands into the lake, at about 1,500
mg per year. However, almost none of the spike put down it
has moved—only about 1 percent. Mercury, when applied to
the surface of a green plot, whether it is grassland, wetland,
or just a place with plants, tends not to move until it pen-
etrates deeper into the soil, into the humus zone where the
great mobilizer of mercury in the environment, dissolved
organic carbon, is generated.

Deep Temperate Lake versus South Florida Wetlands

In this project a cohort of yellow perch was followed that
were born in the spring of 2001 with no mercury. At the end
of their first growing season, the vast majority of the mer-
cury that they had accumulated was ambient mercury not the
spike. Even though a four- to five-year pulse was added to
the lake, it contributed very little of the mercury in the fish.

Now about a third of the bioaccumulated methylmercury
in the second year is coming from the spike. This differs
from the situation in the Everglades where both very rapid
responses to additions and very quick dissipations of the ef-
fect of that new mercury are seen. Here, a deep temperate
lake and arboreal ecosystem seem to have longer time lags,
which can probably be expected in lake settings across the
northern United States and southern Canada.

Next Steps

This project, now in its third year, is going to be a five- to
ten-year effort. Thus far, it has been a mercury loading study.
The debate in Washington right now centers on the effect of
a reduction. The group of scientists that planned this study
was thinking about that seven years ago when it was decided
that a mercury reduction study cannot be done until a loaded
system is available. So the idea all along with this project
was to load up an ecosystem in order to be able to watch the
response when reduction occurs. This was the last year of
additions; next year, the reduction phase and probably the
more interesting part of this study starts.

At each site, scientists have observed the same basic pro-
cesses operating on the added mercury, but at different rates
due to the very different environmental conditions—the
warm, hot wetlands of the Everglades and the cold, boreal
lake in Canada. At both study sites, however, the new mer-
cury gets converted into methylmercury (the most toxic and
bioaccumulated form of mercury) more efficiently than the
old (Figure 3.5).
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DISCUSSION

Incident at Lake Apopka

Tom Dillion, of Science Applications International Cor-
poration, noted that in late 1998 at Lake Apopka in Florida,
some mud farms were flooded resulting in the worst bird kill
ever. He questioned whether the incident was a result of the
mercury phenomenon.

Dr. Krabbenhoft responded that the decline in wading
birds got people’s attention, and mercury was assumed to be
the culprit. Mercury loading studies have been performed on
adult birds. It was determined that adult birds have a unique
way of dealing with methylmercury; they shunt all their
methylmercury straight to their feathers and can withstand
almost anything. However, eggs put all the methylmercury
into body growth and internal organ development, resulting
in a substantial decline in the survival rate of eggs upon ex-
posure to methylmercury. He does not think the Lake
Apopka response was methylmercury, although many may
disagree.

Policy Implications

Debbie Elcock, of Argonne National Laboratory, re-
quested some conclusions about the policy implications.

Dr. Krabbenhoft replied that there are three ways to deal
with the mercury problem: fish consumption advisories,
emissions reductions, and landscape management. Unfortu-
nately, fish consumption advisories do not help the wildlife.
Emissions reductions will decrease the new mercury avail-
able for methylation in the environment; however, old mer-
cury still exists there. For instance, it is necessary to con-
sider whether hydrologic restoration in South Florida needs
to move forward more quickly than the water quality resto-

ration. Florida’s Governor Bush signed an amendment to the
Everglades Forever Act delaying achieving the water quality
criteria until 2016 instead of meeting those criteria in two
more years. From Dr. Krabbenhoft’s vantage point delaying
achieving those water quality criteria but continuing with
the hydrologic restoration could potentially be a disaster. It
might be better if they did not proceed with hydrologic res-
toration at all until they are comfortable moving ahead with
water quality restoration at the same time.

Furthermore, mercury is a concern of the current admin-
istration and many federal agencies. The proposed Clear
Skies Act and the proposed Clean Air Act have specific
emission reduction levels in them, and Dr. Krabbenhoft is
not aware of any studies that pinpoint the appropriate level
of reduction. He and his colleagues are very curious about
where these reduction levels came from.

The United Nations has an environmental program that is
also addressing the mercury issue. Two or three meetings
have been held in the last year at which mercury was one of
the topics. The United States and other U.N. nations are en-
tertaining thoughts of global mercury reductions as a way of
addressing the problem.

Alan Hecht, of the White House Council on Environ-
mental Quality (now at the Environmental Protection
Agency), commented that engineers are already starting to
release water in the marshlands in Iraq to try to restore them.
Releasing the water without a look at the chemistry may lead
to greater problems down the road. The Everglades is an
area that has to be drawn into the policy arena more quickly
because actions are being taken that may have unintended
consequences.

Dr. Krabbenhoft replied that Iraq has experienced that
many times with mercury. About 40 or 50 years ago, the
United States sent seeds to Iraq to help them grow wheat.
The Iraqis thought the seed would also be a good source of
wheat for flour. Unfortunately, labels on the seeds were only
printed in English, so the Iraqis could not read that the seed
was sterilized with phenylmercuric acetate. Use of the seed
for flour resulted in the deaths of thousands of people. He
gave this example to illustrate that good intentions some-
times lead to misfortune because of lack of follow-through.

Reactionary Responses

Dennis Hjeresen, of the Green Chemistry Institute,
thought it seemed that attention to various chemical con-
taminants in the environment goes to the “current poster
child.” In the past, dichlorodiphenyltrichloroethane (DDT)
and trichloroethylene (TCE) were focused on, while cur-
rently mercury, perchlorates, and nitrates get the attention.
However, it does not seem that, within the scientific commu-
nity, there is a very good way of anticipating, setting priori-
ties, or setting up an infrastructure to study the broader is-
sues. It would appear that many of the biological and
ecosystem issues are going to be the same across contami-

FIGURE 3.5 Movement of mercury isotopes.
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nants, but the money seems to flow only when there is a
crisis.

Dr. Krabbenhoft’s big breakthrough as a researcher came
when the Florida panther died of mercosis in the early 1990s.
He said the response occurred because there was a crisis:
something as precious and as artful as a Florida panther died
of a specific contaminant. He might not have been able to
study the problem if a Florida panther had not died.

However, he felt that things may be changing. Some col-
leagues are now doing research on emerging contaminants,
hormones, and pharmaceuticals. In this way, they are work-
ing in more of an anticipatory rather than a reactionary
framework. However, it is highly unlikely that a researcher
will receive funding unless the research can meet a need.
Generally, it is more common to react than to prevent.
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INTRODUCTION

In 2001, Congress directed the Bureau of Reclamation
(BOR) to partner with Sandia National Laboratories (SNL)
in developing a desalination technology research plan for
the United States. BOR has been responsible for the devel-
opment of desalination in the United States since the 1950s
and has great understanding of membrane processes. SNL
has expertise in program planning, including roadmapping,
and in a number of technologies that are able to advance the
science of desalination beyond what membrane sciences are
capable of accomplishing. To implement the resulting na-
tional program, the participation by all of the national desali-
nation organizations, including the U.S. Geological Survey
(USGS), the U.S. Environmental Protection Agency (EPA),
water research institutions, manufacturers, and utilities will
be needed.

Why think about desalination? There are certainly three
factors: drought, climate change, and population growth. The
largest parts of the country have very little water: Arizona
and Nevada, with their respective 40 and 60 percent growth
rates per decade, and Texas, New Mexico, and California
are all in dire need of water. The recent persistent drought in
the Southwest has only added to the problem.

Problems

How much water is needed? The population of the United
States is going to increase 30 percent in the next 20 years,
but the problem is worse in certain regions where water
shortages are already occurring. The amount of water that
has to be added is enough to take a quarter of the outflow of
all the Great Lakes: 16 trillion gallons per year (50 million
acre-feet), with the amount of water available to the popula-
tion remaining constant. Water supplies in some areas are
also not as abundant as one might think. For example, the
water level in Lake Superior, the largest freshwater body in
the world, has decreased about 18 inches over the past de-

cade. Thus, there is a great need for sustainable water sup-
plies. One of the consequences of the current state is that
water supply will limit growth.

Desalination is a possible solution, but the projected ex-
penditure for desalination equipment and systems has been
placed at $15 billion over the next five years and very little
R&D is being done to improve this technology. The other
problem is that most of the companies that make desalina-
tion equipment see incredibly small profit margins, single
digit in most cases, with a lot of competition. Most of the big
companies that used to be involved have gone out of the
business; DuPont for example is no longer in the business of
making reverse osmosis (RO) membranes. Other companies
are struggling. Currently, desalination projects are funded
on a case-by-case basis where 10-40 percent of the actual
capital cost to build new desalination plants comes from
some kind of government subsidy. A historical look at de-
salination costs for seawater RO shows that the price has
come down an order of magnitude, currently in the range of
$2-3 per thousand gallons. Brackish water has shown a simi-
lar decrease, down to the $1-1.50 range.

Alternative Cost Scenarios

Two alternative cost scenarios for the development of
desalination technology are illustrated in Figure 4.1. The first
assumes continued evolutionary improvement in treatment
cost resulting from a modest government-sponsored research
program centered on improving existing technologies. Con-
current with this research program, government subsidies
continue in order to allow utilities to produce water to meet
regional growth in demand. The current rate of spending on
new desalination capacity in the United States is approxi-
mately $1 billion per year, and the current 10-25 percent
federal subsidies will result in a substantial federal invest-
ment. The second scenario assumes an R&D program to cre-
ate revolutionary advances to meet a treatment cost target

4

Desalination:
Limitations and Challenges

Thomas Hinkebein
Sandia National Laboratories
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that is comparable to current conventional treatment costs.
The cost of conventional water treatment processes declines
to about $0.50 per 1,000 gallons.

If a municipality is going to meet growing water demands
by using water from impaired sources, rather that nearby
unimpaired sources, then the costs must be comparable to
conventionally treated water cost. Also, the target price must
be achievable, and in the case of desalination, it is. However,
it is unlikely to be achieved by the simple extension of cur-
rently available membrane technologies. This target is a
stretch goal that will require the development of revolution-
ary technologies. If a reasonable research program is
launched, there is hope for some revolutionary kinds of im-
provements. This is the direction to be followed.

THE ROADMAP

The U.S. Desalination and Water Purification Roadmap
is now available on the web (http://www.sandia.gov/water/
docs/RoadmapV21.pdf) and is the first product of the

Roadmap’s executive committee. Several smaller meetings
and one large meeting were held to arrive at this point in the
Roadmap development. Future meetings will involve a more
diverse involvement to complement the current work and to
arrive at an integrated implementation strategy.

The Roadmap presents a summary of the water supply
challenges facing the United States and suggests areas of
R&D that may lead to technological solutions (as viewed by
the Roadmap committee) to these challenges. This Roadmap
is a living document and a process, and updates will be made
on a periodic basis to ensure that it remains current and rel-
evant. These updates will have two foci: (1) a management
plan that will contain discrete research objectives and priori-
ties and (2) an integrated implementation strategy to address
broader issues extending beyond R&D on desalination pro-
cesses to ensure that new developments can be implemented.
The Roadmap helps identify discrete research objectives and
priorities, leading to an integrated implementation strategy
aimed at solving a very difficult problem—one in which
people end up trying to decide what the problem really is and
how to deal with it.

 The process started with a vision that by 2020, desalina-
tion and water purification technologies will contribute sig-
nificantly to ensuring a safe, sustainable, affordable, and
adequate water supply for the Unites States. High-level needs
include meeting drinking water standards, meeting agricul-
ture and industry standards, enhancing water security, meet-
ing today’s need without compromising our future supplies,
providing water in the future at a cost comparable to today’s,
and ensuring local and regional availability through periods
of episodic shortages (droughts).

There are a number of ways to solve the problem—pric-
ing, conservation, a part of the demand equation, and then
supply (Figure 4.2). There are management approaches such
as trading water from one place to another and having inte-
grated solution approaches. Dams have a huge impact on the
way the BOR ends up supplying water to the West. In fact,
almost of all of Southern California is based on a water sup-
ply that comes from dams and diversions.
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The focus in the Roadmap is on technology approaches to
the problem—ways of upgrading impaired waters and also
improving reuse. The technologies involved in both of these
activities are very similar, and are captured in the Roadmap.
The structure of the Roadmap is outlined in Figure 4.3. It
cascades from the vision but really involves an interactive
process and defines high-level critical objectives, which are
the driving force for the map. The next steps involve defin-
ing the technology areas that might be used to solve the prob-
lem.

Needs

Based on the challenges outlined in the Roadmap, the
desalination needs identified include reducing costs, ensur-
ing the quality of reclaimed saline water, and enabling the
disposal of concentrate. Reduction in the cost of the desali-
nation process is especially critical for small towns. In some
places, the cost of desalination processes is so high that local
communities are unable to have any kind of development.
Efforts must also be made to control the amount of organic
or biological materials that remain in reclaimed water. Dis-
posal of concentrate is of particular concern to inland cities.
In Phoenix, for example, there is a natural inflow of 1 ton of
salt per person per day into the valley, but no water that
flows out. A possible solution is to develop beneficial uses
for the concentrate. Figure 4.4 shows the distribution of sa-
line aquifers in the United States, indicating the need for salt
to be managed on a regional basis. Also, if drinking water is
to be reclaimed from saline water, there will have to be bet-
ter understanding of existing problems and better character-
ization of saline aquifers.

Coastal communities face different desalination chal-
lenges. A majority of the U.S. population lives within 60
miles of the coast, and this percentage is growing. Different
coastal regions also have varying needs. For example, in
Tampa Bay, aquifer replenishment is a major issue. There
are 973 people moving to Florida each day. These are new,

permanent residents, and the population is growing by al-
most a thousand people per day. At the same time, the area
receives 55 inches of rain a year. Unfortunately, this rainfall
is not able to penetrate into the groundwater system and pro-
vide an adequate supply of fresh water because of carbonate
substrata underneath the ground. Only 10 percent of the wa-
ter penetrates. The reality is that the Everglades and other
areas in Florida are very close to a marginal water environ-
ment.

Related to desalination needs also is the need to reduce
reliance on surface waters. Around 1970, the amount of
groundwater withdrawals in the United States reached its
peak. For the past 35 years, there have been no increases in
groundwater withdrawals. All of the water added since the
mid-1970s has been in surface water. Oil and gas reservoirs
and coal bed methane represent huge potential new sources
of water. The typical oil and gas or oil field production facil-
ity produces seven times as much water as it does oil, which
means that there is available water. New Mexico is consider-
ing adding some of that water to the Pecos River as a way of
meeting interstate compacts between Mexico and Texas. The
main issue relative to oil and gas is developing cost-effective
pretreatment to deal with small hydrocarbon residuals, again
reducing the cost and ensuring water quality standards.

Objectives

Critical objectives are the highest-level milestones defin-
ing the targets that a technology must meet by a given time.
They are motivated by a specific need, measured by a well-
defined metric, and aimed at a specific target. In the
Roadmap document, near-term objectives are for 2008, and
these were set to extend current technology. Longer-term
objectives were set by the Roadmap committee to meet

VISION 2020

DEFINE HIGH-LEVEL NEEDS 
 CASE STUDIES

DEVELOP 
ALTERNATIVE 
FUTURE COST 

SCENARIOS

DEFINE CRITICAL OBJECTIVES
   Define High-Level Objectives
   Identify Specific Performance Metrics & Targets

IDENTIFY TECHNOLOGY AREAS 
AND SPECIFIC RESEARCH NEEDS
  Basic Science and Technology Areas
  Specific R&D Needs

FIGURE 4.3 The architecture of the roadmap process.

FIGURE 4.4 Potentially usable saline aquifers in inland urban and
rural areas.
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longer-term national needs and to end up with ways of meet-
ing the full spectrum of water users.

The Roadmap structure (Figure 4.5) shows the central role
that the critical objective plays in the process; critical objec-
tives apply for all of the technologies. For example, the na-
tional need to keep water affordable is addressed by critical
objectives that provide specific reduction milestones. Ex-
amples of near-term critical objectives include a 20 percent
reduction in cost, a 20 percent increase in efficiency, and a
20 percent reduction in the cost of zero liquid discharge; all
are deemed possible. There is no single “right” way of meet-
ing the metrics for a critical objective—multiple technolo-
gies or combinations of technologies may provide radically
different solutions that all meet a given metric. Five broad
technology areas were identified that encompass the spec-
trum of desalination technologies and may, individually or
in combination, meet a given (or several) critical objectives.
Current-generation desalination technologies are drawn from
these five technology areas, and it is from these areas that
revolutionary, next-generation desalination technologies are
expected to emerge.

Figure 4.6 gives the standard breakdown of the costs to
treat water; roughly 37 percent of seawater desalination is

assigned to fixed charges, and this translates into things such
as flux through membranes because that defines the plant
size. Electronic power is 44 percent of the cost to treat sea-
water—one place for a significant amount of improvement.
The longer-term critical objectives are much more aggres-
sive.

There are many diagrams in the Roadmap similar to Fig-
ure 4.7 that highlight all of the technologies and show their
relation to the critical objectives.
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FIGURE 4.5 The Roadmap structure.
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FIGURE 4.6 Standard breakdown of costs to treat water.
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Technology

Five technology groupings were identified by the
Roadmap executive committee. These groupings are based
on historical areas of research. Thermal technologies were
invented some 2,000 years ago. Membrane technologies
were invented in the 1960s. Research thrust areas for mem-
brane technologies are shown in Box 4.1. Reuse and recy-
cling employ many of the same concepts present in the first
two technology areas; however, they are aimed at reclaiming
previously used water. Concentrate management is now
growing in importance as we realize that disposal of concen-
trate in many cases is the limiting part of desalination pro-
cesses. Alternative technologies include any desalination
methodology not included in the other areas.

Example Technology: VARI-RO

One solution methodology that was suggested is a vari-
able flow, integrated pumping, and energy recovery system
for supplying feedwater to RO membranes, called the VARI-
RO (Figure 4.8). Normally, in an RO plant you have to pres-
surize water to drive it through some membrane. The VARI-
RO process seeks to conserve energy by using the return

pressure from the RO membrane to assist in powering this
piston-driven process. For seawater RO, the input water pres-
sure is about 1,200 psi (pounds per square inch). The dis-
charge pressure from the membrane is 1,150 psi. All RO
systems seek to use this energy. The standard method is use
of the Pelton wheel. Because of fluid slip, conventional tech-
nologies are not completely efficient. The VARI-RO pro-
cess has fewer losses. In normal operation three pistons op-
erate in sequence and smooth water flow results.

In the integrated pumping and energy recovery (IPER)
model, pumps are driven by electric motors and these sys-
tems may save 25 percent of the energy cost. In the direct
drive engine (DDE) model, the engine is connected directly
to the pump and this system is projected to conserve 70 per-
cent of the energy used. Benefits are 25-70 percent energy
savings. The IPER model of this unit has been pilot tested,
and energy savings have been demonstrated. The DDE ver-
sion is conceptual, and no model has yet been built.

This particular method for gathering, protecting, or sav-
ing a lot of the energy that was originally part of the VARI-
RO process has not generated a lot of enthusiasm in the in-
dustry because other techniques come very close. As much
as 95 percent of the energy that is part of this reject stream is

FIGURE 4.7 Technologies related to desalination objectives
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BOX 4.1
R&D Thrust Areas: Membrane Technologies

FIGURE 4.8 The VARI-RO positive displacement process and pilot plant.
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already recovered. The amount of improvement by this tech-
nology is very small. However, another part of this process
is interesting. Energy use was 44 percent of the cost, but a
large part of that is electrical energy, which is 30 percent
more efficient to generate. The idea then is to couple a
Brayton cycle engine to this. Instead of an electrical power
source, a primary fuel (fossil, hydro, etc.) is used. In using
the primary fuel, potential savings could be half of that 44
percent of energy use.

Thermal Technologies

This approach involves a thermal distillation process to
produce fresh water from seawater and represents about one-
half of the world’s installed desalination capacity. R&D
thrust areas for thermal technologies are shown in Box 4.2.

One advantage of thermal technologies is that even
though a lot of energy is put into them to deal with evaporat-
ing water, the potential exists for recovering almost all of it
if the waste heat is used. For example, Jim Beckman at Ari-
zona State developed a process in which the evaporating
fluid and the condensing fluid are separated by a thin mem-
brane, with intimate transfer of heat from one side to the
other. In the chemical engineering sense, there are thousands,
if not more, theoretical trays existing in this process with
very efficient transfer of heat and the potential for signifi-
cant energy savings. This particular process might be used
for concentrate streams, trying to recover as much of the
concentrate left over as possible. In seawater desalination
dealing with the concentrate is not such a big issue.

Concentrate Management

In concentrate management, one idea is to develop a
superconcentrate technology, complete solidification of the
residuals, and 100 percent recapture of the water. R&D thrust
areas for concentrate management are shown in Box 4.3.
The technique that SNL is examining at present is one in
which you sequester salts in a nonleachable solid. By adding
sodium chloride to the nonleachable solid, a supernatant de-
velops that is clean of salts and has some potential for being
applicable in a lot of desert environments under conditions
where one must worry what to do with salts.

 There are many advantages to this particular process. The
solids may be additives that are used as construction materi-
als if they are truly nonleachable. Reactions do occur at am-
bient conditions. The real problem is one of economics. Any
time you use materials for the treatment of a commodity
such as water, you must worry about all of the materials that
are used.

Alternative Technologies

In alternative technologies, using magnetism is an option.
Most are familiar with the idea of electric field-driven trans-
fer of ions. Electric field-driven transfer of ions is a very
reasonable option because if you make a separation smaller,
there is no limit to the energy requirements. R&D thrust ar-
eas for alternative technologies are listed in Box 4.4.

A group at Sciperio has been investigating this alterna-
tive approach. The proposed device concept is capable of
deionizing any fluid using magnetic fields and their resultant
Lorentz forces. This effort is being funded by the Defense
Advanced Research Projects Agency (DARPA) and is re-
ferred to as the Lorentz Ionic Separation Apparatus (LISA).
The Sciperio team estimates that LISA will be able to im-
prove water flux, decrease energy consumption by three- to
fivefold, and provide sizable improvements in the ability to
process in-line ionic contaminants in the water stream.

RESEARCH PROGRAM STRUCTURE AND
IMPLEMENTATION STRATEGY

The diagram in Figure 4.9 illustrates the structure of re-
search and technology development that will be driven by
the framework provided by the Roadmap. The structure of a
research program that will develop novel technologies must
be carefully considered. Using the technology Roadmap as a
framework, the sequence of technical qualification of re-
search, followed by laboratory-scale experimentation, then
pilot-scale evaluation, and finally demonstration must be
carried out for each technology thrust area.

The implementation of novel technologies in a tight fi-
nancial market requires that any new technology be com-

BOX 4.2
R&D Thrust Areas: Thermal Technologies

Near-Term Thrust Areas
• Hybrid—Membrane and thermal to reduce waste

stream
• Development of solar ponds for energy and

concentrate management
• Enhanced evaporation
• Renewable energy (in small communities)—

Geothermal, solar, wind, biomass
• Water harvesting from air
• Membrane distillation
• Forward osmosis

Long-Term Thrust Area
• Clathrate sequestration
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BOX 4.3
R&D Thrust Areas: Concentrate Management Technologies

Near-Term Thrust Areas
• Develop science-related, concentrate-specific

regulations for dispersion modeling of mixing
zones and ion imbalance for surface water
discharge R&D project

• The biology of salty water, including understanding
environmental impacts, using bacteria for beneficial
treatment, etc.

• Research into engineered ecology and bioengineer-
ing to discover how to engineer disposal so that at
least it does not harm ecosystems and, if possible,
benefits them

• Natural analogues to current treatment

Long-Term Thrust Areas
• Create a “superconcentrate” technology—

complete solidification of residuals and 100 percent
recapture of water

• Explore beneficial uses of concentrate including
irrigation, farming, solar pond, cooling water,
manufacturing, agriculture, repair of dead-end
stagnant canals, energy recovery, artificial wet-
lands, recreations, halophilic irrigation, aquaculture

• Decentralized (point-of-use) treatment and
recycling as a way of managing concentrate

• Cross-cutting: develop methods of immobilizing or
sequestering the concentrate stream

• Cross-cutting: develop beneficial uses for the
concentrate stream to improve the economics of
disposal for zero liquid discharge (ZLD) processes

BOX 4.4
R&D Thrust Areas: Alternative Technologies

Near-Term Thrust Areas
• Capacitive desalination
• Nanotubes or large surface areas
• Current swing sorption
Long-Term Thrust Areas
• Biomimetic
• Active membranes, biological sensors/signaling

capabilities
• Ion sorption
• Sodium pump, biomimetic
• Advanced membranes, separation
• Porcelain, thin-film, biologic, bioreactors
• Magnetics
• Nanotechnology (active or smart membranes)
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FIGURE 4.9 Structure of the research and technology development.

pletely proven in order to achieve its full deployment. Com-
pletely proving a new technology requires that this technol-
ogy proceed through the demonstration stage. By carrying
only the most promising research to the next and more costly
levels, a cost-effective research program is constructed.

The other part of desalination that ends up being a prob-
lem is that we function in an environment where the rates of
return are incredibly small. We have single-digit rates of re-

turn for most water utilities. The end result is that when you
think about how it is that we are going to get new technolo-
gies deployed, you need to, as part of some kind of govern-
ment program, establish some method of assisting with the
deployment of new technologies.

In the low-risk, low-reward environment, there is little
driving force for utilities to try field processes on their own.
The end result is that the only way you get a lot of new
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technologies in the field is by having demonstration projects.
The program that we have been trying to move forward with
the government, with both congressional and administration
support, is to have a demonstration facility that actually helps
with this high end of moving the technologies to the field,
which implies that there is a huge amount of work that goes
on underneath that.

Figure 4.10 provides a view of the comprehensive imple-
mentation strategy. The Roadmap actually sits in the upper
left-hand corner, where new technologies are developed.
Activity is also needed that deals with characterizing the re-
source. Many implementation issues such as owners’ rights,
states’ rights, and regulatory issues must be dealt with. The
whole idea of commercializing a new venture requires an
additional level of interaction. To deploy any of these strat-
egies on a global scale, they will have to be advanced through
the process.

Create new technology
• Research & Development
• Pilot-scale testing
• Cost evaluation
• Upscaling

Address implementation issues
• Address rights/ownership issues
• Address environmental issues
• Address regulatory issues

Commercialize and implement
• Educate water- -use communities
• Support early implementation
• Create/expand manufacturing base
• Create/expand the A&E base

Characterize the resource
• Map saline water resources
• Model saline water extraction
• Characterize chemical conditions

Collaborate at global scale
• International technology development
• International water needs

Coordinate
Integrated 
Strategy

DISCUSSION

Changing Technologies

Don Burland, of the National Science Foundation, re-
marked that the discontinuity illustrated in Figure 4.1 is
caused by changing technologies. He wondered if Dr.
Hinkebein knew of any technologies that can bring the tra-
jectory down in that way.

Dr. Hinkebein said such potential future advancements
will be in the area of cross-fertilization technologies cur-
rently in existence for other applications. These technolo-
gies are now being looked at for water applications. He said
that broadly examining all separation technologies many lead
to solutions for the future.

 In particular, Hinkebein thought recent advances in un-
derstanding the nanometer scale might bring such improve-
ments. He said that when you start to look at the energy

FIGURE 4.10 Integrated implementation strategy
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requirements to move water through a RO membrane, there
is a minimum amount of energy required. Currently this is
only about three to five times the minimum energy in the
typical RO membrane. Therefore, there is still room for
growth, but the methods to make that growth occur will have
to be evolutionary in scope, and not revolutionary.

Dr. Hinkebein also said that with nanotechnology, it be-
comes possible to move ionic species very small distances.
This presents the potential for separating fresh water and
concentrate in a different kind of environment where the
minimum energy is constrained only by how small the flow
field can be made.

Escalating Costs

Tom Dillion, of Science Applications International Cor-
poration (SAIC), wanted to know how the escalating cost of
energy might affect the future of this technology.

Dr. Hinkebein replied that if the cost of energy and the
state of the environment stay relatively stable, RO could be
made more efficient. He said that scenario was presented
here. The other scenario is one in which the cost increases as
you go forward in time. You try to make the same kind of
improvements, recognizing that future costs are not going to
look as they do on the continuation scenario.

Disposal Issues

Tom Dillion, of SAIC, was also interested in specific
solutions for dealing with brine issues in Southern Califor-
nia.

Relative to concentrate disposal, Dr. Hinkebein said that
there are a couple of issues in Southern California. For fa-
cilities that are located on the sea, where you have in essence
a huge source of saline water and a huge sink of saline water,
the primary issues that have to be addressed are the regula-
tory issues of how to meet the required concentrations and
conditions when we send our rejected water back to the sea.

Dr. Hinkebein discussed brine disposal issues from when
he worked on the Gulf coast. He said that the EPA required
that brine be deposited about 7 miles offshore so that there
would be at least 500 m of ocean or water above the point of
discharge.

A similar exercise could be done on the West Coast, Dr.
Hinkebein said, and it would be at a small cost—slightly
higher than the cost of disposal. He said that it would be
about a penny additional cost and in the global scheme of
things this would be negligible.

RO Implementation

Fareed Salem, of ConocoPhillips, congratulated Dr.
Hinkebein on developing the Roadmap. He felt it was greatly
needed. He also pointed out that the current status of desali-

nation is due to U.S. government-funded research that started
in the 1960s. Mr. Salem said that despite the fact that a lot of
RO needs are overseas, he did not feel that other govern-
ments, at least those who greatly need this technology, have
invested in basic development or in putting together a
Roadmap like the one presented here.

Mr. Salem also gave some words of caution about the
water industry. He said that it is very conservative and when-
ever a new technology comes along it takes a long time be-
fore it gains acceptance. He said he hoped that equal weight
would be given to the implementation of these technologies
as well as to the risks associated with the acceptance of newer
technologies.

Dr. Hinkebein agreed that barriers exist in implementing
and accepting new desalination technologies. He gave an
example of an energy recovery system that a company had
difficulty placing within continental U.S. boundaries. He
said that even though the company demonstrated the effec-
tiveness of the system in field tests and a variety of other
applications, no place would take the risk of putting that tech-
nology in its plant and no funding was available from the
standard mechanisms in the United States. Dr. Hinkebein
said the company ended up going offshore to gain the neces-
sary operational experience to bring the technology back to
the United States and sell it. He said this is a very common
problem, and it is one that is recognized as a huge impedi-
ment to getting new technology in the field.

Definition of Desalination

Eli Greenbaum, of Oak Ridge National Laboratory,
wanted a clarification of the definition of desalinated water,
in terms of percentage salt reduced.

Dr. Hinkebein responded that there are many answers to
this question. He said that in general, desalinated water is
one that meets the objective or the stated need of the water.
For example, if the need is to meet drinking water secondary
standards, the secondary standards for sodium chloride are
about 500 mg NaCl per liter.

Dr. Greenbaum further wanted to know what percentage
reduction that would be from the starting amount.

Dr. Hinkebein said that it depends. If the water source is
inland brackish material it would be about 25 percent of the
starting point, or in starting with seawater it would be about
a 95 percent reduction.

Dr. Greenbaum additionally wanted to know if the factor
of three to five in energy that was mentioned early was from
the minimum energy of separation (mixing).

Dr. Hinkebein responded that the reduction is from the
osmotic pressure that is required to drive the water through
the membrane with a certain salt concentration. He said that
it depends on the molal concentration of each species in the
water.
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RO and Power Plants

Tom Torre, of Accumulated Technologies, commented
that desalination plants being proposed in San Diego are tak-
ing an alternative approach to the disposal issue by working
with power plants. He said that this is beneficial for two
reasons. The hot water coming from the plant gets used,
which means improved efficiency in the RO system, and the
amount of concentrate going into the outflow is negligible.

Mr. Torre emphasized that the water business is very con-
servative. He felt that it would be difficult to get enough
return on investment to get private industry to do much. He
said that as someone pointed out earlier, it was the situation
in Iraq that actually pushed the technology along.

Dr. Hinkebein said that he agreed and explained that this
was one of the reasons SNL got involved. As a national is-
sue, SNL recognizes that long-term water supply issues in
the United States represent a destabilizing environment in
which all of us are functioning now. The destabilizing envi-
ronment, both inside and outside the country, is something
that has to be dealt with to make the world a more stable
place. He agreed that the government does not expect pri-
vate industry to do a lot.

Demonstration Projects

Jeff Perl, of Chicago Chem, supported the need for dem-
onstration projects. He said that it would be difficult to con-

vince anyone to go forward without demonstrated effective-
ness and economic viability.

Mr. Perl said that another related area includes turndown
ratios using environmental “pump-and-treat” projects. He
talked about Dr. Hinkebein mentioning that oil fields have a
7-to-1 turndown ratio and that with pump-and-treat the ratio
is infinity to one. He said that essentially all of the water
being pumped out of the ground is water with a very small
level of contaminants. He said that EPA has a very nice test
bed testing program with the Department of Defense (DOD),
the Environmental Security Testing Program, and others. He
wondered if Dr. Hinkebein had looked at teaming up with
the EPA to demonstrate the improvements. He also wanted
Dr. Hinkebein to comment on the pump-and-treat water gen-
erated.

Dr. Hinkebein responded that relative to teaming with the
EPA, the next stage of this process is the development of a
strategy that includes pairing up with a number of partners.
He said that all of the work that EPA, DOD, and DARPA are
doing is definitely part of the issue. The Nuclear Regulatory
Commission, Army Corps of Engineers, and others will be
among the future partners involved. Probably some of the
biggest groups to get involved are industry research founda-
tions such as the American Water Resources Association and
National Water Research Institute.
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INTRODUCTION

Hydrophobic organic compounds, such as polycyclic
aromatic hydrocarbons (PAHs) and polychlorinated biphe-
nyls (PCBs), bind strongly to sediments. They can thus serve
as a long-term source of contaminants in water bodies and
biota long after the original source has been removed. Ad-
vances in analytical techniques make it possible to measure
even the smallest amount of anthropogenic contaminants
present in sediment. Yet the ability to relate sediment con-
centrations to water quality, biological availability, and toxi-
cological effects is hindered by inadequate understanding
of the binding and release of the contaminants in sediment.
The inherent heterogeneity of sediment makes it difficult to
describe in terms of bulk sediment physicochemical param-
eters such as total organic carbon content, surface area, and
particle size distribution. Management of sediments and the
control of sediment contaminants are among the most chal-
lenging and complex problems faced by environmental en-
gineers and scientists and will become increasingly more so
as other organic contaminants enter the environment in
greater quantities.

SEDIMENT CHEMISTRY AND BIOUPTAKE

Sediments typically consist of a few weight percent of
organic matter and minerals. The organic carbon environ-
ment acts as an attractor or accumulator of hydrophobic com-
pounds, such as PCBs. Organic carbon fraction is thus taken
as a measure of the sorption capacity for regulatory purposes.
This enables normalization of the aqueous equilibrium rela-
tionship for sediments containing different amounts of or-
ganic carbon. However, organic carbon in sediment comes
in different forms that may have very different sorption ca-
pacities for hydrophobic organic compounds. In addition to
natural sources such as vegetative debris, decayed remains
of plants and animals, and humic matter, sediment organic

carbon is also derived from particles of coal, coke, charcoal,
and soot that are known to have extremely high sorption
capacities. A comparison of reported organic carbon-normal-
ized phenanthrene partition coefficients (Koc) for different
sorbents is shown in Figure 5.1. These data indicate that hy-
drophobic organic compounds associated with soot- or coal-
type carbon may be orders of magnitude less available in the
aqueous phase than those associated with natural organic
matter in soils and sediment.

As discussed previously (Ghosh et al., 2003), several
groups have carried out work indicating the possible impor-
tance of soot carbon in sorption processes. For instance, it
was shown that elevated PAH partitioning in sediment
samples could be explained on the basis of the soot carbon
content and known high PAH sorption capacity of soot. It
was concluded that sorption of PAHs on soot-phase carbon
in sediments may impact in situ bioavailability of PAHs. It is
not clear though from any of the studies conducted whether
natural organic matter or black carbon in sediments com-
prises the predominant repository of hydrophobic contami-
nants such as PCBs and PAHs. However, in earlier work
(Ghosh et al., 2000), it was found from direct analysis of
separated fractions and particle-scale microanalysis that the
majority of PAHs in sediment are associated with coal-de-
rived particles and that these PAHs are strongly bound, un-
available for biological treatment, and unavailable for up-
take in earthworms.

More recently the particle-scale understanding of PCB
and PAH distributions in sediments has been extended by
comparing sediments from three different geographical lo-
cations and by illustrating the effect of PAH association with
particle types on bioslurry treatment (Figure 5.2). When sedi-
ments were sampled from Hunters Point in San Francisco
Bay, an area with high PCB concentrations, the sediment
was carefully analyzed and compared with that from the
other areas. Once again, coal, char, wood, charcoal, and other
carbon-containing compounds were found. It was found that
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such material in sediments from the field tended to bind or
accumulate PAHs and PCBs (Ghosh et al., 2003).

It was further found that for Milwaukee Harbor and
Hunters Point, the lighter-weight coal, charcoal, wood, and
particulate organic carbon comprised a small percentage of
the sediment; about 5-6 percent (or 7 percent by weight). It

was in this small percentage of organic carbon that two-
thirds of the PCBs analyzed for were found. It appears that
over a period of time perhaps decades, PCBs naturally un-
dergo a repartitioning process to the material in sediment.
There is no indication that the PCBs and that material were
co-disposed; rather over a long time, PCBs tend to accumu-
late with this material, strongly bond, and become less
bioavailable.

These results suggest a new way of dealing with these
contaminants and sediments, taking advantage of an ability
to change the chemistry. Perhaps, the bioavailability of these
hydrophobic compounds depends on the particle type to
which they are bound, and the bioavailability can be changed
by adding sorbent carbonaceous particles. Thus, the new
strategy is to manage contaminated sediments using in situ
stabilization.

ORGANIC SEQUESTRATION AND
BIOAVAILABILITY CONTROL

This greater understanding of the interactions of or-
ganic contaminant with sediments may enable improved
methods of sequestering and controlling the bioavail-
ability of those contaminants. Removal of these contami-
nants can pose significant problems because such efforts
often lead to additional release of contaminants into the
aqueous environment. An excellent example of this is
Lauritzen Channel, a Superfund site in Richmond Har-
bor, San Francisco Bay, that was contaminated with DDT
(dichlorodiphenyltrichloroethane) over many years. Al-
though the site was dredged as part of a Superfund site
cleanup, postremediation monitoring found that unac-
ceptably high levels of pesticides remain in Lauritzen
Channel.

One possible approach to more effectively address the
presence of organic contaminants in sediments is to change
the chemistry of the sediment—not to destroy the com-
pounds in situ, or dig them up and haul them off somewhere
else—in order to change the bioavailability of the contami-
nants. This approach involves adding activated charcoal to
sediments to prevent organic contaminants from entering the
aqueous environment.

Absorption Efficiency Tests

Activated carbon is used in water treatment, but never
before was it thought that adding activated carbon to sedi-
ments would achieve any benefit. The effect of activated
carbon on sequestration of organic contaminants in sedi-
ments was tested here using benthic organisms indigenous
to the San Francisco Bay (Figure 5.3). Clams (Macoma),
worms (Neanthes), and arthropods (Leptocheirus) were each
added to separate, activated, carbon-treated sediment
samples from Hunters Point.

The results of the clam tests show that for sediment treated
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FIGURE 5.1 Organic carbon-normalized partition coefficient for
phenanthrene for different types of organic carbon. SOURCE:
Ghosh et al. (2003).

FIGURE 5.2 Distribution of PCBs in sediments.
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for one month there was a 69 percent reduction in
bioaccumulation of PCBs. This result is quite dramatic and
demonstrates that by adding carbon to sediment, PCBs are
repartitioned in such a way that they are no longer
bioavailable. Similar results were obtained for Leptocheirus
and Neanthes.

In a set of complementary tests, particles with varying
amounts of particulate organic carbon were spiked with ei-
ther benzo[a]pyrene or tetrachloro-PCB and then fed to
clams (Figure 5.4). These were short feeding studies in which
clams were fed individual particles and then watched to see
what was ingested and where the PCB went. That is, the
amount of PCB retained versus the amount that passes
through the clam is measured. These are called absorption
efficiency tests with a PCB or benzo[a]pyrene spiked onto
the particle and fed to the clams for eight hours.

In these tests, carbon was ground down to about 20 mm,
and clean diatoms were added to mark the start of eating.
The clams were fed for eight hours on four separate days.
Then a mass balance was calculated to determine how much
PCB was retained in the clam and how much appeared in the
feces of the clam. When you do that and normalize the data
relative to absorption efficiency by diatoms you obtain a rela-
tive bioavailability or relevant absorption efficiency. For
clams the absolute number was about 90 percent, but dia-
toms were also measured on every test for consistency from
test to test. The results of the benzo[a]pyrene or the
tetrachloro-PCB on activated carbon show that when the
clam ingested an activated carbon particle with PAH or PCB
on it, it passed right through. Only 1-2 percent of the con-
taminant was retained. This indicates that the bioavailability
of the contaminant is negligible.

Aqueous Equilibrium Tests

Figure 5.5 shows the aqueous equilibrium concentrations
of PCBs in the presence of sediment from a shipyard in San
Francisco that has been either untreated or treated with acti-
vated carbon. The results of the study show that after treat-
ment for one month there was about 90 percent reduction in
PCB concentration. Thus, the effect seems to be apparent
relatively quickly.

A biomimetic device for uptake of contaminants in or-
ganism lipids was created from a polyethylene bag filled with
fish lipid immersed in a vial containing sediment. The bag
was allowed to be in contact with the sediment a period of
time. Together with others like it, this is an interesting
screening tool and has proven very useful for characterizing

FIGURE 5.3 Species comparison of PCB bioaccumulation reduc-
tion.
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FIGURE 5.5 Aqueous equilibrium tests of PCBs in sediments
treated with activated carbon.
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sediments and natural waters. This study showed that there
was a 73-77 percent reduction in the uptake of PCBs with
treatment with carbon.

The combined results of all these tests (including some
not described here) such as bioaccumulation in three differ-
ent organisms, aqueous concentration, and absorption effi-
ciency by clams, suggest that it is possible to change the
bioavailability of a compound. The next steps are to look at
chemistry and bioavailability and the linkages between the
microscale (particle) and the macroscale (food web) pro-
cesses.

LAMPBLACK-IMPACTED SOILS

Another example of contaminant-solid interactions in-
volves recent work (Hong et al., 2003) with California Oil
Gas site samples. Before natural gas was distributed in Cali-
fornia, gas was made by gasifying oil, and there are many
old gas plant sites around the state. The oil would be cracked
to obtain methane and a solid residue would remain. Some-
times the residue could be used as fuel and sometimes it was
buried on-site.

There are a number of these plants in California, and
samples from five different sites were investigated. Large
amounts of PAHs were found in this material ranging from
thousands to tens of thousands of milligrams per kilogram
PAH (Table 5.1).

It was also found that the PAHs vary in their
bioavailability. When partitioning studies were done, in
looking at what PAHs will be solubilized in water when in
contact with some of that material, the lampblack residuals
seem to fall into two distinct levels, one high and one low.
This is quite interesting because these samples at the low
level will pass the California Environmental Protection

TABLE 5.1 Sum of 16 U.S. Environmental Protection Agency Priority Pollutant PAHS, Extractable
Oily Matter (Oil and Grease), and Total Organic Carbon Content of Study Lampblack-Impacted Soils
and Fisher Lampblack

Total PAHs Oily Matter TOC Lampblack % of Total PAHs on
(mg/kg)a (wt %) (wt %) Fraction (wt %) Lampblack Fraction

Fisher LB 700 0.1 100 100
CA-5 1,410 1.5 14 22 96
CA-2 8,350 4.9 71 65 100
CA-17 12,700 3.9 47b 53 95
CA-18 17,600 4.9 50 62 81
CA-10 35,200 9.1 94 84 99

amg/kg soil for the five field soil samples and mg/kg lampblack for the Fisher lampblack.
bReported by Steven B. Hawthorne, University of North Dakota.

SOURCE: Hong et al. (2003).

Agency risk base screening levels for drinking water sources,
while the higher level will not.

To determine what was happening, nuclear magnetic reso-
nance (NMR) was used to characterize the lampblack mate-
rial. NMR data indicated that the material is 100 percent
aromatic. It thus will tend to bond PAHs very strongly as
long as there is no residual oil. Aromatic oil also comes from
this material as long as the concentration is not too high.
There thus seems to be a competition between adsorption on
the lampblack (high) and absorption on the aromatic oil (low)
(Figure 5.6).

FIGURE 5.6 Aqueous equilibrium concentrations of PAHs for the
six study materials as measured by the air-bridge technique.
SOURCE: Hong et al. (2003).
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BIOAVAILABILITY OF CONTAMINANTS IN SOILS AND
SEDIMENTS

To address this bioavailability issue, a committee com-
missioned by the National Research Council’s (NRC’s)
Water Science and Technology Board undertook a two-year
study to understand the bioavailability of contaminants in
soils and sediments and released its report entitled
Bioavailability of Contaminants in Soils and Sediments: Pro-
cesses, Tools, and Applications (NRC, 2003).

The committee looked at definitions of bioavailability and
current use of soil sediment risk management; addressed the
physical, chemical, and biological processes comprising the
science of bioavailability; assessed measurement tools; and
determined how to move forward in regulation.

In terms of the definition of bioavailability, it is thought
of as the physical, chemical, and biological processes that
affect exposure of organisms to contaminants and uptake of
contaminants. Bioavailability processes in soil or sediment
include release of a solid-bound contaminant and subsequent
transport, direct contact of a bound contaminant, uptake by
passage through a membrane, and incorporation into a living
system.

One finding from this study was that bioavailability pro-
cesses are embedded within human health and ecological
risk frameworks, but they are often unclear and hidden.
These biological processes are physical and chemical and
therefore, in principle, can be measured, described, and mod-
eled. This is important because such information leads to
mechanistic understanding, and in order to manipulate
bioavailability, mechanistic understanding is essential.

Ecological Risk

In order to move the kinds of technologies talked about
here for managing sediments into the field, it will be neces-
sary to obtain better mechanistic knowledge at the field scale.
This requires expertise of ecologists who know about feed-
ing processes, particle ingestion, and so forth. Quantitative
models of fish are also needed to predict the impact of clean-
ing up at places such as Hunters Point in Alameda, Moffet
Field, and Mare Island.

Bioavailability Tools

There are many sophisticated physical, chemical, and bio-
logical tools available for the critical analysis of
bioavailability. Analytical tools such as X-ray absorption
spectroscopy or microscale double laser mass spectrometry
have been used to locate and identify PAHs in sediment
material. Biological tools are used to evaluate the entry of a
contaminant into living organisms without measuring pro-
cesses A-C. However, the NRC committee’s view of this
was that there is little consensus about optimal approaches

for measuring bioavailability. The absorption efficiency test
described earlier is mechanistic and is a controlled experi-
ment. It provides useful information, but it still must be vali-
dated with field materials. Thus, each kind of test will have
its limitations. In the committee’s report (NRC, 2003), a table
is provided that specifies generic strengths and limitations of
many of the currently available tools. The criteria used to
evaluate the tools reflect the committee’s opinion that
mechanistic approaches (which determine the form and as-
sociations of a contaminant) have the greatest potential for
ultimately defining bioavailability processes and narrowing
uncertainties.

The regulators and industry, on the other hand, tend to
prefer simplified operational tests such as extractions which
are shortcuts that study mechanistic processes (e.g., equilib-
rium partitioning) or estimate bioavailability indirectly (e.g.,
toxicity bioassays). However, these tests lack explanatory
capability and have limited applicability. What is needed are
mechanistic approaches that will elucidate contaminant form
and association.

However, mechanistic approaches are less applicable at
present. The way to build consensus on methods to measure
reduction of bioavailability, as demonstrated earlier, is to
follow multiple lines of evidence that will help us move for-
ward and eventually lead to pilot studies (i.e., adaptive man-
agement). The NRC (2003) committee on bioavailability is a
proponent of adaptive management, experimenting with
tools and models. The committee did not recommend a na-
tional policy, but rather recommended that various experi-
ments be tried in the field and those results used to develop a
common systematic approach. Investment is necessary to
gain this kind of mechanistic understanding and models.

ROLE OF REGULATORS

During the work carried out and presented in this paper, it
was very important to work closely with the EPA, the Cali-
fornia Department of Toxic Substance Control, and the Re-
gional Water Quality Control Board from the beginning. On
the sediment work at Hunters Point, all of these groups are
advised on the studies taking place. It is important to ask
regulatory agencies what they think about the tests being
conducted. Is something being overlooked? Some things
might appear interesting to a professor, but one might be
missing something that would be a “show stopper.”

CONCLUSION

In the end it all comes back to chemistry. Chemistry plays
a central role in all that has been described here. Chemistry
has to go along with engineering, geosciences, biology, and
toxicology. In order to reckon with and make progress on
these complex problems such as PCBs in San Francisco Bay,
this convergence of disciplines is essential.
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DISCUSSION

Hudson River Cleanup

Parry Norling, of RAND (now at the Chemical Heritage
Foundation), asked if Dr. Luthy’s research can be used to
reverse the decision or to modify what will be done for
cleanup of the Hudson River.

Dr. Luthy thinks that some experiments could certainly
be carried out. There will be some hot spots in the Hudson
that should be removed, and there is also a lot of sediment
with low concentration of PCBs, where his research will
probably play a big role. The approach will be to supplement
what is done now, remove the hot spots, and then use his
strategy afterwards or in conjunction with some capping. He
thinks the strategy to dig up the Hudson and put it on the
shore nearby communities such as Troy, New York, that do
not want it will not achieve a desirable result.

Physical Transport Processes

Tim Shaw, of the University of South Carolina, congratu-
lated Dr. Luthy on his nice work. Mr. Shaw liked the idea of
adding the mediating compounds but wondered if physical
transport processes have been examined. One of the big po-
tential problems with this would be if the mediating com-
pound was transported separately from the fine-grain sedi-
ments that contain the contaminants.

Dr. Luthy agreed and noted that the question is along the
lines of what the hydrodynamics are and how one would get
the compounds down there and make them work in the field.
In a place like Hunters Point, people think that a certain size
particle would be needed that would have some hydrody-
namic characteristics similar to the material that is present
there. It seems plausible that if hydrophobic organic com-
pounds were put in an inch or two of sediment, they would
not move. If there was clearly a high-energy site; however,
these particles would be flushed away. There are some ex-
ceptions such as Seaplain in Alameda, where it is quiescent,

in which the compounds could probably just be thrown in
there. The behavior of the particles is very important, how-
ever, in most cases.

At a sediment conference in San Diego in April, some
people from EPA were interested in adding to caps, putting
clean sand down on top of the contaminated sediments.
Along this line, activated carbon could be added to the sand
and then there would not only be a diffusion barrier, but an
active trap as well.

Removal of PCBs

Tom Troyer, of King Lee Technologies, said that PCBs
are very hard to destroy. Now that it is better known where
they are sequestered, he wondered if this leads to any possi-
bility of using in situ destruction.

Dr. Luthy said that PCBs would be attracted to the car-
bon, and if iron were present it could reduce PCBs through
reductive dehalogenation, and perhaps convert them to bi-
phenyl, which would be degraded. He was not sure if the
process would work in situ or if other things would compete
with the zerovalent iron. He also wondered whether this
might affect any really slow process of biological
dehalogenation through microbes.

Tom Dillion, of Science Applications International Cor-
poration, stated that he was involved about 25 years ago in a
government program to remediate very low level radioac-
tively contaminated sites. The program’s issue was removal
or stabilization. Typically, the stabilization would cut the
health effects by a thousand compared to removal and was
somewhere between a hundred thousand and a million times
more cost-effective. However, removal was always chosen.

Dr. Luthy responded that this is why it is important to get
people like Ned Black and Fred Hetzel from the regulatory
agencies engaged early on. Ned Black of the biological tech-
nical assistance group at EPA Region 9 has told him that
nobody wants the PCBs there and yet they do not want them
removed either. Dr. Luthy said that once dredging is started,
it can create a big mess and become impossible to deal with.

DDT-Contaminated Sites

Vasilios Manousiouthakis, of the University of Califor-
nia at Los Angeles, asked Dr. Luthy to comment on the ef-
fectiveness of similar approaches for DDT-contaminated
sites, such as the one in Palos Verdes.

Dr. Luthy did not know about Palos Verdes but stated
that his group is now working on the Richmond channel.
Richmond is a place where there was dredged DDT-con-
taminated sediment, new sand, and then new contaminated
material on top of that. The chemistries of PCBs and DDT
are not very different. DDT will undergo a slight transfor-
mation, but basically it is a hydrophobic compound and will
probably be affected like PCBs.
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Kinetics

Don Phipps, of the Orange County Water District, asked
if the kinetics of absorption were relatively rapid and also
wondered if one could consider building or using this mate-
rial in a pillow-type format that could be put in contact with
the sediments. The material would take up PCBs slowly and
after a period of time could be replaced and recycled.

Dr. Luthy responded that mats can be put down but he has
not investigated this area. In the work that his group has
done, modeling shows that there are kinetics of uptake by
carbon and diffusion through pore water. When things are
well mixed, the release from the particles is limiting. There
is a rapid release from the mineral fraction, but there is also
coal and other material there. It will transfer to the carbon,
like a solid-phase diffusion process.

Mr. Phipps pointed out that it may not be really practical
to have this diffusion over a large area, but in a fairly small
region the contamination is by diffusion into the water. If
contamination is over a large area it may be possible to build
a renewable cap and then slowly recover it that way. It would
be like digging up the sediments without actually digging
them up.

Carbon Treatment Concentration

Mark Matsumoto, of the University of California at Riv-
erside, asked why only one concentration of carbon was used
and if there is any way to determine the differences in the
way the sediment and the activated carbon capture the con-
taminants..

Dr. Luthy said he started this work with support from
DOD and some from Forbes, Stanford, and the Bioex Pro-

gram. The first part of this work was to show that it is not
harmful and that it is effective. For the starting dose of car-
bon, his group decided to double the total organic content
(TOC) of the sediment.

In current work, they are halving and even going to a
tenth of what they previously used. What the modeling
shows is that if half this dose of carbon is set equal to the
TOC, essentially the same results are obtained. When about
a tenth of this dose is used with this sediment, higher con-
centrations result, approximately 1 percent by weight.

Steve Cabaniss, of the University of New Mexico, asked
why the modeling shows that going to one-tenth will result
in higher aqueous concentration.

Dr. Luthy replied that a higher concentration is being put
on the carbon per unit weight. If it is sent to an absorption
isotherm, higher concentrations of carbon yield higher aque-
ous concentrations. The capacity of carbon has not been ex-
ceeded, but more is put on the carbon per unit weight.

Fouling

Jay Means, of Western Michigan University, asked if
Dr. Luthy had looked at any change in the efficiency of trans-
fer as a function of fouling with biological films.

Dr. Luthy responded that his group has done studies for
as long as six months and found that fouling improved with
time. There would be other issues if other materials in the
sediment could absorb and displace PCBs. This carbon will
probably pick up some humic molecules from the sediment
and become sticky or gummy, slowing any further uptake as
seen in water treatment. He said it takes a long time for this
to appear in water treatment.
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INTRODUCTION

Most of the phytoplankton present in surface waters is
composed of algae (Palmer, 1959). The diversity of re-
sponses or adaptations to changes in light intensity observed
in microalgae suggests that these microorganisms are able to
live in a variety of habitats. Seasonal changes in the avail-
able light habitats are related to seasonal algal succession
patterns (Richardson et al., 1983).

Chlorophyll a fluorescence induction curves reflect the
efficiency of energy conversion in Photosystem II (PS II)
reaction centers (Krause and Weis, 1991). As a result, they
can be used as indicators of the physiological state of algal
cells. The ratio of variable to maximal fluorescence
(Fv/Fmax), defined as the maximal fluorescence minus the
minimal fluorescence divided by the maximal fluoroscence
(Fmax – Fs)/Fmax), is equal to the quantum yield of Photosys-
tem II. It can be calculated from fluorescence induction
curves of photosynthetic tissue that is illuminated by a satu-
rating flash of light (Schreiber et al., 1994; Falkowski and
Raven, 1997).

Since the introduction of the pulse amplitude modulation
(PAM) measuring technique and the saturation pulse method
in 1986 (Schreiber et al., 1986, 2002), chlorophyll fluores-
cence parameters have been very useful in ecotoxicological
studies. Very recently, a dual-channel chlorophyll fluorom-
eter called the ToxY-PAM was introduced for the detection
of toxic substances in water (Schreiber et al., 2002). The
authors reported detection of the urea-based herbicide Diu-
ron in very small concentrations. The sensitivity was below
the 0.1-µg/L detection limit for a single toxic substance in

water as specified by the European Commission drinking
water regulation.

The purpose of this paper is to describe proof-of-prin-
ciple experiments that led to AquaSentinel, a continuous
water monitoring system in the field of homeland security.
The system uses naturally occurring photosynthetic micro-
organisms as biosensors for the detection of chemical an-
tagonists in primary-source drinking water. Among the toxic
compounds tested were potassium cyanide (KCN), methyl
parathion (MPt), Diuron (DCMU), and Paraquat. Hydrogen
cyanide has an odor characteristic of bitter almonds and is
completely miscible in water. In this study, the water-soluble
salt KCN was used. The cyanide ion is an extremely toxic
and fast-acting poison. MPt is an organophosphorus insecti-
cide and a cholinesterase inhibitor that is structurally and
functionally similar to the chemical warfare agents classi-
fied as nerve agents. Severe exposure of humans and ani-
mals can lead to convulsions, unconsciousness, cardiac ar-
rest, and death. DCMU is a substituted urea-based herbicide.
It is a nonionic compound with moderate water solubility.
The U.S. Environmental Protection Agency has ranked
DCMU fairly high (i.e., as a Priority B chemical) with re-
spect to potential for groundwater contamination. Paraquat
is a herbicide that is highly soluble in water. Death is usually
due to progressive pulmonary fibrosis and epithelial prolif-
eration in the lungs (Guidelines for Canadian Drinking Wa-
ter Quality, 1996).

EXPERIMENTAL

Studies were performed using “as-is” freshwater samples
and their naturally occurring populations of phytoplankton.

Fluorescence Measurements and Toxic Agents

Figure 6.1 illustrates the successive stages of data acqui-
sition and analysis for fluorescence induction curves by
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AquaSentinel. In a similar laboratory setup with a Walz XE-
PAM fluorometer (Heinz Walz GmbH, Effeltrich, Ger-
many), the standard fluorescence cuvette in the fluorometer
was replaced with a flow-through model (Hellma Cells, Inc.,
Model QS-131, Plainview, NY). The cuvette inlet was con-
nected to a glass-bottle reservoir that contained the water
samples, and the outlet drained to waste. The system is de-
signed to mimic the flow of river or lake water through the
fluorescence detection system. This experimental arrange-
ment allowed continuous monitoring and replacement of
water samples in a manner similar to that for the contem-
plated operation of a real-world biosensor system. Fluores-
cence induction curves were measured before and during
exposure to toxic agents. Fluorescence excitation and emis-
sion wavelengths were 660 and 685 nm, respectively. A halo-
gen lamp actinic light source illuminated the cuvette at an
intensity of 500 µE·m–2·s–1 via a fiber-optic cable through
direct connection to the cell chamber.

Fluorescence induction curves were recorded every 5
minutes, and data collection for each curve was completed
within 10 seconds. Data extracted from the fluorescence in-
duction curves were used to calculate Fs, Fmax, Fv (variable
fluorescence = Fmax – Fs), and the efficiency of PSII photo-
chemistry (Fv/Fmax). A 200-mL water sample was placed in
a jacketed reservoir. The sample was stirred continuously
and maintained in darkness with a black cloth. The reservoir
was connected to the flow-through fluorescence cell with

flexible tubing. To obtain a homogeneous sample before
each recording, the volume in the fluorescence cell was re-
placed three times. After control data were collected, the
volume in the reservoir was adjusted to 100 mL and the toxic
agent was added. The toxic agents were prepared as stock
solutions prior to addition to the reservoir and were injected
directly into the top of the vessel and immediately mixed
with the sample. Spent samples were drained into a waste
bottle. Upon arrival in the laboratory from collection sites at
the rivers, the water samples were kept under a fluorescent
lamp at an illumination of 50 µE·m–2·s–1 until use.

RESULTS

Experiments were performed with field samples drawn
from the Clinch River at Clark Center Recreation Park in
Oak Ridge, Tennessee. The Clinch is the main source of
drinking water supply for the city of Oak Ridge. Figures
6.2a through 6.2d show the effect of KCN, MPt, DCMU,
and Paraquat, respectively, on naturally occurring algae from
the Clinch River.

The results shown here demonstrate that naturally occur-
ring freshwater algae can be used as biosensor material for
the detection of toxic agents in sunlight-exposed primary
drinking water supplies. These agents block electron trans-
port, impair light energy transfer, or generate toxic second-
ary photoproducts, all of which provide signals that can trig-

 

FIGURE 6.1 AquaSentinel: a
continuous water monitoring
system using naturally occur-
ring algae as biosensors.
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a database-lookup library containing pertinent data for
healthy algae, this approach to the protection of sunlight-
exposed primary drinking water supplies may be of practical
value under real-world conditions.
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FIGURE 6.2a-d Effect of 2 mM KCN, 20 µM MPt, 10 µM DCMU, and 30 µM Paraquat, respectively, on time-resolved fluorescence signal
of naturally occurring algae from the Clinch River. There is a six-minute delay between collection of the two curves in each plot shown. In
plots a-c, the top curve shows is the normal fluorescence trace of the water sample, while for plot d it is the bottom curve. Time zero is the
initiation of fluorescence excitation of the sample measured.

ger an alarm. Our results showed that the tissue-based
biosensors experienced a decrease in photochemical yield
when exposed to KCN, MPt, DCMU, and Paraquat. A de-
tectable effect was observed in every freshwater sample
tested.

CONCLUSIONS

The data presented in this paper indicate that biosensors
based on fluorescence induction curves of naturally occur-
ring freshwater algae can be used to detect cyanide, methyl
parathion, DCMU, and Paraquat in primary water supplies
under appropriate experimental conditions. In the context of
current state-of-the-art biosensor research, they are unique:
in the case of sunlight-exposed drinking water, the
biosensors occur naturally in the medium to be protected.
When combined with encrypted data telecommunication and
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as part of the studies published in Rodriguez, M., Jr., Sand-
ers, C.A., and Greenbaum, E. 2002. Biosensors for rapid
monitoring of primary-source drinking water using natu-
rally-occurring photosynthesis. Biosens. Bioelectron. 17:
843-849.
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DISCUSSION

Fertilizers and Data Interpretation

Parry Norling, of RAND (now with the Chemical Heri-
tage Foundation), began the discussion with a question about
fertilizers and whether they might interfere with the fluores-
cence signal. He thought that high concentrations of fertil-
izer might stimulate growth of algae and cause a false fluo-
rescence reading.

Dr. Greenbaum responded that while a high concentra-
tion of fertilizer could stimulate a bloom of algae, it would
be a benign effect. He said that with this technology it is
possible to distinguish between changes in fluorescence
emissions that are caused by a malicious act and changes
caused by benign acts. Dr. Greenbaum said that when deal-
ing with primary-source fresh drinking water, the quality of
the water and the quality of the physiological states of the
algae should be relatively constant over long periods of time.

Mr. Norling then asked an additional question regarding
the fluorescence signal shown earlier for the herbicide Diu-
ron. He noticed that in one chart Dr. Greenbaum showed that
the fluorescence signal increased, while in another it de-
creased (data not shown here).

Dr. Greenbaum clarified that what Mr. Norling noticed
was actually a general shift in the line rather than an increase
or decrease. The curvature and shape of lines is measured to

provide a “fingerprint” by overlaying the data. He said that
there are subtle changes that sometimes come from natural
variations in the algae. These must be determined by spend-
ing time in the river, collecting the data, building a database,
and getting a good feel for the natural variance of the algal
population in the water. Dr. Greenbaum said that it would
then be possible to determine the change in the fingerprint
associated with a particular toxin and then determine how
large a variance there is between the standard data, the stan-
dard curve, and the one that is being collected. He said that
how much variance to tolerate before raising a red flag must
be determined. Whether changes in the photochemical effi-
ciency are calculated by computing the Fv/Fmax photochemi-
cal efficiency or a point-by-point comparison of the curves,
he said that it is possible to determine how large a variance
the algae can tolerate. Once that variance exceeds the point
of tolerance, the water can be analyzed to determine the
cause of the variance.

Measuring Algal Metabolites

Dave Layton, of Lawrence Livermore National Labora-
tory, brought up how there are often problems associated
with algal metabolites (taste and odor) in drinking water. He
wondered if this technology could be used to determine the
presence of contaminating algae in the water supply

Dr. Greenbaum responded that this is possible.

Applications for Manufacturing or Industrial Processes

Dave Rea, of DuPont (retired), asked whether this tech-
nology could be applied to looking at variations in effluents
from manufacturing and industrial processes.

Dr. Greenbaum said that depending on the chemical com-
position or nature of the effluents, they should cause the same
types of changes he has demonstrated for the deliberate tox-
ins that might be introduced into water and thus could possi-
bly be used for monitoring industrial waste.

Oligotrophic Systems

Tim Shaw, of the University of South Carolina, com-
mented that a similar technology is used to identify nutrient
limitation in coastal marine systems. He wondered whether
an oligotrophic system that is already in a state of reduced
Fv/Fmax photochemical efficiency might influence the signal
obtained with this technology.

Dr. Greenbaum said that as long as algae are present it
does not matter whether they are growing in nutrient-poor or
nutrient-rich conditions to obtain the signature fluorescence
response. The signal depends on the presence of the chloro-
phyll and the ability of the algae to undergo photosynthesis.
He said that if the algae are growing in the wild, they are
undergoing photosynthesis, and if they undergo photosyn-
thesis, there will be a fluorescence signal to measure.
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Effects of Sudden Changes

Mark Matsumoto, of the University of California at Riv-
erside, wondered whether sudden nonhazardous changes,
such as a spike in salt concentration or temperature, might
influence detection of a hazardous substance.

Dr. Greenbaum replied that for most primary-source
drinking waters, there would never be any spike in salt con-
centration or temperature. There are usually only slow diur-
nal variations. These natural variances are important to in-
vestigate in order to utilize naturally occurring biosensors
such as the algae. He said that in the data collected so far, the
natural diurnal variations occurred with a constant charac-
teristic time that was much slower than the chemical interac-
tions of the toxins with the algae in the water.

Mr. Matsumoto said that he wondered whether such a
situation would give a false positive.

Dr. Greenbaum said that the photochemical efficiencies
did not change in the measurements obtained. He said that
the AquaSentinel technology measures diurnal variation
which can affect photochemical efficiency when the sun is
very strong, but this is a predictable natural diurnal varia-
tion. By looking at the second differential, which departs
from the natural diurnal variations, a red flag goes up to in-
dicate that the system has to be investigated further.

Effects of Water Turbidity

David Krabbenhoft, of the U.S. Geological Survey,
noted that the rivers discussed in this presentation looked
very clear and wondered if more humic or turbid waters
would lead to a loss in signal sensitivity.

Dr. Greenbaum said that the water studied was quite clear
but that it does have some sediment, including bacteria and
other microorganisms. He said that a feature of this technol-
ogy, however, is that nothing in the water fluoresces at 685
nm or has the characteristic time course. To the extent that
particulate matter exists in the water, the signal decreases
simply because of scattering. This means that the absolute
amount of light would go down but the characteristic signal
will not be affected.

Interference from Herbicides

Jay Means, of Western Michigan University, then asked
if a background presence of herbicides such as triazines
might decrease photosynthetic efficiency and raise the de-
tection limits for the target compounds.

Dr. Greenbaum responded that if a body of water demon-
strated a photochemical efficiency of 0.4 for the PS II reac-
tion center, it would be necessary to question whether it
should be used as a source of drinking water in the first place.
He continued to say that when water is clean, there should be
nothing in it that depresses the photochemical efficiency. If

herbicides such as triazines are present, then the water should
not be used as a primary source of drinking water.

However, Dr. Greenbaum said that this technology is not
meant to be used to monitor already-contaminated sources
of water. He said that the technology should be used where
the assumption is that the water is clean from the start. If a
terrorist decides to dump potassium cyanide or methyl par-
athion into that water, then there will be a point of reference
by which to compare the original and current state of the
water. He said that in most cases people are not drinking
water that is so heavily contaminated that the photochemical
efficiencies of the algae that live in the water are already
suppressed. If the water is really bad, algae would not even
be able to grow.

Mr. Means followed up with a comment that two-thirds
of the surface water and probably a third of the groundwater
supplies in the United States are contaminated with triaz-
ines.

Dr. Greenbaum responded that if that was true, the rivers
studied would have indicated this. However, at the concen-
trations present in the rivers, he did not see any adverse ef-
fects of such compounds on the algae.

Application as an Air Sensor

Don Phipps, of Orange County Water District, asked if
this technology might be used in the form of a biofilm of
algae. He said that it should be possible to improve the sig-
nal-to-noise ratio because of the higher concentration of al-
gae. He also said that this would be much simpler and would
make it possible to utilize the technology in both air and
water.

Dr. Greenbaum replied that there is already a company
that makes a kit for culturing algae to produce biofilms. He
did not agree that it would be simpler, however, because
making a biofilm requires more labor. Using algae that oc-
cur naturally in the water renders the technology discussed
in this paper non-labor intensive and reagentless. He noted
that conventional biosensor technology is typically single
use, but with this technology the biosensors are already
present in the water and are a part of the environment being
studied. He added that the important aspects of this technol-
ogy are that it is non-labor intensive, can easily be auto-
mated, and monitors continuously in real time.

With respect to making a film for use as an air sensor, Dr.
Greenbaum agreed that it would be very useful. He said that
algae can be entrapped on a filter paper and then used to
measure airborne gases such as mustard gases, tabun, or
sarin. The algae in this form can then be used for measuring
toxic agents in air and water. Work done in measuring air-
borne contaminants with entrapped algae on filter paper was
published two years ago in the journal Biosensors and Bio-
electronics. In fact, he said that this was the original applica-
tion for the algal biosensor technology discussed here, but
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that during the course of that program water protection be-
came a high-priority issue so the technology was applied to
water and not air.

System Cost

Tom Dillion, of Science Applications International Cor-
poration, asked about the cost of the AquaSentinel system.

Dr. Greenbaum responded that the system could be built
for less than $20,000 per unit, perhaps even less than
$10,000, based on the price of the components of the system.
A fluorometer is also needed but the one used here was more
sophisticated than necessary for these special measurements.
He said that the entire system could actually be put on a chip.
Estimating that 500 to 1,000 of these units would sell around
the world, the price would probably be less than $10,000.

System Location

Mr. Dillion followed up by saying that it would be good
to utilize this technology in individual buildings. He said
that in terms of protecting a water supply, dilution phenom-
ena make it unlikely that attacks will happen at a water sup-
ply area.

Dr. Greenbaum replied that this technology only works
for primary-source drinking waters because once that water
has been filtered and disinfected, the algae are removed.
Without algae, the fluorescence signal one would want to
monitor would not exist.

Purposeful Nutrient Enhancement

Vasilios Manousiouthakis, of the University of Califor-
nia at Los Angeles, wondered if there might be compounds
that could be mixed with the maliciously placed toxin so that
it would help the algae grow, and therefore have some kind
of compensatory effect on the sensors and prevent the needed
detection level being reached.

Dr. Greenbaum responded that it would not be possible to
do this because the presence of the nutrients needed to grow
the algae would not change the sensing signal of toxins such
as cyanide, methyl parathion, or DCMU. He said that the
chemistry and specific action of these toxins are indepen-
dent of the nutrients present in the system in this case. How-
ever, he said that the kinetics of fluorescence decay is the
difference between algae grown in a nutrient-rich lab envi-
ronment versus the more nutrient-poor field conditions. He
said that in the lab the kinetics of decay are slower because
the algae are much healthier than those living in the river,
but that even when they are very healthy the algae are still
susceptible to the harmful effects of the toxins.
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Since chemists and water industry scientists approach
water quality and chemistry-related issues from different per-
spectives, an exchange of views is important for mutual un-
derstanding. Here, the water supply situation in the world
and the current challenges that numerous chemicals pose for
water districts are discussed.

GLOBAL WATER

There is not enough water worldwide to meet future needs
and population demands. Both the United Nations and the
World Bank have announced that the world is facing a water
shortage. Unfortunately, 2 million people a year die due to
lack of water or contaminated water. Disinfection is a very
easy cure, but it does not always occur. As the global popu-
lation increased from 2.5 billion to 6 billion, the water avail-
able per person dropped 58 percent.

WATER IN CALIFORNIA

In entering the global economy with increasing technol-
ogy, more water is being used because technology requires
it. Dams, reservoirs, and concrete canals have been built, but
more has to be done to change the existing infrastructure.
Since the 1960s nothing has been built in California even
though the State Water Project was initiated. Since that time,
the demand for water has increased 38 percent and new wa-
ter supplies have increased by only 2 percent (which is actu-
ally a significant number). The State Water Project serves a
little over 3 million acre-feet a year, all of which has come
from local water supply development. Most likely, more
water will not be available from state water project-type fa-
cilities. Consequently, conservation, water recycling, con-
junctive use, brackish water desalting, ocean desalination,
and water resource management programs will be needed.

Southern California

Southern California is a leader in water conservation pro-
grams. Even with an increasing population, Los Angeles
(LA) has kept water demand flat over the last 12 years
through extensive conservation programs including educa-
tion in the schools, programs in which toilets are replaced
with ultralow-flow models, water audits, xeriscape (conser-
vation of water and energy through landscaping), low-flow
irrigation, and various conservation incentives.

Southern California has housing cost, infrastructure,
transportation, and water supply problems. Colorado River
cutbacks are impacting the area because water is being pur-
chased from the Metropolitan Water District that has two
sources of supply, the State Water Project and the Colorado
River. There are problems in the distribution system so Colo-
rado River water cannot be purchased from the Metropolitan
Water District to replenish the groundwater basin. As a re-
sult, alternative sources of supply must be found, or there
will be shortages of about 120,000 acre-feet a year in 2020.

As water districts face shortages, they must take water
out of storage to meet the demand and turn off all surplus
deliveries. Fortunately, Metropolitan’s state project alloca-
tion increased to 90 percent due to rain in April.

The population in California will increase by 15 million
by 2020, and the state department of water resources pre-
dicts that there will be annual shortages of 2 million to 4
million acre-feet per year by that time. Since people con-
tinue to move into California, alternative sources must be
found. Built with state resources in the 1960s, the State Wa-
ter Project moves water from San Francisco into Southern
California. Twenty-seven different agencies have partici-
pated in this facility, which is located from the San Joaquin
Valley to Southern California. Southern California uses 2
million acre-feet of water from the bay delta in Northern
California. The river and the system have to be managed

7

Some New Approaches at the Orange County Water District
Virginia Grebbien

Orange County Water District
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better for environmental considerations, yet people also want
to drink the water. Farmers would like to use it to irrigate
crops, and agriculture is one of the largest economies or busi-
nesses in California. Groups are fighting over this unresolved
and unfunded issue. There was one major lawsuit on the en-
vironmental documentation surrounding this issue, and it
was resolved about a year ago, but the process continues.
There is no new operating plan or plan to implement envi-
ronmental restoration. Additionally, there is no plan for di-
viding up agricultural use versus urban use for one of the
largest projects in the state.

In addition to the State Water Project, there is a federal
program called the Central Valley Project (CVP). Built by
the Bureau of Reclamation, this series of dams, reservoirs,
and canals moves water from the same delta area to San
Joaquin Valley and then down to Kern County in Bakers-
field. Taking more than a million acre-feet from the same
watershed, the CVP delivers water solely for agriculture.
There are recent court rulings and governmental rulings that
environmental due diligence be paid on the CVP. Addition-
ally, there is the Environmental Water Restoration Account
for which the agricultural community has to give up water so
that it can be used for environmental purposes. This repre-
sents a shift of water away from consumptive purposes back
to the environment. Rather than creating more supply, it is
used for consumption.

Los Angeles

The LA Aqueduct comes from this same area and crosses
over down into Southern California to the city of Los Ange-
les, moving a couple of hundred acre-feet of water from
Mono Basin into the city of Los Angeles. The environmen-
talists around Mono Basin in the 1970s created the Mono
Lake committee. In the late 1980s the city of Los Angeles
had to use less water, and the level of Mono Lake had to stay
at a prescribed elevation. Again, water was moved away
from the urban environment. A well system was developed
in Los Angles and water was pumped out of the Owens Val-
ley area, turning it into a dry lake bed. This resulted in a loss
of up 60,000 acre-feet of water a year—enough water to sup-
port 120,000 families. When the water supply from the LA
Aqueduct is low, the city turns to the State Water Project and
the Metropolitan Water District.

The Colorado River

California has been fighting over Colorado River water
since the 1930s, and the Quantification Settlement Agree-
ment involves the county of San Diego, the Imperial Irriga-
tion District, and the Metropolitan Water District. The De-
partment of the Interior has reduced by almost half the
amount of water that Metropolitan can import from the Colo-
rado River through the Colorado River Aqueduct, which
comes across from the Colorado River to the LA Basin. The

fight is over who has priority in terms of the water, and San
Diego wants to take water from the Imperial Irrigation Dis-
trict area. Because of the driest couple of years on record,
Lake Powell is down to less than 50 percent of its volume
and 50 percent of the supply from the Colorado River Aque-
duct has been lost.

THE ORANGE COUNTY WATER DISTRICT (OCWD)

Background

In Orange County, OCWD’s mission is to provide safe
water at a low cost while being sensitive to the environment.
The OCWD is unique in that it was established in 1933 by a
special act of the state legislature and has its own enabling
legislation that governs everything it does. Primarily, like
most water districts, Orange County was an agricultural com-
munity that had to find sustainable water supplies in a new
political environment as it converted from an agricultural to
an urban setting.

To ensure rights to the Santa Ana River, the groundwater
basin has to be managed in a sustainable fashion so that this
precious resource will be here for generations to come. The
OCWD has 350 square miles in its district. Two mountains
geologically divide the upper watershed from the lower wa-
tershed along the Santa Ana River. The Chino Groundwater
Basin flows into the Orange County Groundwater Basin, and
it is hydraulically connected through the Santa Ana River.
Prado Dam goes up into Riverside and Big Bear.

Near the University of California at Irvine, the OCWD is
at the tail end of the groundwater basin. It is contained within
the Santa Ana River watershed, which goes north to the San
Gabriel Mountains and Big Bear. It is the largest watershed
in Southern California, and the OCWD is the proud owner of
the Santa Ana River, which the state health department con-
siders the second most impaired water body in California.

In Orange County, there are approximately 2.2 million
people in about 20 cities, with a current demand of 510,000
acre-feet and growing to about 610,000 acre-feet. In this area,
66 to 75 percent of the water comes from the groundwater
basin. For the last 11 years, 75 percent of demand comes
from the groundwater basin, while the remainder has been
imported from the Metropolitan Water District. However, in
7 out of the last 11 years, the OCWD pulled more water out
of the basin than it put back in. This year, people are going to
be able to pump only 66 percent of what they demand out of
the groundwater basin. In Orange County, there is a social-
ized, managed groundwater basin where people learn how it
can perform so that if they pump over a certain level they are
fined.

Projects and Research

The Santa Ana River is 54 percent of OCWD’s water
supply. In the 1940s the Corps of Engineers fixed the main
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channel of the Santa Ana River, but it is hydraulically con-
nected to the groundwater basin which is along the bottom
of the river and gets a lot of recharge. Water is pulled from
the Santa Ana River into artificial recharge basins; there are
approximately 14 recharge basins and 20,000 acre-feet of
storage. A tremendous amount of research on the fate and
transport of water through the geology has been done to date.

Time, energy, and research have been devoted not only to
water quality but also to physical operation of the facilities.
Because there is so much silt in the Santa Ana River, a hard-
ened crust forms and blocks the percolation capacity. A ba-
sin cleaning vehicle has been developed to keep up the per-
colation rate.

Over the last 30 years, the OCWD has heavily monitored
and doubled the yield out of the groundwater basin, a feat
that no other basin in California has been able to achieve.
Because it is managed and not adjudicated, it has been able
to get a lot out of this basin and to help Orange County grow.

The OCWD has also been involved with a number of
research institutes, supporting them with financial, techni-
cal, and staffing resources. The OCWD has conducted a
number of different projects and programs to increase its
own replenishment supplies. There is limited Santa Ana
River water, and the OCWD cannot buy anything from
Metropolitan at the moment, but it is in the process of creat-
ing a project that will make its own replenishment water.
However, the OCWD has outstripped its supply, has a lim-
ited capacity to recharge the groundwater basin, and needs
to buy more recharge basins. It has to figure out other ways
to get water into the basin besides creating open pits. An
additional problem is an accelerated rate of seawater intru-
sion. Membrane treatment is the wave of the future. Much
work has been done in the last decade, but more can be
done. What kind of pretreatment and energy options can be
created that reduce the cost of this treatment? The OCWD’s
research found that advanced oxidation processes are inter-
esting because these catalysts reduce not only energy but
also chemical requirements.

The Orange County Water District has done a lot of re-
search on reverse osmosis fouling, cleaning the water fac-
tory, membranes, and ultraviolet (UV) irradiation. It was also
able to characterize the total organic carbon in water; how-
ever, the health department has taken and replicated the char-
acterization as a regulatory requirement for all recycled wa-
ter projects. Additionally, it just spent $10 million in eight
years on the Santa Ana River water quality and health study.
A source water characterization study of the Santa Ana River
was also conducted covering its fate, transport, interactions,
and interrelation with the geology of the basin. No other
agency in California has done such an exhaustive analysis of
its source water supply. The agency wanted to know how it
could improve operations and provide a safer, more reliable,
more sustainable product its consumers.

Now that this research is complete, the OCWD is build-
ing a project called the Groundwater Replenishment (GWR)

System, in which it is going to take secondary treated efflu-
ent domestic wastewater from the Orange County Sanitation
District. The OCWD will treat the water and build a 14-mile
pipeline; half of the water will go to the top of the county
into the spreading basins and be recharged into the ground-
water basin, the other half will be injected into the seawater
intrusion barrier, a project comprising 72,000 acre-feet a
year.

The seawater barrier will improve so that there will be no
seawater intrusion. Modeling shows that we have to be up
around 30,000 acre-feet a year of injection. For the same
price as buying water from the Metropolitan Water District,
70,000 acre-feet of water is being put into the groundwater
basin, so at the same time the water supply issue is being
solved. This new supply is contained within Orange Country
and is environmentally benign and beneficial. The amount
of discharge into the ocean is being reduced.

In the treatment train processes for the project, the OCWD
has to perform source control, microfiltration, reverse osmo-
sis, and UV disinfection. With all of the different chemical
constituents that businesses discharge into the sewer system,
it is very important to make sure that some of the chemicals
do not go in but are dealt with through point source and on-
site treatment.

CHALLENGES FROM THE CHEMICAL SCIENCES

The chemical sciences have created challenges for the
water supply industry. New industrial and household chemi-
cals introduced into society, such as hair care products, con-
taminate rivers, lakes, and groundwater basins. Chemicals
are commonly detected in ultratrace quantities by increas-
ingly sensitive tests. Since only the level of a chemical and
not its consequences are reported, the public has become
increasingly skeptical. As a result, the water industry and the
regulatory community face challenges to provide accurate
information to the public.

For example, there is a debate about whether the arsenic
standard should be set at 5 or 10 parts per billion (ppb). The
water district can handle 10 ppb, but if the standard is set at
5 ppb, Santa Ana River water cannot be used because it has
naturally occurring arsenic levels of 6 ppb. In that case,
300,000 acre-feet of water could be lost. Is this level of ar-
senic really a risk? The issue has to be presented in a health
risk information context. Because the information is not
available, establishing appropriate risk-based monitoring re-
quirements and regulatory limits is difficult.

Local water supply projects are at risk of not being imple-
mented, and water sources have been removed from service.
The levels are well below the maximum containment levels,
but the sources have been closed due to public perception
and political fear about the safety of the water supply.

The Whittier Narrows Montebello Forebay Project in LA
County recharges tertiary treated effluent from domestic
wastewater into the groundwater basin. The OCWD cannot
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conduct tertiary treatment, but instead is doing source con-
trol, microfiltration, reverse osmosis, and UV oxidation. The
processes are very expensive, and a $100 million project has
become a $450 million project. There is a certain amount of
risk in the chemistry of the water that people must be willing
to live with, because this money is probably better spent on
urban housing, transportation, and social issues.

Therefore, multiple scientific disciplines must be inte-
grated into the research and applied methodology to deter-
mine what is safe, sustainable, and acceptable. The chemis-
try of these contaminants must be understood, such as what
they are, how they interact with other chemicals and other
constituents, what their fate and transport are, and what the
health-based aspects are. In this way, chemists and water
scientists can work together to achieve a safe, lasting water
supply.

DISCUSSION

Water Retailers

David Layton, of Lawrence Livermore National Labora-
tory, noted that Orange County should be commended for its
innovative research in these areas and sets a great example
for many water agencies across California and throughout
the country. He asked what retailers are going to do now that
they are being cut back and whether Metropolitan can meet
the water needs of Southern California for 20 years as
planned.

In her response Ms. Grebbien said that retail agencies
were unhappy that groundwater production had been cut
back. The total cost to them was more than $10 million be-
cause they had to buy Metropolitan water instead. As a re-
sult, the OCWD developed a collaborative process in which
information about the status of the water supply was shared
and suggestions were discussed. The group’s suggestion was
to continue pumping the water. Ms. Grebbien approached
her Board about the issue, which said it did not want to be
known as the Board that let the basin get overdrafted to the
point at which it would be harmed. The OCWD eventually
took the blame for increasing rates. Orange County residents
knew they had a duty to protect and preserve the groundwa-
ter and were willing to pay the price. This experience showed
that the water levels will eventually go back up, so a prob-
lem and a solution exist.

Southern California’s Future Water Needs

In response to the second part of Mr. Layton’s question,
Ms. Grebbien said that one must look past the headline of
the Metropolitan (Met) report and into the body of the report
and its assumptions. The Met is reliable, not because its sup-
plies are increasing but because all of the local agencies are
increasing theirs. This is all based on local water supply de-
velopment. According to the Met report, 320,000 acre-feet

will be pumped out of the groundwater basin. It is reported
that in 2020 the value will be 465,000 acre-feet. The Met is
reliable because it has the water district pumping 465,000
acre-feet, doing the GWR project, and doubling the GWR
project. There is state bond money to go toward local supply
development, and the water district needs Met’s help with
the regulatory community in order to succeed.

OCWD Water Rates

Dennis Hjeresen, of the Green Chemistry Institute,
pointed out that the Albuquerque Journal in New Mexico
started a series on New Mexico water issues. The first lead
story was looking to the successes and featured Orange
County and Southern California. He asked how the OCWD
compares water rates to others for average citizens; what the
water districts do for local companies, particularly with re-
gard to chemical contamination; and what tools are provided
to help reduce that source contamination.

Ms. Grebbien replied that the rates were significantly in-
creased by 18 percent, corresponding to a 4-5 percent in-
crease on average at the retail level, or less than an addi-
tional $2 a month on the average homeowner’s bill. In
Orange County, the average cost of water is less than a typi-
cal cable TV bill of $30 a month. In the overall scheme of
things, water is inexpensive. Water is heavily subsidized
through an ad valorem property tax, and the Metropolitan
Water District has a huge amount of taxing capability; a lot
of its revenue comes from assessed valuation tax. These sub-
sidies keep the cost of water artificially low. On the other
hand, Disneyland, the city of Anaheim’s largest water cus-
tomer, had an annual cost increase of a little over $100,000.

Alternative water supplies are necessary, but they cost
money. The groundwater basin has a huge financial advan-
tage. The water rate was just increased $149, and an acre-
foot costs about $50 in energy to pump out. A little more
than $200 is needed to produce an acre-foot of groundwater.
If you buy that acre-foot from the Metropolitan Water Dis-
trict you will pay $440, and it just implemented a tiered rate
structure. The only kind of water that Orange County can
now buy is tier two water, which is $480 an acre-foot. There-
fore, there is still a huge financial advantage in taking water
from the groundwater basin.

Contamination

In response to the second part of Dr. Hjeresen’s question,
Ms. Grebbien said that the OCWD works primarily with the
Orange County Sanitation District on source control. The
OCWD’s challenge in working with the sanitation district
has been to keep from using chemicals that are interesting
for their discharge requirements and from a water regulatory
perspective. As a result, the sanitation district has started to
add to the list of chemicals that it regulates. In addition, she
said the OCWD works very closely with the regional water
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quality control board, actively monitoring and coordinating
with industries within the basin. For example, a membrane
manufacturer in Orange County was using dioxane that was
detected in OCWD’s wells. The OCWD went to the sanita-
tion district, which looked in its inventory of companies to
find the “culprit” who then terminated operations and is now
using a safer chemical.

Population Growth in California

Jeffrey Perl, of the Chicago Chem Consultants Corpora-
tion, questioned the ability to control the influx of some
subdevelopments through real estate zoning laws.

Ms. Grebbien replied that Orange County is actually for-
tunate because most of the population growth is going to
occur in what is called the inland empire and San Bernardino
and Riverside Counties. Historically, however, the water in-
dustry has said that planning and growth issues are not its
responsibility and that the industry is there to serve a de-
mand. In all of its environmental documentation, such as the
California Environmental Quality Act or the National Envi-
ronmental Protection Act, it is the planning commissions and
land use planning agencies must deal with growth. How-
ever, those days are gone. A bill was passed a couple of
years ago in the state legislature called the Khuel Bill, which
said for every 500 or more home developments, homes can
be built only if there is an identified water supply to go along
with the development. Prior to this bill, the Urban Water
Management Planning Act required water agencies to put
together a plan every five years explaining where their water
will come from. The new Khuel Bill has actually been used
to stop or slow down some projects in LA County. This year,
another bill in the state legislature would reduce the 500-
home requirement to 50 homes. Prior to this workshop, the
city of Irvine and the Irvine Company were working on a
small home development. The Irvine Ranch Water District

put together a report that said it has sustainable water com-
ing from the groundwater basin and the Metropolitan Water
District and that there was sufficient water for this develop-
ment. The OCWD does not have a report that addresses the
Khuel Bill, but it is currently doing the planning work in
order to be able to put it together. In the Southern California
area, the antigrowth advocates are starting to use water as
their weapon and the water industry is paralyzed and unpre-
pared for this.

Effect of Chemistry on the Water Industry

Vasilios Manousiouthakis, of the University of Califor-
nia at Los Angeles, wanted to address the comment made
about the chemical sciences and their adverse impact on the
water industry and others in business. A remark was made in
the morning about how there is a serious adverse impact in
the chemistry and chemical engineering areas, resulting from
the negative connotation of “chemicals.” It must be realized
that the United States is prosperous today because there has
been a very healthy chemical industry contributing to the
gross national product since the 1940s. Now, the delayed
adverse impact that this industry has had on our environment
is being seen. If any group of people can slow this adverse
impact it is chemists and chemical engineers. Mr.
Manousiouthakis wanted to caution Ms. Grebbien that re-
marks about the chemical sciences’ impact on the water in-
dustry may have unintended consequences.

Ms. Grebbien agreed and said she understands that prod-
ucts made from chemicals benefit society. The general pub-
lic has to realize, however, that it cannot have these things
without adverse effects. If there are going to be conse-
quences, they should be managed from a holistic approach.
The water industry would like to work with the chemical
sciences to tackle this issue.
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INTRODUCTION

In the United States the water industry is quite frag-
mented. There are 60,000 water utilities throughout the coun-
try, half of which are privately owned, and many serve very
small communities. About 33 million people are served by
the investor-owned water industry in this country, represent-
ing one out of seven people population-wise. The American
Water Company of California (AWC) is a member of the
National Association of Water Companies (NAWC), which
is located in Washington, D.C. There are 42 states repre-
sented by this NAWC group. There are 330 investor-owned
water utility members of NAWC.

In total, the NAWC member companies represent about
$3 billion in revenues annually and around 15,000 employ-
ees. Of that, AWC has about 520 employees and $0.2 billion
of annual revenues, relatively small by comparison. How-
ever, it is the third largest publicly traded company in the
United States, because some of the larger companies have
been purchased by foreign companies. It is traded on the
New York Stock Exchange, provides water service to 75
cities in California and two Arizona communities, and was
incorporated in 1929. Water utilities, public or private, in the

United States all must meet the regulations for contaminants
as determined by the states and U.S. Environmental Protec-
tion Agency (EPA).

Water Quality Issues: Historical Perspectives

Prior to 1974, U.S. Public Health Service Standards were
met by the water utility industry, but they were voluntary.
They were not mandated by federal or state agencies. Of
course, if they were not met, consequences would result. In
1974, the Safe Drinking Water Act made that compliance
mandatory.

In 1975, interim primary drinking water regulations were
promulgated. Trihalomethanes are chlorinated organic com-
pounds that can cause problems and were introduced in 1979.
They have been around a lot longer, but a certain maximum
contaminant level had not been set.

Growth in Regulated Contaminants

There are two major amendments to the Safe Drinking
Water Act (SDWA), one in 1986 and one in 1996. Figure 8.1
shows that the impact of the 1986 amendment was dramatic.

8

A Perspective from a Water Company
Floyd Wicks

American Water Company of California

0

20

40

60

80

100

120

140

160

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

C
on

ta
m

in
an

t L
ev

el
s

SDWA Amendments
1986 & 1996

SDWA Amendments
1986 & 1996

SDWA Passes
1974

SDWA Passes
1974

(1999 Level at 134 MCLs)

‘96

‘86

FIGURE 8.1 Growth in regulated contami-
nants.



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

A PERSPECTIVE FROM A WATER COMPANY 61

Up to that time the number of contaminants was reasonable,
but then in 1986, Congress actually mandated that EPA add
25 new contaminants every three years, regardless of the
cost to remove these constituents from water. The 1996
amendment added more to the equation.

The 1996 amendment incorporated a cost-benefit ratio-
nale. In California there are a number of lawsuits against
water utilities for providing water that is contaminated. The
question is to what degree the contaminants are present. Even
though all standards have been met since they were put in
place, some customers have been prompted by attorneys to
file lawsuits against the AWC and other water utilities in
California.

Impact on American Water Company

The AWC has the distinction of serving in many parts of
the state and has 300 production wells of its own. It pumps
from contaminated groundwater sources, and treatment fa-
cilities remove those constituents. However, there are 22
lawsuits against the company. A number of county water
systems and other private water companies have been sued
as well.

The issue brought to court by the company was whether
the court or the Public Utilities Commission (PUC) should
regulate these standards. What level of treatment should be
provided to make sure that people have a safe, good feeling
about drinking their tap water?

The AWC has spent in excess of $7 million to date to
defend itself against these lawsuits. The PUC conducted an
investigation into the lawsuits, and AWC had to go back into
its records for 25 years to provide the PUC with all the analy-
ses of water distribution and treatment plant samples, in ex-
cess of 2 million samples. In those samples, contaminants

were outside the range of the maximum contaminant level
only 16 times. Therefore, the PUC found AWC to be in com-
pliance with the law. In the Hartwell decision, the Supreme
Court upheld the jurisdiction of the PUC over private utili-
ties. The decision left all the public agencies in the lawsuit,
but pulled the private agencies out. Only if plaintiffs can
prove that EPA standards were violated can private compa-
nies be sued in court.

The fairness of imposing these kinds of costs on utilities
and their customers has to be assessed, and the legislators,
not the courts, should be urged to address these issues of
responsibility. The companies are all also responsible when
it comes to providing good-quality, sustainable water at af-
fordable prices.

Number of Regulated Contaminants Versus Research
Investment

Figure 8.2, although outdated, shows the number of con-
taminants increasing and the research investment trailing
downward rather than upward. Our legislators should be
asked to authorize more investment in the research side of
the water utility industry. The other alternative is to label the
product to caution that it may be harmful to your health (see
Figure 8.3).

INVESTMENT

More than 2 million people, mostly children, die every
year due to water-related diseases. More than 6,000 people
die each day from waterborne disease or lack of water; put
into perspective, half of that number died in the September
11, 2001, tragedy in New York.
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So the question regarding water quality is whether the
contaminant list should be expanded when less than 0.5 per-
cent of all the water delivered to a home is actually ingested.
More than 99.5 percent is used elsewhere, either for flushing
toilets, irrigating lawns, or washing cars. Why should all of
that water have to be treated to such a high standard? Should
a different way to treat water that ends up in your kitchen tap
be considered? Perhaps “point-of-use” filtration or other
chemical means to satisfy that concern could be performed.

WATER DISTRIBUTION PROBLEMS

In terms of California’s water supply, there is great pro-
duction in the northern part of the state, but poor distribu-
tion. About 75 percent of available water in California is in
the northern third of the state, yet 75 percent of the actual
demand is in the southern two-thirds. Approximately 50 per-
cent of all water in California gets redirected one way or the
other.

Water comes to Southern California from a great distance:
600 miles of the state aqueduct system from Lake Oroville
in the northern part of the state down to Los Angeles and
further down to San Diego. From the Colorado River there
are 242 miles of aqueduct.

States’ Activities

In Colorado, a 100 year supply is required for a new de-
velopment in an attempt to have sustainable water for the
future. A way around the requirement is drilling in some
areas of Colorado to depths of more than 1,000 feet to get

water that has been there for thousands of years, knowing
that the recharge is not there. This may not be considered
sustainable water for development unless in the interim the
opportunity is there to pump back down into the aquifer for
future use. However, this is not part of the current legislation
in Colorado. A 100-year supply is also required in Nevada.
In California the recent Kuehl legislation requires a 20-year
sustainable supply.

Long-Term Challenges (2050)

In the year 2050, there will be 3 billion more people than
there are today, with most expected to settle in semiarid re-
gions. Using current farming technology, there will be 60
percent more water required just to grow the crops to feed 3
billion more people. This is a tremendous pressure on the
resource. However, most of the soils today that are suited for
agriculture are already in use.

OPTIONS

One option is demand-side management; in other words,
the more water people use, the more they pay for that water.
Another option is for people to change their diets. Virtual
water could also be used; simply take the water, clean it, and
put it back below ground for future use.

Desalination

Approximately 97 percent of the water in the earth is in
the oceans. Of the remaining 3 percent, only a third is drink-

FIGURE 8.3 Labeling the water
supply.

Caution: This product may 
contain substances which could 
be harmful to your health.
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able water. The rest of it is tied up in glaciers or in areas that
are just not able to be tapped.

About 70 percent of the world’s population lives within
50 miles of an ocean, so desalination could have advantages,
including a sustainable supply. Desalination should be con-
sidered drought proof, which is justification for the higher
cost to treat the water. The cost is about $900 per acre-foot;
an acre-foot is about 326,000 gallons. For $900, that is a
reasonable cost.

The Metropolitan Water District (MWD) recently built a
reservoir to store water in Riverside that cost in excess of $2
billion. There is a great storage reservoir in the ocean. Why
would a reservoir be built inland when there is a population
center so close to the ocean? Given the cost avoided by not
building reservoirs, the cost of $900 an acre-foot is inexpen-
sive for a drought-proof source such as the ocean.

There are currently five sites under investigation in Cali-
fornia alone for putting desalination into play. AWC has
signed a contract with Poseidon Resources, the company that
is building a 25-million-gallon-a-day plant in Tampa right
now. The plant that AWC signed up to be part of is going to
be about a 100-million-gallon-a-day treatment plant in
Southern California. Of that, about 80,000 acre-feet, or 20
percent of the volume of water purchased from the MWD,
will be replaced annually. The AWC’s portion of the treat-
ment plant would be a capacity of about 20,000 acre-feet per
year, which is projected to be on-line in about five years.
There are others in Orange County that are looking at tap-
ping into that plant’s capacity as well.

Education

American Water really wants to be a part of the bigger
picture in California. In the early 1990s the organization was
redesigned. An in-house university was created to reshape
the organization into a more forward-thinking team.

The employees and customers are the beneficiaries. Em-
ployees are provided with the option of seven different
“tracks” of learning. There is a water quality track that leads
to certification by the State of California in either treatment
or water distribution. The employees can actually get con-
tinuing education units they can transfer to the local univer-
sity. This is a tremendous program and an interesting part of
the water company’s business now. It not only trains people
but develops them.

SUMMARY

In summary, desalination is really nothing new. Clouds
contain water that is desalinated ocean water. Lake water is
desalinated from those clouds. The environmental cycle pro-
vides water to everyone on Earth at zero cost per acre-foot.
People have made the water supply imperfect and now have
to spend $900 per acre-foot to clean it up and put it back on
the land.

DISCUSSION

Bottled Water

Parry Norling, of RAND (now with the Chemical Heri-
tage Foundation), asked how bottled water would compare
to the American Water Company’s water if it was analyzed
for some of the contaminants.

Mr. Wicks responded that if tap water is put into a bottle
and put in a refrigerator, the chlorine taste that people find
objectionable would be dissipated. The water is also healthier
because it has been disinfected. Bottled water was taken di-
rectly off the shelves in various stores and tested primarily
for bacteria because it has similar constituents for total dis-
solved solids (TDS), calcium, and magnesium. In many
cases, a fairly substantial background count of bacteria was
found. Considering that water is on the shelf at room tem-
perature, it is alarming to find any bacteria at all.

Eli Greenbaum, of Oak Ridge National Laboratory,
stated that if bacteria can be detected easily in bottled water,
there should be a reduced carbon source in there as well. He
wondered if Mr. Wicks has examined that.

Mr. Wicks answered that he has not, but that it sounds
like a good idea. However, he is not familiar with it.

Tim Shaw, of the University of South Carolina, answered
that plasticizers in a plastic bottle can leach out at a pretty
high rate.

Mr. Wicks added that most of the bottles are made from
polyvinyl chloride (PVC) materials. His customers use about
560 gallons a day, which is a lot of water, for which they pay
about a $1.30 per day. Compared to bottled water in the store,
this water is really cheap.

An unidentified speaker stated that he thinks most bottles
are now polyethylene terephthalate (PET) rather than PVC.
In that case, there is no plasticizer (often dioctylphthalate) to
leach out. There might be, although unlikely, lower-molecu-
lar-weight cyclic esters that potentially can leach out.

Desalination

Debbie Elcock, of Argonne National Laboratory, won-
dered if Mr. Wicks had any thoughts in terms of desalination
or had any information about looking at the front end for
pollution prevention and life cycle cost. She also asked if
Mr. Wicks knows what the by-products are and what usually
happens with them.

Mr. Wicks responded that the location with which he is
involved is right at a power plant site. There are no transmis-
sion costs involved due to the proximity to the plant. The
load is basically constant once the plant is on-line. There is
not a lot of peaking in this kind of a treatment plant. It is
envisioned that the peaking would be provided to customers
by the various groundwater basins. The plant runs year-
round, and when the demands are low, the excess water goes
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into the groundwater basins below the ground where it does
not evaporate and is simply pumped back out when needed.

Additionally, Mr. Wicks stated that the by-products of
desalination certainly are a concern to environmentalists and
to the American Water Company. By locating the process
near a power plant, water from the ocean is being used for
cooling. A tremendous stream of water is pulled out of the
ocean, probably in excess of 500 million gallons per day.

When the tap is taken off that line to go directly to the
treatment plant and the process involves removal of the salts
and everything else in the water, it is a reverse osmosis pro-
cess. The water can be taken down to 200 parts per million
of TDS, but the rest of it has to go back into the receiving
stream. The waste is discharged back into the ocean from the
power plant; however, on the basis of volume, the amount is
incidental. The volume is far less damaging to the environ-
ment than building another dam or the other alternatives that
are required to add to the water supply. Another dam cannot
be built in California.

Indoor Water Demand

David Layton, of Lawrence Livermore National Labora-
tory, noted that the minimum demand usually seemed to be
in January, which represents primarily indoor water use. To
assure customers that they are being providing a secure and
reliable water supply, it would seem important, from a com-
pany standpoint, to meet that indoor demand.

Mr. Wicks responded that his customers use on average
0.6 acre-foot annually. In some areas they use a lot more
water because of the desert, but that averages about a full
acre-foot per customer. The wintertime demand is certainly
something to consider.

Cost of Water

Bruce Macler, of the U.S. Environmental Protection
Agency, was interested in the definition of water—whether
it should be considered a product or a service. He pointed
out that if it is a product, then product liability comes into
play; otherwise it does not. Dr. Macler said that if you have
a service, then the SDWA may not really apply. He wanted
to know how to protect the public if water is a service rather
than a product.

Mr. Wicks responded that AWC does not charge for wa-
ter, only for delivery. Water is a natural resource that is modi-
fied to some extent to meet certain standards and delivered
through a series of pipes and reservoirs. He tells people that
they are charged for service and it had better be the best
service available. Given this fact, the water company is regu-
lated by the utilities commission, so it does not earn on the
labor that goes into providing that service. The only way a
private water utility makes money for its shareholders is
through the investment in pipelines, reservoirs, and wells.
When the water comes out of a tap it must meet certain mini-

mum standards as set by the EPA, and the water company is
successful at that but is still getting sued.

An unidentified speaker was interested in knowing the
actual cost of producing an acre-foot of water in California
from the available sources of supply.

Mr. Wicks answered that the service costs roughly $2.50
per 1,000 gallons. Multiplying that by 326 (the number of
thousand gallons in an acre-foot), the cost to the customer is
approximately $1,000 an acre-foot.

The water company has no authority to tax people. The
city wants to take the company over because it says the bills
are the highest in 10 surrounding cities. However, revenue
that comes in from the individual taxpayer in those cities
with municipal water systems is not considered in the analy-
sis of water bills. If only the water bill is examined, the com-
pany is second highest in terms of actual cost of water, but if
all the other sources of revenue for those other cities with
municipal water systems are examined, the company is sec-
ond lowest.

Contamination

Mark Matsumoto, of the University of California at Riv-
erside, asked why the problems are treated if very little water
is for direct human consumption.

Mr. Wicks stated that there are a lot of experiments under
way, such as the Irvine Ranch Water District that has por-
tions of its water system piped in two different ways. One is
for water that goes inside the building; the other is for irriga-
tion water outdoors and is reclaimed water used in a separate
pipeline. He said that this is very expensive to do. In Barstow,
every customer uses 1 acre-foot of water, most of which is
outside and cheaper. The current standard concentration for
arsenic is 10 parts per billion (ppb) though it used to be 50
ppb, and decreasing it to 2 ppb was considered. At 2 ppb,
every well in Barstow would need treatment, and it would
have been cheaper to put 100 miles of pipeline in to parallel
every pipeline in the streets in Barstow and then simply pro-
vide treatment for the small amount of water that goes into a
home. The final number came in at 10 ppb, and only 2 out of
more than 20 wells reflected concentrations greater than that.

Don Phipps, of the Orange County Water District, made
a comment about microbial contamination. He said that if
you follow water and other sources, the organisms that live
in some of these waters can actually survive under incred-
ibly oligotrophic conditions or low parts-per-billion concen-
trations of carbon. However, the microbes present are not
necessarily harmful. Mr. Phipps mentioned that bottled wa-
ter is also not sterile or particle free. He said that in fact, no
commercial product other than certified particle-free water
would be particle free. No commercial water system is going
to produce a water of that quality.

Mr. Wicks agreed with Mr. Phipps’s comments and
replied that his company has to send out a consumer confi-
dence report every year. He said that in some samples, bac-
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terial contamination will be found. For example, the com-
pany had a situation in the greater metropolitan area with
part of its water coming from the Metropolitan Water Dis-
trict, which changed its disinfection to chloramines. Free
chlorine was going in from the company’s wells, and part of
the system ended up without chlorine, leading to bacterial
problems. Planning activities are going on underground, yet
nobody knows exactly what the cause is.

Dr. Macler explained that the problem is that the Food
and Drug Administration does not have the resources to en-
sure that standards are being met. It is behind EPA in terms
of regulations actually on the books. He pointed out that the
requirement is for pathogenic microorganisms, not bacteria
or other microorganisms that are nonpathogens. Pasteurized
milk and water have organisms in them that will grow but
are not considered pathogenic.
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INTRODUCTION

Sustainable development is a development path that can
be maintained indefinitely because it is socially desirable,
economically viable, and ecologically sustainable. Economi-
cally viable sits at the top of the pyramid in Figure 9.1 be-
cause it a very important factor in an industrial environment.
Highly sustainable development in industry works only if
the company can still make a profit. In other words, there is
no such thing as a “golden subsidy.”

Key Drivers for Sustainability

Global freshwater consumption quadrupled in the last 50
years. In 2000, there were 5,000 km3 of fresh water used.
Sector withdrawals are shown in Figure 9.2, with 70 percent
going to agriculture, 20 percent to industry, and 10 percent
to domestic uses.

However, in looking more closely, water usage varies considerably between developed countries and developing
countries. The water demand for the top four industrialized
countries (United States, France, Germany, and Canada)
shown in Table 9.1 is significantly higher for industrial than
agricultural use. In India, China, and Brazil, large centers of
development, water use varies considerably from that in the
industrialized countries. For India and China, respectively,
93 percent and 87 percent of the fresh water used is in agri-
culture, whereas industrial uses are very small, with 4 per-
cent for India and 7 percent for China. However, these coun-
tries are now going through an explosion of industrial
growth. The gross domestic product (GDP) of China is grow-
ing 8-9 percent a year and India’s GDP is growing 7 percent
a year. Such growth will no doubt have a significant impact
on water use. If world water use doubles, where is the fresh
water going to come from? As the rest of the world is striv-
ing to be “developed,” how will the increased freshwater
demand for industrial use be satisfied? Industrial water man-
agement is going to be a very critical issue in making devel-
opment sustainable.

9

Sustainable Development:
Role of Industrial Water Management

Bhasker Davé
Ondeo Nalco

 

FIGURE 9.1 The three points of sustainable development.

 
FIGURE 9.2 Global water withdrawal by sector. SOURCE: Igor A.
Shiklomanov, State Hydrological Institute, St. Petersburg, Russia,
and UNESCO, Paris (1999).



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

SUSTAINABLE DEVELOPMENT: ROLE OF INDUSTRIAL WATER MANAGEMENT 67

Industrial Perspective

Figure 9.3 shows some very generic input-output for a
given industrial site. The three major imported resources are
energy, water, and chemical entities, and the undesirable
outputs are airborne contaminants, wastewater, and sludge.
Therefore, from an industrial perspective sustainable growth
goals include reducing both resource consumption (e.g.,
water) and harmful environmental impacts, while increasing
profitable growth.

In looking at the economic intensity of water and energy
for different industries, pulp and paper and petroleum refin-

ing are the largest users of water and energy in the manufac-
turing sector (Figure 9.4). The numbers shown represent
cubic meters of water used per dollar value of the product
output. For energy, the units are megajoules (MJ) of energy
used for every dollar of product made.

Integrated Water Management

It is important to look at the manufacturing system in its
entirety to address water resource management issues (Fig-
ure 9.5). Water is typically used in three main areas: manu-

TABLE 9.1 Comparison of Water Usage for Developed
and Developing Nations

Domestic Industrial Agricultural
Use (%) Use (%) Use (%)

Canada 11 80  8
United States

of America 12 46 42
France 16 69 15
Germany 14 68 18
Brazil 43 17 40
China  6  7 87
India  3  4 93

SOURCE: Food and Agriculture Organization (1999) AQUASTAT esti-
mates.

 

FIGURE 9.3 Industrial inputs and outputs.

 

FIGURE 9.4 Water and energy use.



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

68 WATER AND SUSTAINABLE DEVELOPMENT

facturing process, cooling water, and feedwater for the boiler
system to generate steam. Typically, there is also raw water
treatment, especially when surface water is being used;
wastewater treatment, which includes removing solids; and
biological treatment.

Integrated water management entails evaluating and opti-
mizing all of the resources used for an entire site. Some of
the water flows are shown in Figure 9.5. For example, the
condensate from the process flows back into the boiler for
the recovery of heat and water. The boiler blowdown or the
effluent of the whole plant could also be used as a cooling
tower.

WATER RESOURCE MANAGEMENT

Figure 9.6 shows the hierarchical approach that Ondeo
Nalco has developed to address water resource management.
The foundation of this approach is conservation, or reducing
water use through improved operation of existing equipment
and processes. This could mean understanding and prevent-
ing scale, corrosion, and microbial formation. Reuse deals
with understanding the water quality requirements for the
water demand and matching the wastewater from one area as

 
FIGURE 9.5 Integrated water management.

FIGURE 9.6 Water resource management and the Advanced Re-
cycle Technology (ART™) services pyramid.

makeup for another area. For example, boiler blowdown
could potentially be used as a cooling tower makeup. On top
of the pyramid is the recycle option, where chemical sci-
ences currently make a significant capital investment. There
is a high level of resource utilization and risk of contamina-
tion, but the risk decreases any impact on the environment.
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Water Process Management

A key part of water process management is characteriza-
tion from a chemical science point of view (Figure 9.7). For
example, efforts are being made to recycle centric water from
polyvinyl chloride (PVC) manufacturing. PVC manufactur-
ing actually uses deionized water in the suspension polymer-
ization process. In fact, for every pound of PVC produced, a
pound of deionized water is used only once and then dis-
charged.

One of the greatest concerns about recycling this water is
the presence of residual chemicals left over from various
stages of the production process. Typically, a free-radical
scavenger called a “shortstop” is used to increase the poly-
merization reaction. If the shortstop remains in the water and
ends up in the front of the batch reaction, it can potentially
cause problems. Concentrations as low as 50 parts per bil-
lion (ppb) of shortstop in water used for the suspension poly-
merization process can have a detrimental effect on product
quality and productivity.

Another example comes from the pulp and paper industry
where, during the pulping process (especially mechanical
pulping), a significant amount of organics from wood goes
into the water and can potentially cause a problem in the
papermaking process. It is difficult to measure these con-
taminants and to know whether they will be harmful to other
processes.

Water quality requirements are important for the cooling
water system, the boiler feedwater, and the manufacturing
process. The water quality requirements, however, are not
very clear, and even the people who manufacture do not
know the exact quality requirements. Identifying water qual-
ity requirements is very important for the manufacturing pro-
cess since matching them utilizes conservation and reuse
approaches that end up being very cost-effective for manag-
ing water on an industrial site.

FIGURE 9.7 Water process management.

However, when the water system changes, three major
components have to be addressed: chemicals, equipment, and
operation. By changing the chemistry it is possible to handle
the chemical contaminants. For example, a trash-resistant
polymer has been developed so that more organics can be
handled in the papermaking process and still produce high-
quality product. The other important aspects of the system
are the equipment and the operation. For example, bringing
in sensor technology and automating water treatment will
make the process more viable because it will improve the
reuse and recycling of the water and decrease the amount of
harmful contaminants produced.

Figure 9.8 shows a five-step approach developed by
Ondeo Nalco for site-wide integration of the water resources.
The first step is scope development, which involves clearly
defined goals and a detailed project plan, including a time
line and the resources required. Then a plant audit is con-
ducted to identify best practices. This is where first prin-
ciples of chemical engineering are applied such as mass and
energy balance for the water resources and contaminants.
Technical and economic evaluation is then carried out to
evaluate different options that might be available. The next
step is the pilot study evaluation where the most economi-
cally and technically best solution is determined for a given
site. Finally, there is process implementation. This is not an
additional capital requirement at the site, but often rather the
implementation of good ideas.

Advanced Water Chemistry Modeling

To model a system, a steady-state simulation is assumed.
Any given mode will consist of three major components for
evaluation: (1) chemical and physical properties, (2) unit
operations models, and (3) economic correlation (Figure
9.9). Chemical and physical properties such as mass balance,

 

FIGURE 9.8 Advanced Recycle Technology services.
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air versus water discharges, and effects of pH and tempera-
ture, are evaluated. For unit and plant operation, cooling tow-
ers, boilers and membrane separations, ion exchange and
clarification, and the manufacturing process have to be re-
viewed. It is necessary to look at the site-wide water man-

agement and every place that water plays a critical role. Fi-
nally, economic correlations are carried out. Ideally, flow
sheeting is performed to utilize available technical merits.
Factoring in capital expenditures for the new water treat-
ment equipment and operating expenses also helps the eco-
nomic evaluation, not just the technical merits.

WATER RESOURCE MANAGEMENT EXAMPLES

Virtual Paper Mill

In this simulation of an integrated mill, a very small part
of the pulp and paper process involving only the paper ma-
chine is examined (Figure 9.10). It is a very fairly complex
stream or flow sheet that helps to optimize water use in the
mill. Typically in the paper machine, the starting rate is for
water to be used about 17-25 times before it is discharged.
Each component is analyzed for the potential to build up
mineral deposits (form scale). Computer modeling is a very
good tool because it helps to look at situations under varying
conditions.

 

FIGURE 9.9 Advanced water chemistry modeling.

 

FIGURE 9.10 Virtual paper machine model.
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From a manufacturing point of view, the virtual paper
machine is not enough because it cannot determine how
water chemistry will affect the product quality. It cannot pre-
dict whether the machine will still run at 60 miles per hour or
will have to slow down. Therefore, Ondeo Nalco research
plays a very important role in helping to better understand
the manufacturing process and the role played by water, en-
ergy, and fiber. The most critical part here is the ability to
look at the impact of this water in different arenas. Equip-
ment, not just chemistry, is also important. It is necessary to
look at what equipment can be used.

Recycled Newsprint Facility:
Integrated Water Resource Management

At a North American newsprint site the goal was to re-
duce water demand by 25 percent of the 12 million gallons
used per day and to improve fiber recovery. A key aspect of
water recovery is that it often leads to improved recovery of
other resources. This site also considered using municipally
treated wastewater. Contaminant buildup in the system was
also an issue. Ondeo Nalco used an integrated approach to
look at resource management including the mass and energy
balance using computer simulation to evaluate the concep-
tual designs.

The site discovered it was possible to reduce the water
usage in the plant by 33 percent by taking higher-yield fi-
bers. Each percentage on the fiber yield is worth a million
dollars per year. The implementation cost is about $2.5 mil-
lion, with an annual savings of $5.3 million a year. This case
shows that it is possible to achieve sustainable development
at a reasonable savings.

U.K. Petroleum Refinery:
Water Audit Uncovers Saving Potentials

The next example is from the petroleum refinery indus-
try. The goal here was to look at reducing the total cost of
operation especially from a water resource point of view. In
looking at benchmarking, almost two times as much water is
used in the processing of crude compared to the industry
standard. By applying the integrated resource approach at
the site, the best practice alone saved 450 m3 per hour, which
resulted in a savings of about 2,000 gallons of water per
minute. This is a good example of what can be achieved by
implementing best practices. Overall, saving 1,000 m3 per
hour brings the refinery close to the industry average. It will
save about $2.7 million just by preventing a leak and doing
the blowdown control. Looking at the alternative source for
makeup water can provide another 1 million dollars in con-
densate return, and returning condensate to the boiler leads
to energy and water savings worth $1.2 million. By imple-
menting a site-wide approach of water and energy resource
management, it is possible to give money back to the manu-
facturing sector.

Green Chemistry: ULTIMER® Coagulants and Flocculants

The better reuse of wastewater involves removal of sus-
pended solids, which typically requires coagulation and floc-
culation. These processes are often used in a variety of in-
dustrial and municipal wastewater areas. Water-soluble
polymers are used for flocculation in sludge water, and Nalco
is one of the largest manufacturers of this liquid water-
soluble polymer.

When liquid water-soluble polymer is used, the liquid part
is typically oil. The polymer is a discontinuous phase made
in the continuous phase of oil. When this liquid is used in
wastewater treatment, the oil is actually there to carry the
polymer, after that it has no use. Oil is there only to control
viscosity. It is thus a manufacturing issue. Nalco has built a
patented technology of liquid dispersion polymers, so that
now the polymer is actually in a solution of ammonium sul-
fate that is also surfactant free. In fact, the salt used is the by-
product of other manufacturing processes. Thus, waste is
being taken from one industry used for Nalco raw material.
There is complete elimination of oil and the surfactants,
which makes transportation easier because the product is also
free of volatile organic compounds, environmentally benign,
and easier to handle. This product won a Presidential Green
Chemistry Challenge Award in 1999.

Green Chemistry: Lazon® Biocides

Microbial activity in recycled water is a critical issue.
Using chlorine as a biocide often leads to formation of po-
tentially harmful by-products. Green biocides, based on hy-
drogen peroxide and other nonhalogenated compounds, have
been created that can maintain residual toxicity for bacteria,
but do not create any organic by-product contamination The
environmentally friendly end products are listed in Table 9.2.
The green biocides have also shown improved control of
microbes.

Automation and Cooling Water

The Erin Brockovich, Pacific Gas & Electric, story helped
bring to light the issue of chromate use in industry cooling
towers. Using chromate at pH 6 inhibits corrosion, scale,
and microbial buildup. Chromate has many benefits, but it is

TABLE 9.2 Green Chemistry and Lazon Biocides

Green Biocide End Products

Glutaraldehyde Carbon dioxide and water

Hyrdrogen peroxide Oxygen and water

Ondeo Nalcon Lazon® technology— Carbon dioxide, water, and
multicomponent, nonhalogenated, oxygen
oxidizing biocide
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not a sustainable solution. Chromate has been found to be
very harmful to humans exposed to air emissions from cool-
ing towers. The blowdown from the cooling tower is sup-
posed to be a zero liquid discharge, but the rubber linings
can give out and this is what led to the aquifer contamination
that Erin Brockovich identified.

Since chromate cannot be used now, new solutions are
needed. Automation today plays a key role (Figure 9.11).
For example, a fluorometer can be utilized to monitor micro-
bial activity in cooling towers. If microbial activity is found,
as signaled by a change in fluorescence, a biocide will be
used on an “as-needed” basis. The system can also measure
corrosion and scaling in real time. Therefore, if people use
more dirty water in the cooling tower, they are taking more
risk, but by bringing the right chemistry and automation,
they can manage the risk more effectively.

TRASAR® for Reverse Osmosis (RO) Scale Control

The TRASAR system (Figure 9.12) accurately measures
the concentration of antiscalant in either the feed or the con-
centrate streams. The system utilizes fluorescence technol-
ogy to enable the scale inhibitor chemical feed to be main-
tained at the prescribed dosage. The RO TRASAR
technology ensures that the desired dosage is maintained at
all times.

TWENTY-FIRST CENTURY INDUSTRIAL WATER
MANAGEMENT

Figure 9.13 shows what industrial water management will
look like in the twenty-first century. Some of the items
shown are already happening; for example, RO is the main
choice for the boiler feedwater system. Also, microfiltration
(MF) and ultrafiltration (UF) clarification membranes are
used in the manufacturing process.

In wastewater treatment, a membrane bioreactor is com-
bined with the clarification membrane. This produces half
the amount of sludge and more than 95 percent removal of
the biological oxygen demand (BOD). High BOD is typical
of polluted water. Very high quality water is generated that
can be recycled back to the cooling tower or to the RO sys-
tem.

For surface water, 50 percent of the new industrial water
treatment in Europe is now based on membrane technology.
The total growth in the industrial segment this year is about
$2.5 billion in capital sales of membrane technology in in-
dustrial water, excluding municipal use. The operating cost
to the customer in the manufacturing sector is $7 billion, and
the growth rate is about 10 percent annually. In looking at
industrial needs, it is important to reduce the total cost of
operation, improve the liability, and improve the perfor-
mance.

SUMMARY

Industrial water management is a very critical component
of sustainable development. An integrated approach to in-
dustrial water management can actually provide a cost-ef-
fective solution; chemistry, equipment, and operations, es-
pecially automation, play a significant role. Chemical

 

FIGURE 9.11 Automating the cooling water “triangle.”

 

FIGURE 9.12 TRASAR for RO scale control.
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sciences should look at this tier as an opportunity for new
business, especially the membrane separations equipment
area. There is tremendous growth to be made here, and it
will play a very critical role going forward in industrial wa-
ter management.

DISCUSSION

Microbial Monitoring

Dick Carlson, of San Diego County, was looking at the use
of recycled water for cooling towers. He said that one of the
concerns of recycled water is the growth of bacteria that lead
to Legionnaires’ disease. He wanted Dr. Davé to discuss
more about using the Ondeo Nalco technology to monitor
biological contaminants in real time.

Dr. Davé responded that they can monitor on-line micro-
bial activity in the cooling water system, but the process does
not distinguish between Legionella and other organisms. It
measures total microbial activity in the system through a
technology based on fluorescence. There is a fluorescence
moiety that reacts with enzymes in the bacteria by oxidizing
and changing the fluorescence properties.

Industrial Reuse of Water

Vasilios Manousiouthakis, of the University of Califor-
nia at Los Angeles, stated that it is important to have some
metrics for the source water, whether it is renewable or non-
renewable. This may not be a concern here in the United
States, but it is a concern in many parts of the world where
fossil water is being extracted at very high rates. This water
is not renewable, and it is important that industry is aware of
this particular issue and is not tapping into nonrenewable
water. He asked about the rate of reuse in the United States.
It was mentioned that industrial use is around 46 percent,
and he wondered how much of that water is being reused
today by industry.

Dr. Davé replied that a significant part of that water is not
being reused because the largest consumers in the industrial
segment (power generation, manufacturing, and mining) are
actually the power generation segment. Most of the power
generation uses water once through the system. Of the 46
percent, a significant portion is actually power generation.

He continued to explain that the world is very connected.
For instance, the outbreak of severe acute respiratory syn-
drome (SARS) is not a Chinese problem but a world prob-

FIGURE 9.13 Twenty-first century industrial water management and the role of membrane separations technology.
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lem affecting our economy. There is interconnectedness and
it is necessary to take a more global view of the total cost and
impact on the environment.

Integrated Source Approach for New Facilities

Dan Askenaizer, of Montgomery, Watson, and Harza,
was curious about whether industrial clients building new
facilities are requesting that an integrated resource approach
be incorporated up front in the design of this new facility.

Dr. Davé said that it is not the normal or standard prac-
tice. It occurs more on a sporadic basis, especially by the
people who are putting in a new desalination plant in a refin-
ery. In one case, resource management was implemented
from the design phase because the cost of water was very
high. They actually built a desalination plant along with the
refinery so they had an integrated approach.
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Large technology-driven companies have both responsi-
bilities and opportunities to use water resources wisely. This
involves careful use of water (conservation), as well as re-
sponsible control of contaminants in discharge streams (pol-
lution control). In addition, there may be opportunities to
leverage technology and knowledge to opportunities outside
these companies as products or services. The Dow Chemical
Company is an example of a company that actively partici-
pates in each of these water-related activities.

The purpose of this paper is to review examples of Dow’s
activities in each of these areas. It will cover two aspects: (1)
Dow as a water user and (2) Dow as a supplier of clean water
technology. It is hoped that Dow’s experiences will enable
and encourage other companies and organizations to enhance
their water-related activities.

DOW—A WATER USER

Overall, Dow is a significant user of water. Globally it
uses about 900 billion pounds of fresh water per year (~300
million gallons per day). Approximately 90 percent of this
water is pre-treated before use, and 70 percent is post-treated
and discharged after being used only once. From a financial
standpoint, Dow invests about $100 million annually for
water acquisition, pre-treatment, post-treatment, and dis-
posal. Overall, about $1.2 billion of capital infrastructure is
employed for water treatment and disposal. The water de-
mand at its major sites is increasing by 6 percent each year.
Over the next 10 years, Dow expects to make water-related
capital investments of $1 billion and increase its annual wa-
ter-related operating costs by $100 million. Water is clearly

a significant economic issue for Dow. Management of water
resources and assets across the company is recognized as a
critical activity.

World-class companies, however, need to manage more
than just resources or assets. They also need to manage pub-
lic perception, particularly in the communities where they
are located. In 1996 Dow announced 10-year public goals
related to its environmental, health, and safety activities.
These goals were voluntarily proposed. Dow’s annual
progress toward these goals can be tracked on its public web
site, www.dow.com. These goals include the following re-
ductions in emissions to air and water for Dow’s global op-
erations.

• Reduce chemical emissions by 50 percent.
• Reduce priority compounds by 75 percent.
• Reduce the amount of waste and wastewater generated

per pound of production by 50 percent.
• Reduce dioxin emissions by 90 percent.
• Reduce energy use per pound of production by 20 per-

cent.

Figure 10.1 shows Dow’s progress toward its wastewater
reduction goal. In 2002, Dow produced 2.85 pounds of
wastewater for each pound of product. This reduction has
occurred as Dow’s total production has increased.

Dow’s chemical processes also produce waste chemicals,
some of which are released to the air or water in small quan-
tities. Figure 10.2 shows Dow’s progress toward its global
public goal for dioxin emission. In this figure, dioxin is de-
fined as the totality of 7 dioxins and 10 furans, and “TEQ”
denotes “toxic equivalent,” a quantitative measure of the
combined toxicity of a mixture of dioxin-like chemicals.
Dow released a total of 8.68 g of dioxin (TEQ) in 2002. It is
on target to meet its public 2005 goal of 4.05 g. These small
amounts are dispersed in literally trillions of gallons of wa-
ter, resulting in concentrations on the order of a few parts per

10
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quadrillion (1015) or less. Developing the sampling and ana-
lytical technology to detect these concentrations has been a
formidable challenge for Dow.

The magnitude of cost and complexity of Dow’s water-
related activities prompted it to create an Environmental
Operations Business in 1998. One of the goals of this busi-
ness was to integrate Dow’s best practices in water, manage
resources and technology, and optimize supplier relation-
ships globally across the entire company. Pragmatically, cre-
ating a “business” or “profit-and-loss” entity in a company
elevates the importance of its activities by making it finan-
cially accountable.

The Environmental Operations Business is responsible
for managing Dow’s water envelope globally. It also man-
ages water rights, conveyance, quality, use, and treatment
for discharge. It is responsible for $3 billion of water-related
assets, and consists of about 700 employees. It has the goal
of reducing costs of all environmental operations by $1 bil-

lion dollars over the next 50 years. During its first year of
operation it achieved a 3-5 percent reduction in water use
across the entire company. Several specific examples fol-
low.

Example 1

To meet expansion needs and to meet Dow’s long-term
environmental objectives, the Terneuzen site in Netherlands
completely restructured its water infrastructure. The site now
recycles 80 percent of its treated fresh wastewater and has
reduced energy consumption for producing boiler feedwater
by 90 percent. This is equivalent to reduced production of
55,000 tons of CO2 per year (or saving 930,000 million Btu
per year).

Other significant results of this project include the fol-
lowing:

• annual savings of U.S. $1.2 million for the cooling
tower water supply as a result of recycling treated fresh
wastewater, instead of importing fresh water;

• by replacing multistage flash evaporation of seawater
with reverse osmosis technology, 50 tons of low pres-
sure steam is made available per hour for alternative
uses on-site; and

• long-term availability of fresh water in the region made
possible by the significant increase in recycling.

The Terneuzen case demonstrated clearly that conserva-
tion and growth are compatible. In fact, in many cases, it
makes excellent business sense to pursue water conservation
and recycling.

Example 2

In Freeport, Texas, home of Dow’s largest site, an initial
goal of 30 percent reduction in freshwater use was set. By
simply looking closely at water use, Dow found that it was
losing 13,000 gallons per minute, merely through the ineffi-
ciency of water flow control within the system. This prob-
lem was remedied through simple enhancements to water
management protocols, resulting in an annual savings of
$135,000 per year in water and electricity.

This example demonstrated that saving water often comes
not from new technologies but from better management of
water transmission from one point to another. This success
was the result of a Six Sigma project. Six Sigma methodol-
ogy is playing a major role at Dow in providing a consistent,
thorough methodology for evaluating water envelope man-
agement issues.

Example 3

A cooling tower optimization project that is under way at
Dow’s operations site in Midland will reduce freshwater
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FIGURE 10.1 Dow’s progress toward its public 10-year wastewa-
ter reduction goal.
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consumption by 37 million gallons a year. What was learned
from this project is being replicated at four other Dow sites.
One of the clear advantages of a global Environmental Op-
erations Business (EOB) approach is that successes at one
location can be effectively leveraged across the entire global
corporation.

Dow’s Environmental Operations Business is also re-
sponsible for creating a mind-set and culture for good water
management. Figure 10.3 shows Dow’s recently developed
slogan to keep a cultural awareness of the importance of
good water management prominent.

DOW—A SUPPLIER OF CLEAN WATER TECHNOLOGY

The second half of this overview of Dow’s water-related
activities deals with extensions of Dow’s technologies to
external applications. Dow has a rich and extensive history
of developing and supplying water purification and handling
technologies. Figure 10.4 highlights some of the major cat-
egories of Dow’s participation. These include a variety of
chemical treatment approaches: (1) ion exchange; (2) spe-
cific technologies for the electronics, pharmaceutical, and
biotechnology industries; and (3) separation membranes,
among others. In many cases, technology developed for Dow
internal needs is now being supplied to satisfy external needs
and applications.

Separation membranes, in particular, are a class of tech-
nologies with diverse and rapidly growing uses. Dow began
research on membrane technology in the mid-1950s. Early
research focused on developing microporous hollow-fiber
technology that led to kidney dialysis membranes, reverse
osmosis (RO) membranes, and gas separation membranes.

This overview highlights Dow’s activities in reverse os-
mosis and nanofiltration. In 1986, Dow acquired the FilmTec
Corporation, a small company located in Minnesota. This
accelerated Dow’s participation in the RO and nanofiltration
market.

FilmTec’s standard membrane family is based on an in-
terfacial reaction that forms an aromatic polyamide thin film
at the surface of a microporous support layer. This ultrathin
film is a cross-linked polymer network that serves as the
discriminating layer that does the separation. Depending on
cross-link density and other factors, this layer can selectively
reject various salt ions, organics, or other contaminants while
allowing essentially pure water to pass through. This mem-
brane structure is “wound” into a spiral configuration, form-
ing a modular element that is easily installed into a cylindri-
cal pressure vessel.

The total cost of operation of a typical RO membrane
plant has been estimated to include 5 percent as membrane
replacement cost and 44 percent as electrical power. One of
the contributions to society that large corporations such as
Dow make is to continually lower technology costs, thus
enabling more widespread use of those technologies. Figure
10.5 shows the historical decrease in feed pressure required
to yield a constant water production rate from Dow’s brack-
ish water elements. This reduction in pressure has signifi-
cantly decreased the cost of power for reverse osmosis plants.

Feed pressure reductions, element cost decreases, in-
creased salt rejection (selectivity), and other performance
enhancements have significantly lowered the historical RO
processing cost. Figure 10.6 depicts this decline graphically
for both brackish water and seawater desalination. The
steady decline in power requirements and capital investment
has enabled larger and larger RO plants to be built. Figure
10.7 shows the historical progression of increased capacity
for the world’s largest reverse osmosis membrane plants,
including future plants that are expected to be built. Over a
period of 15 years the world’s largest plants have grown
from 1 million or 2 million gallons a day to more than 100
million gallons a day.

FIGURE 10.3 Dow’s recently developed internal slogan to encour-
age wise use of water resources.
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The Mery sur Oise nanofiltration plant in a suburb of
Paris, France, illustrates some of the unique capabilities of
Dow’s membrane science. This plant supplies water for
500,000 residents. Water from the Oise River, over time, has
experienced increasing amounts of agricultural runoff, par-
ticularly pesticides and herbicides. The local water authority
wanted to remove these agricultural contaminants while
maintaining the naturally occurring calcium and magnesium
ions. Water quality, particularly taste, was a critical driver
for this technology.

Dow designed a specific membrane chemistry and struc-
ture to meet these requirements. A plant containing 9,100
nanofiltration modules was built based on this technology. It
has been in successful operation since 1999.

Figure 10.8 illustrates another application of
nanofiltration membrane technology. Dow and Marathon Oil
of Houston, Texas, developed a nanofiltration membrane
process to remove sulfate from the seawater used for injec-
tion into offshore oil field reservoirs. On an offshore oil plat-
form, the only water available for injection is seawater.
Barium sulfate scale results when sulfate ions in seawater
come in contact with barium in the reservoir rock commonly
found in the North Sea and West African oil fields. This
scale plugs the pores in the reservoir rock, preventing the
flow of oil and thus jeopardizing subsequent oil production.
In the past, the problem of sulfate scale formation was tack-
led by chemical dosing. Nanofiltration enables production
of offshore reservoirs where chemical dosing is not adequate
or feasible. This example again illustrates the link between
energy and water purification. A cost-effective reduced-en-
ergy process for sulfate removal actually enables the pro-
duction of oil in offshore reservoirs that could not normally
be produced.

Jurong Island, Singapore, provides a final example of
Dow’s membrane separation capabilities. This island is one
of seven southern islands off Singapore. A modern, inte-
grated petrochemical complex is located there that is a key
element of Singapore’s strategy to develop Jurong Island into
a world-class chemicals hub in the Asia-Pacific Region.
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About half of Singapore’s potable water comes from
neighboring Malaysia under supply agreements scheduled
to expire in 2016 and 2036. Jurong Island’s booming petro-
chemical industry represents a rapidly increasing demand
for high-grade industrial water.

In January 2000, SembCorp Utilities & Terminal started
a high-capacity reverse osmosis plant designed to treat 6
million gallons per day. This plant will recover up to 86 per-
cent of the tertiary treated sewage water and turn it into reus-
able high-grade industrial water. The inlet water is biologi-
cally active such that conventional membranes would rapidly
lose productivity through fouling. Dow installed recently
developed, fouling-resistant membrane elements to meet the
challenge. This example illustrates how technology devel-
opments such as fouling-resistant membrane elements are
expanding the role of reverse osmosis technology to applica-
tions where it formerly could not be used.

SUMMARY

Large chemical companies such as the Dow Chemical
Company are playing critical roles as both users and suppli-
ers of water technology. Dow, in particular, has proactively
formed a global Environmental Operations Business with a
mission to elevate the importance of water management and
standardize best practices worldwide. Using tools such as
Six Sigma, this business has established a track record of
successes in water conservation and economic savings.

Dow has also embarked on a strategy of public account-
ability. It has voluntarily created long-term goals related to
water use and dioxin-related releases to the environment.
These goals were announced publicly. Progress toward
achieving these goals is reported annually to the public.

Finally, Dow has a rich portfolio of water-related product
technologies. Reverse osmosis and nanofiltration membrane
technologies are highlighted in this paper because of their
growing use in a broad spectrum of new water purification
applications.

The authors hope that these examples of Dow Chemical’s
water-related activities will enhance the industry’s aware-
ness and commitment to proactive and intelligent manage-
ment of water. There is immense value in the exchange of
information between users and producers of water-related
technologies. Chemical companies are uniquely positioned
to impact the water industry because of their dual roles as
water technology users and providers.
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DISCUSSION

Tertiary Wastewater of Singapore

Dick Carlson, of San Diego County, stated that he had
understood that Singapore was moving toward performing
reverse osmosis on tertiary wastewater for drinking water
rather than just for industrial purposes.

Dr. Jensen responded that it may very well be. Although
she has no direct knowledge of the reverse osmosis project,
she has met a couple of times with the Economic Develop-
ment Board, and she knows that it is focused heavily on de-
salination processes for drinking water. If people think about
the industrial consumption there, they will realize how ex-
tensive it is.

Nanofiltration Technology

Vasilios Manousiouthakis, of the University of Califor-
nia at Los Angeles, asked if Dr. Jensen could provide some
information on the nanofiltration technology and how it com-
pares in terms of salt removal.

Dr. Jensen said that the nanofiltration technology is actu-
ally a derivative of Dow’s reverse osmosis technology.
Nanofiltration is essentially designed on a case-by-case ba-
sis to selectively pass, so it is actually designed with differ-
ent levels of cross-linking and different levels of free amine
and free carboxylic acid. The technology can be designed so
that it has different porosities and different affinities for sepa-
rate ions. In terms of salt removal, it depends on the particu-
lar application, but generally there is less salt removal and
higher water permeability for nanofiltration than for reverse
osmosis.

Dow’s Environmental Operations

Frankie Wood-Black, of ConocoPhillips, was interested
in how well Dow’s establishment of its environmental op-
erations is working.

Dr. Jensen responded that it is working well. In the first
couple of years, there has actually been some tremendous
success at being able to identify some fairly large opportuni-
ties for cost reduction just by getting control of the envelope.
There has also been the opportunity to have a strategic goal-
targeted approach rather than a reactive approach. It has been
around for five years, and has had some good success, and
time will tell as to whether the success can be sustained.

Dennis Hjeresen, of the Green Chemistry Institute,
asked for an idea as to how far that envelope extends. From
the discussion it sounds as though it extends to the com-
pany, but what about the impact of Dow products on the
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environment? How far does the thinking extend that there
are a lot of developments in terms of pesticides, herbicides,
and other products?

In her response, Dr. Jensen said the thinking does extend
beyond the company. There is clearly a very focused effort
on the subject of sustainable development. As new products
are being developed, there is a tremendous sensitivity to what
the ultimate outcome of these products will be.

Debbie Elcock, of Argonne National Laboratory, com-
mented that waste and water reduction goals were set prior
to the establishment of the EOB and asked what the driver

was at that point, because it did not sound as though it was
necessarily tied to profits.

Dr. Jensen replied that the goals were set in the early to
mid-1990s before the establishment of the EOB and that they
were not tied to profits, but to a sense of social responsibil-
ity. Once a company gets to be fairly large such as Dow, a lot
of attention can be drawn to its environmentally related ac-
tivities. It was originally set up to be sensitive to important
issues and drive the organization to take action. The oppor-
tunity to look at someplace where one can actually save
money and do something smart is a very high priority.
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INTRODUCTION

The bottom line of the U.S. Environmental Protection
Agency (EPA) Drinking Water Program is to provide safe
water that everyone can drink and remain healthy. Techno-
logical applications are necessary to do this, but they must
be as vigorous and solid as possible. The majority of the
current water treatment needs are day-to-day operations at
the local level, specifically at a small system level. Southern
California Water and the Orange County Water District are
among the top 400 utilities in the United States in size and
sophistication. There are 55,000 public water systems in the
country that are community water systems. There are more
than 100,000 transient water systems. There may be 20,000
more systems that serve places such as schools or factories.
These are not as sophisticated, and thus they need very vig-
orous and robust treatment technologies and approaches.

There is a general misunderstanding as to what regula-
tions are about, what they are aimed to achieve, and how
they are developed. The EPA does oversee assessment of
wastewater; however, the primary area covered in this paper
is drinking water treatment and distribution. Both problems
and opportunities are considered.

REGULATORY CONTEXT

The primary goal of regulation is protection of public
health. The aim is to have water that is safe to drink, water
that is swimmable, and water that provides fish that are safe
to eat.

Clean Water Act

Ecosystems are considered particularly under the Clean
Water Act. For instance, protecting fish is an issue because
there need to be enough fish available that are safe for hu-
man consumption.

The Precautionary Principle and Safety

The biggest component is the precautionary principle,
embedded in the water laws that lead to water regulations.
Applying the precautionary principle means that you want to
be as protective as possible. If the risk is unknown, there
must be a conservative estimate, and the worst must be as-
sumed. There is also a big consideration of cost-benefit and
the appropriateness of matching costs against public health
return.

How safe is safe? Perceptions of safety are politically,
socially, and economically important.

The federal laws and the regulations are means to ends.
The Clean Water Act, the Safe Drinking Water Act, and all
of the environmental acts involving other media are like
paints on a palette, used to paint a picture of improving pub-
lic health. For water utilities, the regulations are an end in
themselves, because most utilities are not proactive. The top
400 can be proactive because they have the resources and
the mind-set. They will deal with contaminants at a much
lower level than they actually have to. Many utilities, how-
ever, are just trying to meet standards, which mean that the
standards have to provide the needed level of protection.

The Clean Water Act rules are fairly simple: water should
be fishable and swimmable. It is fishable in the sense that
there are enough fish to catch, and from a public health stand-
point, they must be edible and nontoxic. Swimmable means
that the water is nontoxic. You can swim in it and you can
get a little water in your mouth and it will not hurt you.

Safe Drinking Water Act

Ambient water quality criteria have been set up by toxi-
cologists and risk assessors in the EPA and give end points
for what is safe. Those end points are developed strictly on a
precautionary principle basis and without any regard for
whether they are achievable. The health effects of a con-
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taminant are evaluated based on viability and how solid the
information basis is. If the information is based on adult ex-
posure, the results are extrapolated to be protective of every-
one, and a benchmark is set on a reference dose or cancer
level. The value may be well below detection or treatability,
but it will stand as the criterion for the contaminant.

Similarly, under the Safe Drinking Water Act, there is
also a maximum contaminant level goal for oral ingestion
set with respect to risk and conservativeness. There is no
consideration of practicality. The goals are essentially zero
risk, but zero risk is not achievable. There must be a consid-
eration of what passes or what can be achieved.

From a risk assessment standpoint, this causes problems
because the value cannot be detected epidemiologically.
Some people have said that people are not getting sick from
arsenic; therefore, there should not be a regulation, or the
regulation should be set at a level where people do get sick.
Epidemiology does not have that resolution. The bottom line
is that these goals are below what can be detected in the real
world.

As a result, it is not possible to backtrack to determine
success. It is hoped that the risk assessments are legitimate.

NEW APPROACHES

Congress essentially said in the 1986 Safe Drinking Wa-
ter Act Amendment that there would have to be more regula-
tions. The EPA then had the task of trying to find additional
chemicals to regulate that it had not already given Congress.

Now it is necessary to take a look from a systems stand-
point. Hazard assessment via a critical control point process,
such as that used in the food industry, could also be applied
to drinking water. In that case, a system-wide examination
from source to tap is done in order to identify problem areas
and move forward.

Improved Analytical Methods

There is a need for straightforward and reliable analytical
methods that are relatively cheap. For many of the small
utilities, the cost of monitoring is the major cost, particularly
with small groundwater systems for which they really do not
have surface infrastructure or big treatment plants. They ba-
sically have a well, a storage tank, and the lines that go out
from them. Methods exist for nearly every contaminant, but
sometimes they are expensive. Working toward cheaper
methods that serve our purpose is necessary.

Improved Treatment Technologies

Another important need is low-maintenance treatment
technologies. It is very hard to find operators that are well
trained to run sophisticated treatment hardware. We need
stand-alone equipment that will run automatically, a neces-
sity if we are to move forward.

Point-of-use devices and point of entry devices have been
suggested as a means to beat the problem of highly treated
water being used to water lawns or wash cars while a small
percentage is used for drinking. The idea would be good if
every homeowner could be trusted to run a device reliably to
remove all contaminants on the list, and this is a daunting task.

WATER USE PROBLEMS: FROM SOURCE TO TAP

Contaminants removed from water have to be disposed.
Clean Water Act activities focus primarily on contaminant
control—point control through National Pollutant Discharge
Elimination Systems (NPDES) permits, the permits on dis-
charge from manufacturing or from point sources and
nonpoint sources such as agricultural or water runoff. The
parameters (e.g., pH, temperature) are very broad and are
largely there to protect fish and other aquatic life from deg-
radation.

There are controls on specific pollutants obviously, but in
general, there are broad parameters. There is an increasing
worry over the persistent organics or chemicals that have
been created and are somehow getting into wastewater.
There are some worries, but there is no way to know right
now if they are dangerous, because too little is known.

Drinking Water Resources

With regard to drinking water source and resource issues,
neither the Clean Water Act nor the Safe Drinking Water
Act deals with resources directly. These acts were written
that way specifically; Congress did not want to interfere with
state’s rights in water resources. However, they have been
used to deal with resources to some degree, and they cer-
tainly come to play in desalination, recycling, and reuse.

There are source water protection provisions in the Safe
Drinking Water Act and the Clean Water Act that are aimed
at prevention and control of contaminant releases. The Safe
Drinking Water Act and the earlier versions really dealt with
treatment plant operations.

One potential drinking water resource is obtained through
desalination of salt water. In desalination, the main issue is
brine disposal, particularly in inland areas. Desalination in
coastal areas works well because the brines can be disposed
by running them back into the ocean and, to a first approxi-
mation, they are relatively benign. To a certain extent this
also works inland, as in the Los Angeles area where there are
brine drains.

On the other hand, in agricultural areas in the Central
Valley of Northern California, there are problems from agri-
cultural drainage, which are essentially brines. The political
and technical aspects of this prevent sending the brines down
through the delta and into the ocean or creating a pipeline
from the inland areas out to the ocean. In order to keep the
lands in production there have to be better ways to dispose of
the brines.
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Reuse of wastewater is another potential source of drink-
ing water. The current problem with reuse is that there is not
much information about the health effects of persistent or-
ganics. There are enough persistent organics in the water for
some concern, which may or may not be legitimate. It will
be some time before there is adequate health information to
go forward. Unfortunately, there may well be pressure to
regulate before there is a good handle on the associated risks.

In terms of needs, wastewater and reuse treatment tech-
nologies are certainly needed to control these persistent or-
ganics. The Orange County Water District and others are
doing some very interesting work on this. Ideally it would be
good to get away from a chemical and biochemical approach
to this problem and instead try to remove all organics re-
gardless of their potential for harm.

Another problem with wastewater reuse is contamination
by disinfection by-products. Water disinfection technologies
are needed to minimize these by-products, especially with
the growing concern about nitroso-containing chemicals.
The work on membranes is impressive but could improve.
The reliability of membranes is great, but lowering the en-
ergy costs will make a difference, particularly for applica-
tions to smaller systems.

Drinking Water Treatment

The main issue with drinking water treatment has always
been dealing with microbial pathogens in a multiple-barrier
approach. The laws from the Safe Drinking Water Act, the
Surface Water Treatment Rule and its variations, prescribe a
physical removal basis and a disinfection basis. Source wa-
ter protection now presents an additional barrier, and physi-
cal removal has many steps: coagulation, flocculation, pre-
cipitation, and filtration.

Waste minimization of sludge is still an issue. Dealing
with and minimizing sludge and finding other types of co-
agulants that do not produce as many tons of sludge would
be great. Removal of the problematic chemical contaminants
is also important; if they cannot be kept out of the sources,
then they must be removed through treatment.

All surface water systems and any groundwater system
will have multiple contaminants. Until regulating contami-
nants one by one stops, utilities are going to have to work
with multiple contaminants that may be quite distinct chemi-
cally.

Water Treatment Needs

The immediate needs for water treatment include im-
provement in the membrane technology, such as pretreat-
ment, resistance to fouling, durability, ease of use, and
breadth of contaminant removal.

There are some oxidized metals and metalloids and other
chemicals on the horizon. Of the chemicals dealt with in
drinking water on a national basis, from a public health side,

arsenic is the biggest issue and is worse than most contami-
nants except for the microbials and disinfection by-prod-
ucts. Treatment needs lie in the area of “-ate” control: ar-
senate, chromate, nitrate, perchlorate, phosphate, silicate,
and others.

Utilities are looking at their distribution systems, many of
which have been in the ground for a hundred years and are
finding that the systems are starting to fall apart. The sys-
tems have to be replaced at a rate of more than a million
dollars per mile. Many larger systems are thousands of miles
in length.

Most utilities deal with physical failure on a when-it-hap-
pens basis. If a main blows causing a sinkhole in the middle
of the street, they go out and fix it. Most utilities have a
replacement rate of around 1 percent a year.

Options are needed that would minimize corrosion and
damage. Infiltration and intrusion of contaminants, particu-
larly microbials, have to be prevented. In the urban setting,
drinking water transmission lines run in the same areas as
sewer lines. Sewer lines leak and the area in soil around
sewer lines has a lot of contaminants that are not wanted in
drinking water. The problem is particularly bad in cities that
use wells; as wells are kicked on and off, there are pressure
fluxes through the distribution. There can be zones of zero or
negative pressure moving through. Siphoning also occurs.

There is a cross-connection from different types of intru-
sions to worry about. About a third of waterborne disease
outbreaks are associated with distribution system failures.
There are going to be regulations on distribution system pro-
tection in the next four to six years.

There may be ways of lining the distribution system pipes
with polymers or membranes that would help harden the
system. Methods exist but more are needed. Furthermore,
in-place pipeline rehabilitation materials and the methods
for putting them in without digging up streets would be ben-
eficial.

Systems must maintain disinfection and the disinfectant
residual in distribution because of potential intrusions and to
some extent because of the potential for bioterrorism. How-
ever, increased disinfection boosts disinfection by-products,
but these are currently regulated. Additionally, there is a need
to have residual and to control biofilms that can sequester
materials.

What are the needs for distribution systems? A broad-
spectrum disinfection agent that can persist in the distribu-
tion system and does not create problematic by-products is
critical. Chlorine works well but its use has downsides. It
creates halogenated by-products and a taste that people do
not like.

BIOTERRORISM

Water systems are incredibly vulnerable to bioterrorism,
from both the chemical side and the biological side. It is
pretty remarkable that to date there is no evidence of attacks
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on water systems, because it is essentially impossible to pre-
vent an attack. There have been a couple of attempts that did
not work, but there have been no thought-through attacks by
individuals or groups such as state-supported bioterrorists or
local militia types.

Monitoring Tools

Multiple barriers to attack have limited effectiveness in
the likelihood that an attack spread beyond a few people; the
goals are to minimize the damage. If there was a bioterrorism
attack, it would be a unique event, so water systems are not
going to put a lot of effort into preventing an attack. Moni-
toring tools are being worked on as a means of response.

Not many people will have access to weapon contami-
nants, so there is not a need for very many labs to be able to
analyze those. False positives are bad, because we do not
want to scare the public, but a false negative is much worse.
Current technologies for analysis are crude and include very
broad parameters. It would be useful to be able to have some
technologies that could be performed on a real-time basis.

Cleanup and Disposal

Technologies are becoming available now for cleanup and
disposal, such as thin film-type technologies for specific con-
taminants, but more technologies would be better. They can
start being distributed, but there is not a huge need for that. If
contaminants get into a distribution system, there will be
miles of system to clean up. A small consideration is that
some of those agents will be fairly persistent at times.

NEEDS FOR THE FUTURE

Near Term

Over the next five years, simple removal technologies
utilizing disposable media are needed for small utilities.
Control of arsenate, perchlorate, n-nitrosodimethylamine,
and methyl tert-butyl ether is needed. Ion exchange is great
if it can be done. There are large-scale applications in the
perchlorate area. The Colorado River has a chlorate concen-
tration of 4-5 parts per billion (ppb), and it is conceivable to
have a future regulation in that range.

The best way to work on water quality is to go upstream
to Henderson, Nevada, where the contamination originates
and try to eliminate the problems there. However, that feat
would take some work. As mentioned previously, a better
distribution system disinfectant would be helpful.

Long Term

For 10 or more years from now, it would be ideal to have
the technologies ahead of the regulations. Control of persis-
tent organics in the brine and sludge disposal technologies is

needed. The long-term trends should be to control the organ-
ics and clean up the water to customer satisfaction because
there is more to water quality that meeting standards. There
is a persistent pressure to control things that people worry
about, and the health information is not available for backup.

DISCUSSION

Limiting the Proliferation of Biocides

Don Phipps, of the Orange County Water District, stated
that on the control side of biofilms, some interesting tech-
nologies have recently been getting the attention of the me-
dia. There are also new surface-active biocides, chemicals
that can be covalently bound to surfaces and will limit the
proliferation or attachment of bacteria. He mentioned that he
thought it might be an interesting process to try to develop
pipe liners that are coated with these compounds and see if
someone can gauge a test to determine if this would help
limit the proliferation of biocides in the pipes. Mr. Phipps
said that limiting the proliferation of biocides has a couple of
advantages, including the reduction of the disinfection load
required to maintain a residual. If the proliferation could be
limited, the efficiency would be increased for the standard
liner, and the total microbial load distribution system could
be lowered.

Dr. Macler said this would reduce the demand on the re-
sidual. However, he said the real issue would be the stability
of the biocide on the surface. How would you get the re-
sidual on the surface to begin with?

Mr. Phipps thinks the way these biocides really operate is
that they are bound to the surface. They are not an exchange-
able biosynthetic.

Water Regulation of American Indian Casinos

Dick Carlson, of San Diego County, commented that in
his county there are a number of American Indian casinos
using recycled water because they need waste distribution
as a result of the waste load. They actually have anecdotal
evidence of recycled water being used inside one of the ca-
sinos for toilet flushing, which is not a problem. However,
this has been connected to the drinking water system in the
same casino. He wanted to know who regulates this kind of
activity.

Dr. Macler explained that the EPA is responsible for regu-
lating those activities. He said that under the Safe Drinking
Water Act, EPA develops and promulgates these drinking
water regulations and the states can take on the authority to
implement them to gain primacy. American Indian tribes
have some sovereignty, but EPA deals with their lands. The
agency has direct implementation authority and handles the
situation with the tribes. He said that more tribes are running
these casinos in California and they are growing from small-
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scale operations of about 200 people drinking from a sys-
tem, to a large scale where thousands to tens of thousands of
people are being exposed.

Environmental Management System for Local Municipal
Government Entities

Dan Askenaizer, of Montgomery Watson and Harza En-
gineering Company, asked whether EPA regional offices or
headquarters are involved in the effort to encourage the use
of an environmental management system for local municipal
government entities.

Dr. Macler answered that the programs are not really on
the drinking water side. There are plans for hazardous mate-
rials. He thinks some of the utilities were looking to the ef-
fort to be relieved of regulatory burden.

The federal level in Washington, D.C., has not really em-
braced the drinking water program. Therefore, he is unsure
what the likelihood of persistence for the program will be.

Research Funding

Mark Matsumoto, of the University of California at Riv-
erside, acknowledged the discussions about the amount of
dollars available for R&D going down in drinking water ar-
eas as well as the fact that few impacted agencies are able to
provide the funds or have the funding to do the R&D neces-
sary for their own research needs. He asked Dr. Macler what
he sees as the near-term and long-term funding picture for
government research.

Dr. Macler affirmed the interesting situation in R&D.
Looking at just EPA’s budget and the money that goes to the
laboratories in Cincinnati for drinking water R&D, he said it
goes down. At the same time, there are congressional line
items where a congressman in Glendale provides $900,000
to the city for R&D, $750,000 for more R&D, and $2 mil-
lion for still more R&D; it becomes evident where a lot of
R&D is getting done. Dr. Macler said that the Metropolitan
Water District has received a federal line item of $3.5 mil-
lion for desalination research that he is overseeing. The dis-
trict has to match it. EPA has about $6 million in desalina-
tion membranes, brine disposal, and pretreatment. There is
money in other places, but no one is trying to bring the pieces
together to make sure everyone is trying to reach one main
goal. Money is available. In looking at the congressional line
item, three or four years ago it was a few million dollars and
now it is hundreds of millions. He added that there are a lot
of $0.5 million to $2 million R&D projects that are supposed
to go out for bid.

Perchlorates

Mr. Matsumoto next mentioned the perchlorate debate
as an example of the role of science with regard to setting
limits.

Dr. Macler referred to the Safe Drinking Water Act in
which Congress said that water should essentially be with-
out risk. This essentially means that if the risk is unknown,
the worst case should be assumed. Often the data being used
come from both human and animal studies.

For example, for perchlorate, the studies are at the 200- to
300-ppb exposure level. That is the lowest observed adverse
effect level. He said the study on humans was very short
term in adults. The study on rats used multiple generations
of rats and looked at the pups, fetuses, and pregnant mice.
The data then have to be extrapolated to make some judg-
ment for humans. A sensitive subpopulation for humans is
pregnant women and infants, but studies cannot be done on
these populations. Therefore, a conservative extrapolation
must be made. For cancer, a linear approach is used to ex-
trapolate downwards. For noncancer end points, uncertainty
factors are used.

Dr. Macler continued that if the limit is moved up an or-
der of magnitude, the unknown risk is greater. The level
might be legitimate, but the comfort level is reduced. He
said that science can only go so far, and the risk assessment
world has to make a determination. Risk assessors must be
willing to take uncertainties into account. Eventually there is
a management decision that takes into account the social as-
pect of the situation.

Dr. Macler said that a possible reason for a perchlorate
drinking water regulation is the Colorado River and the 34
million people that drink its water. If the risk is one in a
million, this is equivalent to 34 people, which is unaccept-
able from the Safe Drinking Water Act standpoint. It would
have been best if cleanup of the Colorado River had started
five years ago. He said that some methodologies are being
developed for cleanup of such sites that are not too expen-
sive.

Different Levels of Treatment for Different Uses

Debbie Elcock, of Argonne National Laboratory, raised
questions about having different levels of treatment for dif-
ferent uses. Based on the statutes and legislation, we know
what the level should be for drinking water. Do we know
what the level would be for different industrial uses or for
agriculture? Water for these purposes would not have to be
as treated. It might be economical to actually treat for the
different levels for different uses. Is there the legislative au-
thority to do that?

Dr. Macler replied that treatment for industrial use would
depend on the process and on whether the regulations were
for environmental or occupational safety and health pur-
poses. For agricultural purposes in California there are dif-
ferent watering requirements depending on the vegetation.
Median strips along freeways are watered with different
water than golf courses. If human exposure is more likely,
the water quality must be better. Another consideration is
whether plants can tolerate the water.
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Bhaskar Davé, of Ondeo Nalco, added that he thinks the
safety of people working in an industrial environment should
be first and foremost. He said that according to Title 22 for
California, there is a minimum residue of chlorine allowed
to ensure that pathogens are killed before coming to an in-
dustrial site. As to different treatment levels for different
uses, the industry at a given site would have to make a deci-
sion about where the water is being used, because different
water could be used in a cooling tower than in the boiler. Dr.
Davé said that the treatment would be very application spe-
cific and not very cost-effective.

Mr. Phipps added that for industrial use, the constraints
of the process will probably be more stringent on the quality
of the water than the regulatory environment.

Dr. Macler responded that the true value of water often is
the cost. He likes to think of water having values in different
ways; that is, industrial water is ultrapure and very valuable.
There are quantifiable values for water that is used for cer-
tain applications in industry, and other applications do not
require that high water value. Domestic drinking water is
valuable because it is to be protective of public health, but
water for lawns should not be valued as heavily.

The National Water Research Institute has had some
projects to determine values of waters to be able to have a
decent economic approach. California would benefit from
giving some consideration to the value for different uses.

Fareed Salem, of ConocoPhillips, commented that in
principle for maximizing reuse, water should be treated to
the maximum quality affordable. The difficulty in assessing
the value to each industry or each application is where the
struggle is. He thinks most industries are beginning to think
defensively by determining the minimum that can be done to
get by the regulation. He asked how we can change the mind-
set or the culture in the business community to think
proactively about water quality and to adopt an offensive
rather than a defensive strategy. Fundamentally, if we were
to really think of water sustainability and long-term solu-
tions, we have to change the mind-set of the culture into one
that thinks differently about this resource.

Dr. Macler did not know if that was feasible. His experi-
ence is that usually an economic situation is being attacked.
If you can make these technologies in a way that is more
profitable and get the benefit of risk reduction or better envi-
ronmental qualities, then it will happen. Additionally, the
small systems do not have a lot of money to be able to adopt
a proactive outlook. They can barely be reactive.

Maximum Contaminant Level Goal

An unidentified speaker mentioned some studies on recy-
clable water where a risk level of 1 in 10,000 infections per
year on the drinking water side was used. That value is then
compared to the safety of the recycled water. The speaker
wondered where such a value might have originated.

Dr. Macler stated that he believes whoever came up with
the value “pulled it out of the air.” The concept of acceptable
risk came up in the 1980s during the 1986 revision of the
Safe Drinking Water Act, in which Congress set up the maxi-
mum contaminant level goal (MCLG) and a level of no
known health consequence with an adequate margin of
safety. He said that traditionally the MCLG has been set at
zero for carcinogens, meaning there is no acceptable level.
That was a decision not a regulation or a law. The real word-
ing is that the risk is one in a million, an upper-bound deter-
mination of the worst that could possibly happen. The real
risk is quite likely to be much less than that and could actu-
ally be zero. Dr. Macler continued that the percentage of
deaths due to gastrointestinal problems from microbials is
near 0.01 percent. The risk is then 1 in 10,000. He asked
whether this was a reasonable number. He said that it turned
out to be a feasible number with respect to the Surface Water
Treatment Rule and the regulation for Giardia. The regula-
tion manager investigating microbial risk assessments pre-
sented this number at a conference, the value got printed,
and finally it showed up in the preamble to the regulation.
The background rate of infection is about 1.5 gastrointesti-
nal illnesses per person per year.



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

87

Paul Anastas, Office of Science and Technology Policy,
Washington, DC

Dan Askenaizer, Montgomery Watson and Harza
Engineering Company, Pasadena, CA

Ellyn S. Beary, National Institute of Standards and
Technology, Gaithersburg, MD

Mark Bernstein, Rand, Santa Monica, CA
Donald M. Burland, National Science Foundation,

Arlington, VA
Steve Cabaniss, University of New Mexico, Albuquerque,

NM
Richard Carlson, County of San Diego Department of

Environmental Health, San Diego, CA
C.K. Chou, Lawrence Livermore National Laboratory,

Livermore, CA
Jeannie L. Darby, University of California, Davis, CA
Bhasker Davé, Ondeo Nalco Company, Naperville, IL
Jan Dell, CH2M Hill, Santa Ana, CA
Thomas A. Dillion, Science Applications International

Corporation, San Diego, CA
Derek Dormedy, California State University, Fresno, CA
Lawrence Duffy, University of Alaska, Fairbanks, AK
Debbie Elcock, Argonne National Laboratory, San Diego,

CA
Jean H. Futrell, Pacific Northwest National Laboratory,

Richland, WA
Ann Marie Gebhart, Underwriters Laboratories

Incorporated, Northbrook, IL
Virginia Grebbien, Orange County Water District,

Fountain Valley, CA
Elias Greenbaum, Oak Ridge National Laboratory, Oak

Ridge, TN
David Groves, RAND, Santa Monica, CA
Evelyn Hartzell, U.S. Environmental Protection Agency,

Cincinnati, OH
Patrick G. Hatcher, Ohio State University, Columbus,

OH

Alan D. Hecht, White House Council on Environmental
Quality (now at the U.S. Environmental Protection
Agency), Washington, DC

Thomas E. Hinkebein, Sandia National Laboratories,
Albuquerque, NM

Dennis J. Hjeresen, Green Chemistry Institute,
Washington, DC

Carol Jensen, The Dow Chemical Company, Midland, MI
Aaron Kofner, RAND, Santa Monica, CA
David P. Krabbenhoft, U.S. Geological Survey,

Middleton, WI
David Layton, Lawrence Livermore National Laboratory,

Livermore, CA
Richard G. Luthy, Stanford University, Stanford, CA
Bruce A. Macler, U.S. Environmental Protection Agency,

San Francisco, CA
Vasilios Manousiouthakis, University of California, Los

Angeles, CA
Mark R. Matsumoto, University of California, Riverside,

CA
Jay C. Means, Western Michigan University, Kalamazoo,

MI
Robin L. Newmark, Lawrence Livermore National

Laboratory, Livermore, CA
Parry M. Norling, DuPont (retired) and RAND,

Arlington, VA (now with Chemical Heritage
Foundation, Wilmington, DE)

Jeffery P. Perl, Chicago Chem Consultants Corporation,
Chicago, IL

Donald W. Phipps, Jr., Orange County Water District,
Fountain Valley, CA

David R. Rea, DuPont Company (retired), Wilmington,
DE

Fareed A. Salem, ConocoPhillips, Houston, TX
David Schubert, Salk Institute for Biological Studies, La

Jolla, CA
Tim Shaw, University of South Carolina, Columbia, SC

Appendix
A

Workshop Participants



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

Jeffrey J. Siirola, Eastman Chemical Company,
Kingsport, TN

Richard Skaggs, Pacific Northwest National Laboratory,
Richland, WA

Mark A. Smith, University of Arizona, Tucson, AZ
Tom Troyer, King Lee Technologies, San Diego, CA
Jim Van Vooren, Underwriters Laboratories Incorporated,

South Bend, IN

88 APPENDIX A

Mark Wang, RAND, Santa Monica, CA
Floyd E. Wicks, American States Water Company, San

Dimas, CA
Eric Wood, Weyerhaeuser Company, Federal Way, WA
Frankie Wood-Black, ConocoPhillips, Ponca City, OK



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

Bhasker Davé is currently R&D manager of advanced re-
cycle technology (industrial water management) and mem-
brane separations technology at Ondeo Nalco Technical Cen-
ter located in Naperville, Illinois. Dr. Davé has more than 12
years of experience in design and evaluation of water re-
cycle processes in the chemical processing, pulp and paper,
and primary metals industries. Dr. Davé has a B.S. in chemi-
cal engineering (First Class with Distinction) from the Uni-
versity of Madras (India), a M.S. in thermal and environ-
mental engineering from Southern Illinois University, and a
Ph.D. in chemical engineering from Texas A&M Univer-
sity.

Virginia Grebbien was appointed general manager of the
Orange County Water District (OCWD) in April 2002. With
more than 16 years of experience, Ms. Grebbien is well
known in the field of water resources management and plan-
ning both in Southern California and throughout the state.
Ms. Grebbien came to OCWD from Poseidon Resources
where she was senior vice president of project development.
Her career includes holding several management positions,
including principal engineer for Bookman Edmonston Engi-
neering, general manager of Central and West Basin Mu-
nicipal Water Districts, and manager of local resource devel-
opment for Metropolitan Water District of Southern
California. Ms. Grebbien is a professional engineer with a
B.S. degree in civil engineering from California State Poly-
technic University in Pomona. She is a former board mem-
ber and past president of the WateReuse Association and
founding president of the California WateReuse Research
Foundation. Currently, Ms. Grebbien is a member of the
WateReuse Federal Legislative Committee and serves on the
Department of Water Resources Recycled Water Task Force.

Elias Greenbaum, is a corporate fellow and research group
leader, Oak Ridge National Laboratory, and professor of bio-
logical physics, University of Tennessee (UT). He received

the B.S. degree from Brooklyn College and Ph.D. in physics
from Columbia University under the guidance of Professor
Chien-Shiung Wu. Dr. Greenbaum’s main area of research
is the field of photosynthesis and its application to nanoscale
science and technology, biosensor development, and renew-
able hydrogen production. He was named 2000 Oak Ridge
National Laboratory Scientist-of-the-Year and received the
1995 Department of Energy’s (DOE’s) Biological and
Chemical Technologies Research Program Award and sev-
eral Lockheed Martin Energy Research Corporation and UT-
Battelle, LLC awards. Dr. Greenbaum is a fellow of the
American Physical Society and the American Association
for the Advancement of Science. He holds 10 patents and is
the author of more than 100 publications in peer-reviewed
scientific journals. He is editor-in-chief of the Springer-AIP
Biological and Medical Physics Series and served as associ-
ate editor of the Biophysical Journal.

Alan D. Hecht is currently director for sustainable develop-
ment in the Office of Research and Development at the U.S.
Environmental Protection Agency (EPA). Previously, Dr.
Hecht was associate director for sustainable development at
the White House Council on Environmental Quality. In the
White House, he also served as director of international en-
vironmental affairs for both the National Security Council
and the Council on Environmental Quality (October 2001-
May 2002). Dr. Hecht was the White House coordinator for
the 2002 World Summit on Sustainable Development. Span-
ning a federal career of 26 years, Dr. Hecht previously served
as the principal deputy and deputy assistant administrator
for international activities at the U.S. EPA (1989-2001). He
was the acting assistant administrator for international ac-
tivities from 1992 to 1994. Dr. Hecht has also served in sci-
ence and policy positions with the National Oceanographic
Administration (1982-1989) and the National Science Foun-
dation (NSF; 1976-1982). He was director of the National
Climate Program from 1981 to 1989, and director of the Cli-
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mate Dynamics Program at NSF from 1976 to 1981. Dr.
Hecht has a B.S. in geology from Brooklyn College and a
Ph.D. in geochemistry and paleoclimatology from Case
Western Reserve.

Thomas E. Hinkebein is a distinguished member of the
technical staff at Sandia National Laboratories in Albuquer-
que, New Mexico. He received his Ph.D. in chemical engi-
neering from the University of Washington, Seattle. Dr.
Hinkebein currently manages the Geochemistry Department,
which is responsible for a number of fundamental science
studies as well as the development of novel arsenic water
treatment processes. He also currently manages several lab-
directed research and development programs that explore
novel concepts in water supply enhancement and desalina-
tion. Additionally, Dr. Hinkebein is responsible for coordi-
nating the development of a technology roadmap for future
research in desalination technology.

Dennis L. Hjeresen currently serves on the Board of Direc-
tors of the Green Chemistry Institute (GCI) and as GCI di-
rector. He is on partial loan from the Risk Reduction and
Environmental Stewardship Program at Los Alamos Na-
tional Laboratory. He has a long history of creating pollution
prevention programs and catalyzing partnerships. Dr.
Hjeresen established Los Alamos as the lead DOE labora-
tory for EPA Green Chemistry Programs. He has lectured
and given presentations in this area all over the world and
established significant international interest in green chem-
istry. Dr. Hjeresen serves as a member of the editorial or
advisory boards for the Journal of Green Chemistry, the
Journal of Environmental Science and Technology, and the
Journal of Clean Products and Environmental Policy. He
serves as a member of the U.S. delegation to the Organiza-
tion for Economic Cooperation and Development (OECD)
Joint Meeting of the Chemicals Committee and Working
Party on Chemicals, Pesticides and Biotechnology: Work-
ing Group on Research and Development in the Context of
Sustainable Chemistry. Dr. Hjeresen received a M.S. in neu-
roscience in 1982 and a Ph.D. in neuroscience (minor in ecol-
ogy) in 1984 from the University of Washington in Seattle.
His research career has focused on biological effects of envi-
ronmental pollutants and includes an extensive list of peer-
reviewed publications and a history of professional service.

Carol Jensen is vice president of global research and devel-
opment for performance chemicals, the Dow Chemical Com-
pany. Dr. Jensen joined the company in 2001 from the 3M
Corporation where she was the executive director of the cor-
porate technology and electronics and communications mar-
kets. She started her career in 1979 with IBM in San Jose,
California, as a group leader in electronic materials. In 1990,
Dr. Jensen joined 3M Corporation in Austin, Texas. As tech-
nical director for electronic products, she led technology
development and platform launches for various electronic

connection and microcircuit products. In 1998, Dr. Jensen
was named managing director for 3M Denmark A/S, in
Copenhagen. She had responsibility for sales, marketing,
customer relationships, technical service, and supply chain
for the total portfolio of 3M products for Denmark, Iceland,
and other Scandinavian countries. Dr. Jensen returned to the
United States in 2000, based in St. Paul, Minnesota, where
she had direct responsibility for several corporate R&D labo-
ratories and oversight of the electronic and telecommunica-
tions business laboratories engaged in materials, process, and
new product development covering much of 3M worldwide
sales. Dr. Jensen has authored 7 patents and 25 trade secrets.
She received a B.S. in chemistry from Douglass College,
Rutgers University, and a Ph.D. in physical organic chemis-
try from the California Institute of Technology.

David Krabbenhoft is a research scientist with the U.S.
Geological Survey (USGS). He has general research inter-
ests in geochemistry and hydrogeology of aquatic ecosys-
tems. Dr. Krabbenhoft began working on environmental
mercury cycling, transformations, and fluxes in aquatic eco-
systems after completing his Ph.D. in 1988, and the topic has
consumed him since. His work on mercury started with the
Mercury in Temperate Lakes project in 1988, which served
as the springboard for other environmental mercury research
in the United States and around the world. In 1994, Dr.
Krabbenhoft established the USGS Mercury Research Labo-
ratory and has since assembled a team of multidisciplinary
mercury investigators in Wisconsin. The laboratory is a state-
of-the-art, analytical facility strictly dedicated to the analy-
sis of mercury, with low-level speciation. In 1995, he initi-
ated the multi-agency Aquatic Cycling of Mercury in the
Everglades (ACME) project, and in 1998, he organized and
conducted a national synoptic sampling of mercury in sport
fish, sediment, and water from 122 sites across the United
States for the USGS. More recently, Dr. Krabbenhoft has
been a primary investigator on the internationally conducted
Mercury Experiment to Assess Atmospheric Loading in
Canada and the United States (METAALICUS) project,
which is a novel effort to examine the ecosystem-level re-
sponse to loading an entire watershed with mercury. The
Wisconsin Mercury Research Team is currently active in
projects from Alaska to Florida, and from California to New
England. Since 1990, Dr. Krabbenhoft has authored or coau-
thored about 50 papers on mercury in the environment. In
2006, he will serve as cohost for the Eighth International
Conference on Mercury as a Global Pollutant in Madison,
Wisconsin.

Richard G. Luthy is the Silas H. Palmer Professor of Civil
and Environmental Engineering at Stanford University. His
B.S. in chemical engineering and his M.S. and Ph.D. in envi-
ronmental engineering are from the University of California
at Berkeley. Dr. Luthy’s area of teaching and research is
environmental engineering and water quality. His research
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interests include physicochemical and microbial processes
and applied aquatic chemistry with application to waste re-
duction and treatment, and remediation of contaminated soil
and sediment. He is noted for work on phase partitioning and
the treatment and fate of hydrophobic organic compounds.
Dr. Luthy’s research emphasizes interdisciplinary ap-
proaches to understand the behavior and availability of or-
ganic contaminants and the application of these approaches
to bioavialability and environmental quality criteria. His cur-
rent work includes the in situ control of PCBs (polychlori-
nated biphenyls) and DDT (dichlorodiphenyltrichloro-
ethane) in contaminated sediments, and the environmental
fate and behavior of perfluorinated organic compounds and
nitromusks in the aquatic environment. Dr. Luthy chairs the
National Research Council’s (NRC’s) Water Science and
Technology Board and was a member of the NRC Commit-
tees on Innovative Remediation Technologies and on Intrin-
sic Remediation. He chaired the recently completed NRC
study on the bioavailability of contaminants in soils and sedi-
ments. He is a past president of the Association of Environ-
mental Engineering and Science Professors. He is a regis-
tered professional engineer, a diplomate of the American
Academy of Environmental Engineers, and a member of the
National Academy of Engineering.

Bruce A. Macler is national microbial risk assessment ex-
pert in the Water Division of the U.S. Environmental Protec-
tion Agency (Region 9). As national expert for microbial
risk assessment for EPA, Dr. Macler provides guidance and
assists in developing agency policies and programs in hu-
man health and ecosystem risk assessment and risk manage-
ment. Prior to his current assignment, he served as national
drinking water regulations manager from 1993 to 1997. Be-
fore joining the EPA in 1989, he was an assistant research
botanist and lecturer at the University of California, Berke-
ley (1982-1987) and as assistant research professor in the
Marine Sciences Research Center at the State University of
New York at Stony Brook (1981-1982). Dr. Macler earned

his A.B. (1974) and his Ph.D. (1981) in biochemistry from
the University of California, Berkeley. His current research
interests center on determining the magnitude and causes of
waterborne microbial disease. This work has included sev-
eral studies on the occurrence of fecal pathogens in ground-
water, their fate and transport in the subsurface environment,
and approaches to assessing public health impacts from these
contaminants. Associated research interests include public
perceptions on the safety of drinking water and their impli-
cations for regulatory water policy. Major current activities
involve characterization of vulnerability to bioterrorism at-
tacks on drinking water and development of a risk assess-
ment paradigm for indoor molds. As national drinking water
regulation coordinator for EPA Region 9, Dr. Macler par-
ticipates actively in the development and implementation of
all national primary drinking water regulations.

Floyd E. Wicks is president and chief executive officer
(CEO) of American States Water Company. Mr. Wicks is
also president and CEO of Southern California Water Com-
pany (SCWC), the principal operating subsidiary of Ameri-
can States Water Company, and president and CEO of
American States Utility Services Company and Chaparral
City Water Company in Arizona. A registered professional
engineer in California, Ohio, and Pennsylvania, Wicks’ pro-
fessional career spans the past 30+ years. He received both
his B.S. in civil engineering and his M.S. in water resources
engineering from Ohio State University. Mr. Wicks is a
member of various professional organizations, including the
National Association of Water Companies (NAWC) for
which he served an 18-month term as president. Mr. Wicks
continues to serve on the NAWC Nominating Committee
and currently serves on the Board of Trustees of the Ameri-
can Water Works Association Research Foundation. Mr.
Wicks is also a past member of the Advisory Committee to
the President’s Commission on Critical Infrastructure Pro-
tection.



Copyright © National Academy of Sciences. All rights reserved.

Water and Sustainable Development: Opportunities for the Chemical Sciences - A Workshop Report to the Chemical Sciences Roundtable
http://www.nap.edu/catalog/10994.html

In April 1994, the American Chemical Society (ACS)
held an Interactive Presidential Colloquium entitled “Shap-
ing the Future: The Chemical Research Environment in the
Next Century.”1  The report from this colloquium identified
several objectives, including the need to ensure communica-
tion on key issues among government, industry, and univer-
sity representatives. The rapidly changing environment in
the United States for science and technology has created a
number of stresses on the chemical enterprise. The stresses
are particularly important with regard to the chemical indus-
try, which is a major segment of U.S. industry; makes a
strong, positive contribution to the U.S. balance of trade;
and provides major employment opportunities for a techni-
cal work force. A neutral and credible forum for communi-
cation among all segments of the enterprise could enhance
the future well-being of chemical science and technology.

After the report was issued, a formal request for such a
roundtable activity was transmitted to Dr. Bruce M. Alberts,
chairman of the National Research Council (NRC), by the
Federal Interagency Chemistry Representatives, an informal
organization of representatives from the various federal
agencies that support chemical research. As part of the NRC,
the Board on Chemical Sciences and Technology (BCST)
can provide an intellectual focus on issues and fundamentals
of science and technology across the broad fields of chemis-
try and chemical engineering. In the winter of 1996, Dr.
Alberts asked BCST to establish the Chemical Sciences
Roundtable to provide a mechanism for initiating and main-
taining the dialogue envisioned in the ACS report.

The mission of the Chemical Sciences Roundtable is to
provide a science-oriented, apolitical forum to enhance un-
derstanding of the critical issues in chemical science and
technology affecting the government, industrial, and aca-
demic sectors. To support this mission, the Chemical Sci-
ences Roundtable will do the following:

• Identify topics of importance to the chemical science
and technology community by holding periodic discus-
sions and presentations, and gathering input from the
broadest possible set of constituencies involved in
chemical science and technology.

• Organize workshops and symposia and publish reports
on topics important to the continuing health and ad-
vancement of chemical science and technology.

• Disseminate the information and knowledge gained in
the workshops and reports to the chemical science and
technology community through discussions with, pre-
sentations to, and engagement of other forums and or-
ganizations.

• Bring topics deserving further, in-depth study to the
attention of the NRC’s Board on Chemical Sciences
and Technology. The roundtable itself will not attempt
to resolve the issues and problems that it identifies—it
will make no recommendations, nor provide any spe-
cific guidance. Rather, the goal of the roundtable is to
ensure a full and meaningful discussion of the identi-
fied topics so that the participants in the workshops and
the community as a whole can determine the best
courses of action.

Appendix
C

Origin of and Information on the
Chemical Sciences Roundtable

1Shaping the Future: The Chemical Research Environment in the Next
Century, American Chemical Society Report from the Interactive Presiden-
tial Colloquium, April 7-9, 1994, Washington, DC.
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International Environmental Technology Centre (United
Nations Environmental Programme). Fresh Water Issues (see
http://www.unep.or.jp/ietc/issues/freshwater.asp).

This provides information on freshwater augmentation,
pollution in lakes and reservoirs, wastewater and storm wa-
ter, sewage, and links to other references and resources.

Organizing Committee for the Workshop on the Envi-
ronment. 2003. Challenges for the Chemical Sciences in the
21st Century: The Environment, Washington, DC: The Na-
tional Academies Press.

This workshop report has relevant sections on drinking
water disinfection and disinfection by-products, water and
sediment chemistry, green chemistry and water, examples of
reduced industrial uses of water, and biogeochemical con-
trols on the mobility of trace metals in groundwater.

Postel, Sandra. 1992. Last Oasis: Facing Water Scarcity,
New York: W.W. Norton. (see http://www.worldwatch.org/
press/news/1999/07/17/).

This is an examination of the limits—ecological, eco-
nomic, and political—of water, maintaining that the tech-
nologies and know-how exist to make every drop go further;
agricultural use could be cut by 10-50% (drip irrigation),
industrial use by 40-90% (extensive recycling), and cities by
30% without major expense.

Simon, Paul. 1998. Tapped Out: The Coming World Crisis
in Water and What We Can Do About It. New York: Wel-
come Rain (see http://www.horizonmag.com/2/simon.htm).

Former Senator Paul Simon outlines the problems we face
with the lack of adequate water supplies and suggests spe-
cific things the average citizen can do to help. He makes a
strong case for an increase in desalination research and urges
citizens to ask Congress to appropriate funds for this research
and for water conservation.

Appendix
D

For Further Reading

Somerville, Chris, and Johan Briscoe. 200l. Editorial: ge-
netic engineering and water. Science 292:2217.

Although many innovations in modifying plant water use
are theoretically possible, one opportunity is related to the
focus of this special issue of Science, on plant pathology. It
has been estimated that up to 40% of plant productivity in
Africa and Asia, and about 20% in the developed world is
lost to pests and pathogens. Approximately one-third of the
losses are due to viral, fungal, and bacterial pathogens, and
the remainder is due to insects and nematodes. Much of the
loss occurs after the plants are fully grown: a point at which
most of all of the water required to grow a crop has been
invested. Thus reducing losses to pests and pathogens is
equivalent to creating more land and more water.

Tullo, Alexander. 2002. Turning on the tap: The world’s
growing concern about water supply is making the water
treatment market more attractive for chemical suppliers.
Chemical & Engineering News, 80(46): 7-42.

This article describes the activities of Ciba Specialty
Chemicals, Ondeo Nalco, SNF Floerger, GE Betz, Drew In-
ternational, Great Lakes Chemical, and US Filter; related
articles in the same issue: “Basic Materials Keep a Technol-
ogy Edge: Innovation and Symbiosis Catalyze Growth of
Filter-Stage Chemicals for Water Treatment” and “China
Changes Gear: China Wants Cleaner Water, It Wants It Yes-
terday, and it’s Spending Billion on Treatment Plants” (see
http://pubs.acs.org/cen/coverstory/8046/8046water.html).

Water Science and Technology Board (WSTB), National
Research Council. 2002. Annual Report 2001-2002 (see
http://www7.nationalacademies.org/wstb/1WSTB_Annual_
Report.html).

The web site includes a list of relevant publications and
studies by the WSTB.
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WSTB. 2002. Envisioning the Agenda for Water Resources
Research in Twenty-first Century. Washington, DC: National
Academies Press (copies available from the Water Science
and Technology Board, National Research Council, 2101
Constitution Avenue, N.W., Washington, DC 20418; tele-
phone: (202) 334-3422, fax: (202) 334-1961, or see http://
www.nap.edu/catalog/10140.html).
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Concerns have grown among the public and water re-
sources professionals about the adequacy of future water
supplies, the sustainability and restoration of aquatic ecosys-
tems, and the viability of our current water resource research
programs and our institutional and physical water resource
infrastructures. This report summarizes discussions about the
future of the nation’s water resources and the appropriate
research needed to achieve their long-term sustainability.


