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Preface
Water is the second most essential material for human survival. Life as we 
know it would not be possible without water. However, availability of pure 
water for human use is a major issue worldwide. The sad fact is that pollution 
of fresh water (drinking water) is a problem for about half of the world’s popu-
lation The United Nations estimates that 2.7 billion people will face a water 
shortage by 2025. It is well known that Earth is composed largely of water; 
however, fresh water comprises only 3% of the total water available to us. Of 
that, only 0.06% is easily accessible for human use. Over 80 countries in the 
world suffer from a water deficit, and an estimated 1.2 billion people drink 
unclean water. Each year there are about 250 million cases of water-related 
diseases, which result in roughly 5 million to 10 million deaths. A significant 
number of these deaths are caused by the ingestion of water contaminated 
with pathogenic bacteria, viruses, or parasites responsible for cholera, typhoid, 
schistosomiasis, dysentery, and other diarrheal diseases.

Water-related problems affect not only the less developed countries; the prob-
lems plague most advanced countries in the world as well, including the United 
States—which is facing a water crisis. Most experts agree that the U.S. water 
policy is in chaos. Decision making about allocation, infrastructure, repair, and 
pollution is spread across hundreds of federal, state, and local agencies. Over 
700 different chemicals have been found in U.S. drinking water when it comes 
out of the tap. The U.S. Environmental Protection Agency (EPA) classifies 
129 of these chemicals as being particularly dangerous, and it has set stand-
ards for approximately 90 contaminants in drinking water. An EPA report in 
1996 noted that about one in ten community tap water systems (serving about 
one-seventh of the U.S. population) violated EPA’s tap water treatment or con-
taminant standards, and 28% of tap water systems violated significant water-
monitoring or reporting requirements. It has been estimated that 80 million to 
100 million Americans drink tap water that contains very significant trihalo- 
methane levels (over 40 ppb). Drinking bottled water does not assure the 
absence of contaminants.

This problem of water quality and purity becomes even more significant 
when you consider that our water is being constantly contaminated from the 
pollutants we add to the atmosphere from industries, fossil fuel used for auto-
mobiles and airplanes, and various other means that are recycled in the form of 
rain and snow that enter our water supply. In addition, improper wastewater dis-
posal can lead to additional contamination. Furthermore, fertilizers, insecticides, 
pesticides, and herbicides that are used on our crops, golf courses, and lawns 
find their way into our water supplies. Improper disposal of hospital waste 
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Prefacexiv
can lead to addition of disinfectants and other pharmaceuticals in water. The 
metabolites or unabsorbed pharmaceuticals find their way into water through 
urine and excreta.

We have known for some time now that water that we call potable may con-
tain many trace and ultratrace contaminants. Despite our best attempts to purify 
water for drinking, it should be recognized that trace or ultratrace amounts (at 
or below parts-per-billion level) of about every substance present in untreated 
water is likely to be found in drinking water even with well-thought-out puri-
fication and reprocessing systems. To monitor contaminants in water, it is nec-
essary to perform analyses at ultratrace levels. This was highlighted by me in 
the1978 Metrochem meeting in a paper entitled “In Search of Femtogram”: a 
femtogram is 1015g or 1 part per quadrillion. It was pointed out that it was 
essential to analyze very low quantities of various contaminants to fully under-
stand the impact of various chemicals on our body. For example, it has been 
reported that dioxin (2,3,7,8-tetrachloro-dibenzodioxin) can cause abortion in 
monkeys at the 200 ppt (parts-per-trillion) level, and PCBs at 0.43 ppb level can 
weaken the backbones of trout.

This book provides a rich source of methods for analyzing water to assure 
its safety from natural and deliberate contaminants including those that are 
added because of carelessness of human endeavors. The first four chapters pro-
vide an overview of the subject and discuss major water-related issues in devel-
oping and developed countries. It should be noted that human development has 
great impact on water quality. Chapters 5–7 cover issues of sampling for water 
analysis, regulatory considerations, and forensics in water quality and purity 
investigations. Chapters 8–14 cover microbial as well as chemical contamina-
tions from inorganic compounds, radionuclides, volatile and semivolatile com-
pounds, disinfectants, herbicides, and pharmaceuticals including endocrine 
disruptors. Potential terrorist-related contamination and how it should be moni-
tored is covered in Chapter 15.

The luxury of municipal water purification for human consumption is not 
available to a very large number of people in the world. This necessitates water 
purification by other means, as is exemplified by the horrendous problem of 
arsenic-contaminated groundwater. Chapter 2 delineates this worldwide prob-
lem that affects even advanced countries. To help solve the problem, a million-
dollar Grainger prize was offered to an inventor for designing a simple filter that 
would economically remediate the arsenic contamination of water. Chapter 16 
describes such a filter that can remove arsenic sufficiently to protect the health 
of a large number of people.

I would like to thank all the authors for their valuable contributions, which I 
am sure will be of great help to scientists, administrators, managers, and policy 
makers who are involved with water-related issues.

Satinder (Sut) Ahuja
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Handbook of Water Purity and Quality
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Overview

Satinder Ahuja
Ahuja Academy of Water Quality, UNCW, Calabash, NC, USA

IntroductIon

Water is the most essential material for human survival, after air. Without water, 
life as we know it would not be possible (Ahuja, 1980, 1986). Fortunately, air is 
purified adequately by nature with a minimum of help from us. However, today 
this is not the case with water. Our civilization has managed to pollute our sur-
face water and even groundwater; this necessitates purification for drinking (see 
Chapter 2). The expression “clean as freshly driven snow” or “pure rainwater” 
is not true any more. In the past, rain was nature’s way of providing freshwater; 
now, however, rain is usually contaminated with various pollutants that we put 
in the atmosphere. Here are some important facts about the availability, quality, 
and purity of our water supplies:

l Even though Earth is composed largely of water, freshwater comprises only 
3% of the total water available to us. Of that, only 0.06% is easily accessible.
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l Over 80 countries in the world suffer from a water deficit.
l Today an estimated 1.2 billion people drink unclean water.
l The United Nations estimates that 2.7 billion people will face a water short-

age by 2025.
l Water-related diseases kill 5 million –10 million people, mostly children, 

around the world.

Even an advanced country like the United States is facing a water crisis. 
Most experts agree that the U.S. water policy is in chaos. Decision making 
about allocation, infrastructure, repair, and pollution is spread across hundreds 
of federal, state, and local agencies. Over 700 different chemicals have been 
found in U.S. drinking water when it comes out of the tap! The United States 
Environmental Protection Agency (EPA) classifies 129 of these chemicals as 
being particularly dangerous.

The sad fact is that pollution of freshwater (drinking water) is a problem 
for about half of the world’s population. Each year there are about 250 mil-
lion cases of water-related diseases, with roughly 5 million –10 million deaths. 
Diseases caused by the ingestion of water contaminated with pathogenic bacte-
ria, viruses, or parasites include:

l Cholera
l Typhoid
l Schistosomiasis
l Dysentery and other diarrheal diseases

Drinking water, including bottled water, may reasonably be expected to 
contain at least small amounts of some contaminants, but the presence of con-
taminants does not necessarily indicate that water poses a health risk. The EPA 
sets standards for approximately 90 contaminants in drinking water. Those 
standards, along with each contaminant’s likely source and its health effects, 
are available at www.epa.gov/safewater/mcl.html. An EPA report in 1996 noted 
that about one in ten community tap water systems (serving about one-seventh  
of the U.S. population) violated EPA’s tap water treatment or contaminant 
standards, and 28% of tap water systems violated significant water-monitoring 
or -reporting requirements. In addition, the tap water of more than 32 million 
Americans exceeds 2 parts per billion (ppb) arsenic (the California Proposition 
65 warning level, applicable to bottled water, is 5 ppb), and 80 million –100 
million Americans drink tap water that contains very significant trihalomethane 
levels (over 40 ppb). Thus, while much tap water is supplied by systems that 
violate EPA standards or that serve water containing substantial levels of risky 
contaminants, the majority of the country’s tap water apparently passes EPA 
standards. Therefore, while much tap water is indeed risky there is no assur-
ance that bottled water is any safer than tap water. Laboratories tested most 
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waters for about half of the drinking water contaminants regulated by FDA (to 
control costs). They found the following:

l Nearly one in four of the waters tested (23 of the 103 waters, or 22%) vio-
lated strict applicable state (California) limits for bottled water in at least 
one sample, most commonly for arsenic or certain cancer-causing man-
made (“synthetic”) organic compounds. Another three waters sold outside 
of California (3% of the national total) violated industry-recommended 
standards for synthetic organic compounds in at least one sample, but 
unlike in California, those industry standards were not enforceable in the 
states (Florida and Texas) in which they were sold.

l Nearly one in five tested waters (18 of the 103, or 17%) contained, in at 
least one sample, more bacteria than allowed under microbiological-purity 
“guidelines” (unenforceable sanitation guidelines based on heterotrophic 
plate count (HPC) bacteria levels in the water) adopted by some states, the 
industry, and the EU. The U.S. bottled water industry uses HPC guidelines, 
and there are European HPC standards applicable abroad to certain bottled 
waters, but there are no U.S. standards in light of strong bottler opposition 
to making such limits legally binding.

Water Pollution Worldwide

Earth is the “water planet.” It is hard to comprehend why a planet with 71% of 
its surface covered by water would be facing a water shortage. As mentioned ear-
lier, at least 80 countries already have water shortages that threaten health and eco-
nomic activity. More than 1 billion people have no access to clean drinking water. 
And things are getting worse. The world population is growing at a fast pace. 
Farms, factories, and cities are using more water. Demand for water is doubling 
every 21 years—and faster in some areas. This suggests that we need to assure 
water quality and purity so that we do not face a dire water crisis in the near future.

Pollution of freshwater (drinking water) is a problem for about one-half of 
the world’s population. Each year, there are about 250 million cases of water-
related diseases, with roughly 5 million –10 million deaths. Each year, plastic 
waste in water and coastal areas kills up to:

l 100,000 marine mammals
l 1 million seabirds
l Immeasurable numbers of fish

The Pacific Ocean is the largest ocean realm on our planet, approximately 
the size of Africa—over 10 million square miles. There are large parts of the 
Pacific referred to as “plastic oceans,” where enormous gyres are covered with 
plastic debris. The world’s seas are beset by a variety of water pollution prob-
lems. See Table 1 for 10 of the worst areas.
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rmal Radio-
nuclides

Spills

e Known None Known Slight Impact

ht Impact Slight Impact Severe Impact

e Known Slight Impact Moderate 
Impact

ht Impact Slight Impact Slight Impact

ht Impact None Known Moderate 
Impact

ht Impact None Known Severe Impact

e Known None Known Moderate 
Impact

ht Impact Severe Impact Severe Impact

e Known None Known None Known

ht Impact Severe Impact Slight Impact
Table 1 Major Bodies of Water/Areas with Serious Water Pollution Problems

Area Micro-
biological

Eutro-
phication

Chemical Suspended 
Solids

Solid Wastes The

Gulf of Mexico Severe 
Impact

Moderate 
Impact

Moderate 
Impact

Moderate 
Impact

Moderate 
Impact

Non

caribbean Sea Moderate 
Impact

Moderate 
Impact

Moderate 
Impact

Severe Impact Moderate 
Impact

Slig

Baltic Sea Slight 
Impact

Severe Impact Moderate 
Impact

Slight Impact Slight Impact Non

Aral Sea Slight 
Impact

Severe Impact Severe Impact Severe Impact Moderate 
Impact

Slig

Yellow Sea Moderate 
Impact

Severe Impact Slight Impact Slight Impact Moderate 
Impact

Slig

Bohal Sea Moderate 
Impact

Severe Impact Moderate 
Impact

Slight Impact Moderate 
Impact

Slig

congo Basin Moderate 
Impact

Severe Impact Moderate 
Impact

Moderate 
Impact

Severe Impact Non

Benguela current Moderate 
Impact

Moderate 
Impact

Severe Impact Moderate 
Impact

Severe Impact Slig

Lake Victoria Severe 
Impact

Severe Impact Moderate 
Impact

Severe Impact Slight Impact Non

Pacific Islands Moderate 
Impact

Slight Impact Moderate 
Impact

Moderate 
Impact

Severe Impact Slig

Source: Adapted form UNEP SEO Report, 2004–2005
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To highlight the problems of worldwide water pollution, some of the water 
quality issues of various parts of the world are summarized in the following 
sections.

Developing Countries
The problems of water pollution in less developed countries in Africa, Asia, 
and Latin America are well known. Most travelers are advised not to drink 
local water. Microbial contamination of water is a major issue in these areas. 
In Africa, even the large bodies of water are polluted as is exemplified by Lake 
Victoria (see Chapter 3 for details). Asian rivers are considered by some to 
be the most polluted in the world. They have 3 times as many bacteria from 
human waste as the global average and 20 times more lead than rivers in indus-
trialized countries. In 2004, water from half of the tested sections of China’s 
seven major rivers was found to be undrinkable because of pollution. It has 
been reported that the Yangtze, China’s longest river, is “cancerous” with pollu-
tion. The Yangtze rises in China’s western mountains and passes through some 
of its most densely populated areas. Environmental experts fear pollution from 
untreated agricultural and industrial waste could turn the Yangtze into a “dead 
river” within 5 years. That would make it unable to sustain marine life or pro-
vide drinking water to the booming cities along its banks. At present, nearly 
300 million people in China do not have access to safe drinking water.

Bangladesh has some of the most polluted groundwater in the world. In 
this case, the major contaminant is arsenic, which occurs naturally in soil sedi-
ments. Around 85% of the total area of the country has contaminated ground-
water. This problem significantly affects in India and other Asian countries. As 
a matter of fact, this problem is encountered worldwide (see Chapter 2).

Developed Countries
The developed countries have their own set of issues with water quality. For 
example, the quality of water in Europe’s rivers and lakes that are used for 
swimming and water sports worsened between 2004 and 2005, with 10% of 
sites not meeting standards. Thirty percent of Ireland’s rivers are polluted with 
sewage or fertilizer. The Sarno, on the continent, is the most polluted river in 
all of Europe, featuring a nasty mix of sewage, untreated agricultural waste, 
industrial waste, and chemicals. The Rhine is regarded as being Europe’s dirt-
iest river. Almost one-fifth of all the chemical production in the world takes 
place along its banks.

The King River is Australia’s most polluted river, suffering from a severe 
acidic condition related to mining operations. Canadian rivers are also pol-
luted. Forty percent of U.S. rivers are too polluted for fishing, swimming, or 
aquatic life. Even worse are the lakes—46% of them are too polluted for fish-
ing, swimming, or aquatic life. Two-thirds of U.S. estuaries and bays are either 
moderately or severely degraded from eutrophication (nitrogen and phosphorus  
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pollution). The Mississippi River—which drains nearly 40% of the continental 
United States, including its central farmlands—carries an estimated 1.5 mil-
lion metric tons of nitrogen pollution into the Gulf of Mexico each year. The 
resulting hypoxic coastal dead zone in the Gulf each summer is about the size 
of Massachusetts. Nearly 1.2 trillion gallons of untreated sewage, storm water, 
and industrial waste are discharged into U.S. waters annually. The EPA has 
warned that sewage levels in rivers could be back to the super-polluted levels 
of the 1970s by the year 2016. In any given year, about 25% of beaches in 
the United States are under advisories or are closed at least once each summer 
because of water pollution.

Monitoring contaminants

Despite the best attempts to purify river water for drinking, it should be rec-
ognized that even with well-thought-out purification and reprocessing systems, 
trace or ultratrace amounts of about every substance present in untreated water 
are likely to be found in drinking water. To monitor contaminants in water, it is 
necessary to perform analyses at ultratrace levels (at or below ppb level). In the 
1978 Metrochem meeting, I presented a paper, “In Search of Femtogram.” For 
your reference, a femtogram is 1015 g, or 1 part per quadrillion—a phantom 
quantity at that time. I felt it was essential to analyze very low quantities of 
various contaminants to fully understand the impact of various chemicals on 
our body. I also noted that dioxin (2,3,7,8-tetrachloro-dibenzodioxin) can cause 
abortion in monkeys at the 200 ppt (parts per trillion) level, and polychlorin-
ated biphenyls (PCBs) at 0.43 ppb level can weaken the backbones of trout. It 
has been known for some time now that water that we call potable may contain 
many trace and ultratrace contaminants, as exemplified by analysis of Ottawa 
drinking water as given in Table 2 (Ahuja, 2005).

Table 2 GC/MS Analysis of Ottawa Tap Water

Compound Concentration Detected in Water (ppt)

-BHC 17

Lindane 1.3

Aldrin 0.70

Chlordane 0.0053

Dibutyl phthalate 29

Di(2-ethylhexyl) phthalate 78

GC/MS: Gas chromatography/mass spectrometry
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In 1980, I was invited by CHEMTECH to write an article on ultratrace 
analyses, in which I explained what the term meant and why it is necessary 
to perform such analyses (Ahuja, 2006). In 1986, Wiley asked me to write 
Ultratrace Analysis of Pharmaceuticals and Other Compounds of Interest, a 
book in which I briefly described methods for testing a large variety of com-
pounds, including arsenic, at trace and ultratrace levels (Ahuja, 2008). In 1992, 
I wrote yet another book, Trace and Ultratrace Analysis by HPLC, where I 
emphasized the need for such analyses in pharmaceuticals, food, cosmetics, 
and the environment.

What Is Potable Water?

A simple definition of potable water would be any water that is suitable for 
human consumption. National Primary Drinking Water Regulations control the 
water quality in the United States. However, these regulations vary in the vari-
ous parts of the world. Table 3 lists what one municipality in the United States 
does to monitor potable water quality.

This table shows that some other contaminants of concern that are not mon-
itored regularly include:

l MTBE (methyl tertiary butyl ether)
l Herbicides
l Pesticides
l Fertilizers
l Pharmaceuticals
l Perchlorate
l Mercury
l Arsenic

These contaminants and many others are discussed at length in this book. 
Among pharmaceutical contaminants, the problem of endocrine disruptors is 
gaining greater importance (see Chapter 14). Recently, it has been reported that 
liquid formula is the biggest culprit in exposing infants to bisphenol A, a poten-
tial hormone-disrupting chemical (Chemical and Engineering News, 2008).

dELInEAtIon oF A MAjor ProBLEM oF  
ArSEnIc-contAMInAtEd GroundWAtEr

Arsenic contamination of groundwater serves as an excellent example of how 
water quality and purity problems occur if adequate attention is not paid to 
detailed testing for all potential contaminants. Millions of wells were installed 
in Bangladesh in the 1970s to solve the problem of microbial contamination of 
drinking water. Unfortunately, the well water was not tested for natural contam-
ination of arsenic from the ground. The arsenic problem has now been reported 
in more than 20 countries, including Argentina, Bangladesh, Canada, Chile, 
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Table 3 Water Quality Results of Potable Water*

Substances EPA’s MCL Amount  
Detected

Source of  
Contaminant

TOC 2.6 to 5.2 ppm Naturally present in the 
environment

INORGANIC CHEMICALS

Chlorite 1.0 ppm 0.0–0.94 ppm By-product of disinfection

Chlorine dioxide 0.8 ppm 0.0–0.23 ppm Water additive for 
microbial control

Fluoride 4 ppm 0.0–1.70 ppm Water additive to promote 
strong teeth

Nitrate 10 ppm 1.00 ppm By-product of disinfection

Sulfate 250 ppm 14.0 ppm Part of treatment process, 
erosion of natural deposits

Copper 6/18/04 0.249 ppm Corrosion of household 
plumbing

Lead 6/18/04 0.003 ppm Corrosion of household 
plumbing

ORGANIC CHEMICALS

Chloramines 4 ppm 1.5–3.00 ppm Water additive for 
microbial control

Trihalomethanes 80 ppb 8.0–90.0 ppb By-product of disinfection

Haloacetic acids 60 ppb 3.5–19.7 ppb By-product of disinfection

RADIONUCLIDES

Beta 1/07/00 10 pCi/l 2.48 pCi/l Erosion of natural deposits

UNREGULATED CONTAMINANTS

Sodium Nonregulated 24.8 ppm Part of treatment process, 
erosion of natural deposits

Manganese Nonregulated 0.051 ppm Erosion of natural deposits

Iron Nonregulated 0.10 ppm Erosion of natural deposits

Bromoform Nonregulated 0.8 ppb THM component

(Continued)
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China, France, Ghana, Hungary, India, Mexico, Nepal, Thailand, Taiwan, the 
United Kingdom, the United States, and Vietnam (see Chapter 2). This prob-
lem is most pronounced in Bangladesh, India, and several other countries in 
South Asia. Arsenicosis results from drinking arsenic-contaminated water. It is 
seriously affecting the health of over 100 million people in South Asia, where 
it leads to a slow and painful death for many. Numerous suggestions to rectify 
this problem were received in response to my worldwide appeal in Chemical &  
Engineering News of June 9, 2003. To fully delineate this problem and seek 
viable solutions, a workshop in Dhaka in 2005 and several symposia at the 
Atlanta ACS meeting in 2006 were organized, with the support of American 
Chemical Society and IUPAC. The lessons learned from South Asia can help 
solve the problem in other parts of the world. Detailed information is provided 
in Chapter 2 as to how groundwater is contaminated with arsenic, desirable 
method(s) for monitoring arsenic contamination at ultratrace levels, and the 
best options for remediation. Various options presented by inventors vying to 
win the million-dollar Grainger Prize for remediation of arsenic contamination 
are evaluated in terms of their suitability for resolution of this problem.

WAtEr QuALItY In EAStErn AFrIcA

Climate change has added to the urgency of need for water conservation. This 
is because climate change has altered the temperature and rainfall patterns in 
Eastern Africa and the remainder of the continent (see Chapter 3). The tem-
perature scenario indicates that global mean surface temperature is projected to 
increase by between 1.5°C (2.7°F) and 5.8°C (10.8°F) by 2100. Climate change 
scenarios for Africa reflect future warming across the continent ranging from 
0.2°C (0.36°F) per decade (low scenario) to more than 0.5°C (0.9°F) per decade 
(high scenario). This warming will be greatest over the interior of semiarid mar-
gins of the Sahara and central Southern Africa. Many of the changes are now 
attributed to temperature increases caused by anthropogenic greenhouse gas 

Table 3 (Continued)

Substances EPA’s MCL Amount  
Detected

Source of  
Contaminant

Chlormethane Nonregulated 14.0 ppb THM component

Bromomethane Nonregulated 8.7 ppb THM component

Chloroform Nonregulated 34.0 ppb THM component

THM—trihalomethane; MCL—maximum contamination level; ppm—parts per million; ppb—parts 
per billion
*Brunswick County, NC 2004.
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emissions. Warmer climates increase evaporation of water as well. The qual-
ity of blue water in East Africa has experienced drastic changes in the last 40 
years, as evidenced by the onset of massive cyanobacteria blooms offshore that 
took place in Lake Victoria. The poor water quality has led to the collapse of the 
indigenous fish stock. The collapse has also been correlated to poor agricultural 
practices that have led to an accelerated rate of deposition and sedimentation of 
soil rich in nutrients. In addition to activities related to human population and 
agricultural production is the human abuse of water systems. Today most of the 
lakes and rivers are choking with wastes that are wantonly dumped into them. 
One of the major sources of water pollution in East Africa is human waste. It is 
possible to prevent this by changing the “I don’t care attitude” of people by the 
governments’ enacting stringent regulations on water pollution.

EFFEct oF LAnd dEVELoPMEnt

Conversion of natural landscapes to agriculture or urban areas results in a cas-
cading series of events that degrade the quality of receiving water bodies (see  
Chapter 4). Removal of the forest cover reduces evapotranspiration of rainfall and 
increases surface storm-water runoff, causing erosion and suspended sediment pol-
lution of receiving waters. If the land is converted into agricultural use, a number 
of pollutants may enter the surface and/or groundwater over time, including sus-
pended sediments, nutrients (nitrogen and phosphorus), pathogenic fecal microbes, 
and pesticides and herbicides. On the other hand, if the cleared land is urbanized, 
much land will be covered by impervious surfaces that will cause further increases 
in runoff and the loss of groundwater recharge, erosion of streambeds, and loss of 
aquatic animals’ habitat. When the area is served by septic systems, nutrient and 
fecal microbial pollution to nearby wells and waterways may result if the soils are 
porous and there is a high water table; surface runoff may result if soils are too 
impervious for proper percolation. Urban storm-water runoff will lead to pollution 
of receiving surface waters by nutrients, fecal microbes, metals, and toxic chemi-
cals including PCBs and PAHs (polycyclic aromatic hydrocarbons). The amount 
of impervious surface coverage in a watershed is strongly related to degraded fish 
and invertebrate communities, increases in nutrient and chemical pollution, and 
increases in fecal microbial pollution. Agricultural and urban runoff can be treated 
by constructed wetlands, streamside vegetated buffer zones, and the use of proper 
irrigation techniques. Urban runoff may also be treated by properly designed wet 
retention ponds and by the use of sand filters and rain gardens. Furthermore, urban 
runoff may be minimized by reducing runoff at the source through increasing 
green space and minimizing impervious surface coverage.

SAMPLInG And AnALYSIS oF ArSEnIc In GroundWAtEr  
In BAnGLAdESH And IndIA

Elevated levels of geogenic arsenic have been detected in the groundwater of 
Bangladesh and in West Bengal state, in India (see Chapter 5). In this chapter, 
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the findings on arsenic contamination of groundwater are reported, based on the 
analysis of more than 190,000 water samples from hand-pumped tube wells cov-
ering the entire areas of these two regions. The study also presents an overview 
on the sampling strategy, preservation methods, and analytical techniques used 
for the determination of arsenic (total and inorganic arsenic species) in water 
samples. In Bangladesh, arsenic concentrations above 50 µg/L (the national 
standard level of arsenic in drinking water) have been reported from 50 out of a 
total of 64 districts, based on the analysis of water samples from 50,515 hand-
pumped tube wells. The overall water analyses showed 43% and 27.5% of the 
samples had arsenic above 10 and 50 g/L, respectively. The authors analyzed 
44,696 hand-pumped tube well water samples from 50 arsenic-affected dis-
tricts and found that 31% of the samples had arsenic above 50 g/L and 48.5% 
above 10 g/L. The districts situated in the floodplain and the deltaic regions are  
the most contaminated areas of Bangladesh. Based on the overall water analy-
sis from West Bengal, 48.1% had arsenic above 10 g/L, 23.9% above 50 g/L, 
and 3.4% had levels above 300 g/L, the concentration that may have arseni-
cal manifestation. Analysis of deep tube wells (100 m) from Bangladesh and 
West Bengal showed that arsenic above 50 g/L is usually not present in depths 
beyond 350 m.

ForEnSIc WAtEr QuALItY InVEStIGAtIonS

As mentioned earlier, the aim of water quality analysis is to determine the 
presence of pollutants of concern and to estimate their concentrations within 
acceptable levels of precision. Water pollution can be defined as concentra-
tions of harmful materials or their indicators at or above certain levels that have 
been established by epidemiological or other methods, or as set by regulation. 
Remediation or mitigation of water pollution requires that sources be identi-
fied and quantified. In the case of pollution caused by human actions, source 
identification also entails determination of responsibility, which may engender 
civil actions or even criminal charges that would deter polluters by imposing 
penalties and/or remediation costs (see Chapter 6). Consequently, polluters 
may challenge the methods, results, and interpretations of water quality inves-
tigations, as well as the skill and veracity of investigators. The term “foren-
sic” is used to describe situations such as trials or administrative hearings, in 
which adversarial argumentation is used to establish facts, eliminate incorrect 
observations and interpretations, and test propositions. Clearly, skillful analyti-
cal work is a requisite for effective environmental forensic investigation, but 
a larger set of skills and methods must be employed to yield satisfactory out-
comes from good field and laboratory work in a forensic context.

rEGuLAtorY conSIdErAtIonS

Federal drinking water regulations are based on risk assessment of human 
health effects and research conducted on source water, treatment technologies,  
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residuals, and distribution systems. Chapter 7 focuses on the role that EPA 
research plays in ensuring pure drinking water in the United States and through-
out the world. The first part of this chapter explains the EPA’s strategic goals 
for drinking water, the rulemaking process, and applicable drinking water regu-
lations. The second part of this chapter highlights the EPA’s human health and 
drinking water research. The EPA’s strategic goals for clean and safe water have 
evolved from focusing on contaminants in water to protecting source water 
and water infrastructure. Objectives include protecting human health, protect-
ing water quality, and enhancing science and research. The EPA’s first objective 
is to protect human health by reducing exposure to contaminants in drinking 
water (including protecting source waters), in fish and shellfish, and in recrea-
tional areas. The EPA’s second objective is to protect the quality of rivers, lakes, 
and streams on a watershed basis and to protect coastal and ocean waters. The 
EPA’s third objective is the enhancement of science and research by conduct-
ing sound, leading-edge scientific studies to support the protection of human 
health through the reduction of human exposure to contaminants in drinking 
water, fish and shellfish, and recreational waters and to support the protection 
of aquatic ecosystems, specifically the quality of rivers, lakes, and streams, and 
coastal and ocean waters. The strategic plan targets the improvement of drink-
ing water quality in community water systems serving 6% of the U.S. popula-
tion that do not meet all applicable health-based drinking water standards. The 
EPA plans to accomplish these goals through effective treatment and source 
water protection and improvements in regulatory monitoring and reporting.

MIcroBIAL AnALYSIS

As mentioned earlier, a large number of aquatic microorganisms can infect or 
parasitize humans, and these pathogens and parasites are responsible for con-
siderable morbidity and mortality worldwide. Most such organisms are prob-
lematic when human or animal wastes contaminate surface water supplies used 
for drinking or body contact, but some occur naturally or can infect humans by 
other routes of transmission. The magnitude of the public health threat posed 
by these organisms requires a comprehensive effort to identify, quantify, and 
remediate these problems. A subset of sentinel or indicator organisms have 
been identified as representative of the widest and most serious public health 
threats in water. The strategies and methods for studying these organisms are 
discussed in Chapter 8, including molecular techniques and microbial source 
tracking approaches. In addition, the risks posed by microbial biofilms and 
sediment pathogen reservoirs are discussed as emerging problems.

MonItorInG InorGAnIc coMPoundS

The focus of Chapter 9 is inorganic substances in surface water that must 
be monitored to assure that it is suitable for drinking. In the United States, 



Satinder Ahuja �3
potable water must be cleaner than the maximum contaminant levels  
(MCL) mandated by local, state, and federal guidelines to protect human 
health. The EPA not only enforces the guidelines but also is required to help 
communities establish wastewater treatment facilities to ensure compliance. 
These regulations specify the allowable concentration of microorganisms, dis-
infectants, and disinfection by-products (DBPs; see Chapters 8 and 12), inor-
ganic chemicals, and organic chemicals discussed throughout the book, and 
radionuclides (see Chapter 10). Secondary contaminants such as iron and sulfur 
affect the smell, taste, or color of water but are not known to cause illness.

rAdIonucLIdES In SurFAcE- And GroundWAtEr

Unique among all the contaminants that adversely affect surface and water 
quality, radioactive compounds pose a double threat from both toxicity and 
damaging radiation. The extreme energy potential of many of these materials 
makes them both useful and toxic. The unique properties of radioactive mate-
rials make them invaluable for medical, weapons, and energy applications. 
However, mining, production, use, and disposal of these compounds provide 
potential pathways for their release into the environment, posing a risk to both 
humans and wildlife. Chapter 10 discusses the sources, uses, and regulation 
of radioactive compounds in the United States, biogeochemical processes that 
control mobility in the environment, examples of radionuclide contamination, 
and current work related to contaminated site remediation.

VoLAtILE And SEMIVoLAtILE contAMInAntS

As mentioned in various chapters, a large number of contaminants can find their 
way into the water sources we use for drinking water. Of these contaminants, 
volatile and semivolatile contaminants can enter directly from various spills, by 
improper disposal, or from the atmosphere in the form of rain, hail, and snow 
(Chapter 11). Rain is nature’s way of providing fresh water; however, now it is 
generally contaminated with various pollutants that we release into the atmos-
phere, most of which are volatile contaminants. According to a USGS report, vola-
tile organic compounds (VOCs) are a group of organic compounds with inherent 
physical and chemical properties that allow these compounds to move between 
water and air. In general, VOCs have high vapor pressure, low-to-medium 
water solubilities, and low molecular weights. By contrast, semivolatile organic  
compounds (SOCs) have a higher boiling point than VOCs; however, they can be 
volatilized under various environmental conditions and may pollute water.

MonItorInG dISInFEctAntS

Disinfection is a process that deliberately reduces the number of pathogenic 
microorganisms in water to protect public health (Chapter 12). Chemical  
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disinfection has been an integral part of drinking water treatment processes in 
the United States since the introduction of chlorine as a disinfectant in the early 
1900s. Chlorine, along with some other disinfectants such as ozone and chlo-
rine dioxide, was found to provide additional benefits including color, taste, and 
odor reduction. Therefore, chemical disinfectants were used in as large quanti-
ties as required to achieve desired water quality. Although chlorine was known 
to react with organic material in water, it was only in the early 1970s that scien-
tists were able to identify the formation of chloroform (CHCl3) and other volatile 
halogen-substituted organics in drinking water. These compounds were related 
to chlorine and were termed “by-products” of chlorination. These findings led 
to a large number of studies to learn about the formation of these by-products 
and their effects. As more became known about the potential by-products, it was 
also found that alternative chemical disinfectants (such as ozone and chlorine  
dioxide) form by-products of their own. EPA regulates DBPs and also the 
amount of disinfectants that can be used in drinking water. The balance between 
the risk of microbial contamination and DBP formation is still a challenge. 
Currently, there are several options for the disinfection of drinking water, and 
each has its own merits however, the by-products must be minimized.

HErBIcIdES And tHEIr dEGrAdAtIon ProductS

History shows that it has always been important that water and food be linked 
to population and quality (Chapter 13). Innovative changes in farming equip-
ment, laboratory instrumentation, and new ideas from around the world have 
been helpful in meeting the global demands of water and food. Pesticides are 
not new, but usage has changed over time. The introduction of herbicides is 
important to agriculture production. At the same time, the need for contin-
ued investigation and development is necessary for the proper management of 
weeds connected with food production. Water samples from around the world 
have been collected in various studies to help determine what changes have 
been made with herbicide use and what the results of these herbicide concen-
trations are. Studies have produced the necessary information to help revolu-
tionize government regulations for better quality water, as well as increased 
yields of grain; and changes in production practices have been made as a result.

PHArMAcEutIcALS In SEWAGE EFFLuEntS

The growing use of pharmaceuticals worldwide has become a new environmen-
tal problem that has awakened great concern among scientists in the last few 
years (see Chapter 14). Although the first reports on pharmaceuticals in waste-
water effluents and in surface waters were published in the United States in the 
1970s, pharmaceuticals as environmental contaminants did not receive a great 
deal of attention until the link was established between a synthetic birth-control  
pharmaceutical (ethynylestradiol) and impacts on fish. Over 3,000 chemical 
substances are used in human and veterinary medicines. These pharmaceuticals  



Satinder Ahuja �5

include antiphlogistics/anti-inflammatory drugs, contraceptives, -blockers, lipid 
regulators, tranquilizers, antiepileptics, and antibiotics. Although their toxicity 
to aquatic and terrestrial organisms is relatively unknown, a number of reported 
investigations have shown that pharmaceutical compounds pose a real threat to 
the environment. For example, diclofenac, which is frequently detected in aquatic 
matrices, has been found to have adverse effects on both rainbow trout and vul-
tures. Diclofenac accumulates, with a concentration factor of up to 2,732, in the 
liver of rainbow trout and causes histopathological alterations in both the kidneys 
and gills. In vulture populations this drug has been shown to cause renal failure. 
This highlights the potential danger to both terrestrial and aquatic life. Moreover, 
it underlines the latent risk to humans. Wastewater treatment plants (WWTPs) 
are major contributors of pharmaceuticals in the environment. Because of their 
high consumption, pharmaceuticals along with their metabolites are continu-
ously introduced to sewage waters, mainly through excreta, disposal of unused or 
expired drugs, or directly from pharmaceutical discharges. Recently, research has 
shown that the elimination of some pharmaceutical compounds during wastewa-
ter treatment processes is rather low. The compounds that are not removed are 
released to receiving water bodies from WWTP effluent streams, and as a result, 
pharmaceuticals may be found in surface, groundwater, and drinking waters.

MonItorInG tErrorISt-rELAtEd contAMInAtIon

The direction of the last 100 years of analytical science, as it pertains to drink-
ing water, took a dramatic shift after terrorist attacks on U.S. soil on September 
11, 2001, followed by anthrax attacks. Prior to that date, the analytical empha-
sis was on the detection and removal of naturally occurring or accidental con-
taminants that found their way into drinking water supplies. After the terrorist 
attacks, a new fear dawned in the water supply industry. What if someone were 
to intentionally introduce a contaminant into the drinking water? The vast 
array of potential contaminants that could be used by a terrorist, the innumer-
able sites at which an attack could occur, and the potential consequences of not 
rapidly detecting such an event demanded a sea change from the old monitor-
ing paradigm of collecting occasional grab samples and monitoring for a small 
suite of potential contaminants. The challenges entailed in this endeavor and 
some of the technologies that are becoming available to protect our water sup-
plies from deliberate attack are discussed in Chapter 15.

GroundWAtEr ArSEnIc-rEMoVAL tEcHnoLoGIES  
BASEd on SorBEntS

Groundwater, a primary source of drinking water in many parts of the world 
containing toxic level of arsenic and other species, is harming the health of 
millions of people. Chapter 16 examines small-scale household water filtra-
tion systems based on solid sorbents to obtain potable water. Special emphasis  
is placed on iron-based filters because they appear to be chemically most 
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suitable for arsenic removal, easy to develop, and environmentally benign. 
Arsenic-removal mechanisms based on surface complexation reactions, sorp-
tion dynamics, and kinetics are discussed as they have been reported in the 
literature. Several promising filters are described from the standpoint of their 
applicability and sustainability in field use. Finally, an evaluation of technology 
verification protocols is critically examined.
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Delineation of a Major 
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Contaminated Groundwater
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INTRODUCTION

The worst case of groundwater contamination was discovered in Bangladesh in 
the 1980s (Ahuja and Malin, 2004), where a large number of shallow tube wells 
(10–40 m) installed in the 1970s, with the help of UNICEF, were found contami-
nated with arsenic. Arsenic contamination has also been found in regional water 
supplies of many other developing and developed countries in Asia, Africa, 
Europe, North America, and South America (Table 1). Groundwater contami-
nation of arsenic (As) can occur from various anthropogenic sources such as 
pesticides, wood preservatives, glass manufacture, and other miscellaneous 
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Table 1 Publications from Arsenic-Affected Countries Around the World

Country Source of Contamination Publication Date*

Natural Anthropogenic

Argentina X 1938

Germany X 1940

New Zealand X 1961

Taiwan, China X 1968

Sri Lanka X 1972

Chile X X 1974

Czech Republic X 1977

United Kingdom X 1978

Sweden X 1979

Mexico X 1983

Hungary X 1989

Japan X X 1989

Ghana X 1992

Bulgaria X 1993

China (PR) X X 1996

Bangladesh X 1997

Finland X 1998

Canada X X 1999

United States X X 1999

Brazil X 2000

Egypt X 2001

Romania X 2001

Thailand X 2001

Vietnam X 2001

India X X 2002

Switzerland 2002

Myanmar X 2002

Australia X 2003

Iran X 2003

Nepal X 2003

Afghanistan X 2004

Greece X 2004

Cambodia X 2005

Pakistan X 2005

Spain X 2006

*Personal communication from A. Hussam (2008).
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arsenic uses. These sources can be monitored and controlled. However, this is 
not so easy with naturally occurring arsenic. The natural content of arsenic in 
soil is mostly in a range below 10 mg/kg; however, it can cause major havoc 
when it gets into groundwater (Ahuja, 2008a).

Investigations into the Problem

The arsenic contamination problem in Bangladesh was not discovered at 
the outset. All the attention was focused on providing water free of microbial 
contamination, a problem that was commonly encountered in surface water. 
Unfortunately, potential contamination from naturally occurring arsenic was not 
realized, and the project did not include adequate testing to detect the arsenic 
contamination. This unfortunate calamity could have been avoided, as analytical 
methods that can test for arsenic down to the parts per billion (ppb) levels have 
been available for many years (Ahuja, 1986).

The chronology of publications on arsenic contamination from various 
countries that are affected can be seen in Table 1. This table also shows whether 
the source of arsenic contamination is natural or anthropogenic. In most of the 
countries listed, the source of contamination is natural. Arsenic contamination 
was reported as early as 1938; however, skin lesions and cancers attributable 
to arsenic were rare and ignored until new evidence emerged from Taiwan in 
1977. The serious health effects of arsenic exposure that include lung, liver, and 
bladder cancers were confirmed shortly thereafter by studies of exposed popula-
tions in Argentina, Chile, and China. In 1984, Dr. K.C. Saha and colleagues at 
the School of Tropical Medicine in Kolkata, India, attributed lesions observed 
on the skin of villagers in the state of West Bengal to the elevated arsenic con-
tent of groundwater drawn from shallow tube wells. Of the various countries 
affected by this contamination, Bangladesh and India are experiencing the most 
serious groundwater arsenic problem, and the situation in Bangladesh has been 
described as “the worst mass poisoning in human history.”

The magnitude of the problem in India has been investigated for the last 18 
years by Chakraborti and others (for more details see Chapter 5) who have ana-
lyzed 225,000 tube-well water samples from the Ganga–Meghna–Brahamaputra 
plain, covering an area of 569,749 km2 and a population of more than 500 mil-
lion. The investigators found that Bangladesh and a number of states in India 
(Uttar Pradesh, Bihar, West Bengal, Jharkhand, and Assam) are affected by a 
concentration of arsenic 50 g/L. On average, about 50% of the water samples 
contained arsenic above 10 g/L and 30% were above 50 g/L.

It should be noted that groundwater contamination is found even in advanced 
countries such as Australia, United Kingdom, and the United States. Figure 1 
shows groundwater contamination in the United States; over 31,000 samples 
analyzed over almost a 30-year period reveal that a large number of states are 
affected by this contamination. In the United States, nearly 10% of ground-
water resources exceed the maximum contamination level (MCL) of 10 g/L. 
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It has been estimated that the population at risk approaches 100 million in 
Bangladesh at the MCL of 10 ppb set by World Health Organization (WHO), 
suggesting that as many as 200 million people could be affected by this problem 
worldwide.

FIGURE 1  Arsenic concentration in groundwater in United States (see Plate 1 of Color Plate secion).
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Recognizing the fact that inorganic arsenic is a documented human carcino-
gen, in 1993 the WHO set a standard at no more than 10 g/L (or 10 ppb) of 
arsenic in drinking water as the MCL. This standard was finally adopted by 
the United States in 2006. However, the MCL remains at 50 g/L (or 50 ppb) in 
Bangladesh and other less developed countries. Furthermore, it should be men-
tioned that the guidelines do not consider different arsenic species, even though 
it is well established that the toxicity of arsenic may vary enormously with its 
speciation, as discussed in the following section.

Toxicity of Various Arsenic Species

Arsenic is a well-known poison, with a lethal dose in humans at about 125 mg. 
Most of the ingested arsenic is excreted from the body through urine, stools, 
skin, hair, nails, and breath. In cases of excessive intake, some arsenic is depos-
ited in tissues, causing the inhibition of cellular enzyme activities. In addition 
to consumption through drinking water, arsenic may also be taken up via the 
food chain (see section Impact of Arsenic-Laced Irrigation Water on the Food 
Chain). Direct consumption of rice irrigated with arsenic-rich waters is a sig-
nificant source of arsenic exposure in areas such as Bangladesh and other coun-
tries where rice is the staple food and provides the main caloric intake.

Arsenic is a semimetal or metalloid that is stable in several oxidation states 
(III, 0, III, V). It is a natural constituent of Earth’s crust and ranks 20th in 
abundance in relation to the other elements. Table 2 shows arsenic concentrations 
in various environmental media. It should be noted that the III and V states 
are most common in natural systems. Arsine(III), a compound with extremely 
high toxicity, can be formed under high reducing conditions, but its occurrence in 
gases emanating from anaerobic environments in nature is relatively rare.

The relative toxicity of arsenic depends mainly on its chemical form and is 
dictated in part by the valence state. Trivalent arsenic has a high affinity for thiol 
groups, as it readily forms kinetically stable bonds to sulfur. Hence, reaction 
with As(III) induces enzyme inactivation, as thiol groups are important to the 
functions of many enzymes. Arsenic affects the respiratory system by binding to 
the vicinal thiols in pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase, 
and it has also been found to affect the function of glucocorticoid receptors. 
Pentavalent arsenic has a poor affinity toward thiol groups, resulting in more 
rapid excretion from the body. However, it is a molecular analog of phosphate 
and can uncouple mitochondrial oxidative phosphorylation, resulting in failure 
of the energy metabolism system. The effects of the oxidation state on chronic 
toxicity are confounded by the redox conversion of As(III) and As(V) within 
human cells and tissues. Methylated arsenicals such as monomethylarsenic acid 
(MMAA) and dimethylarsenic acid (DMAA) are less harmful than inorganic 
arsenic compounds.

Clinical symptoms of arsenicosis may take about 6–24 months or more to 
appear, depending on the quantity of arsenic ingested and also on the nutritional 
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Table 2 Arsenic Concentrations in Environmental Media (U.S. EPA)

Environmental Media Range of Arsenic Concentrations

Air (ng/m3) 1.5–53

Rain from unpolluted ocean air (g/L) (ppb) 0.019

Rain from terrestrial air (mg/L) 0.46

Rivers (g/L) 0.20–264

Lakes (g/L) 0.38–1,000

Groundwater (well) (g/L) 1.0–1,000

Seawater (g/L) 0.15–6.0

Soil (mg/kg) 0.1–1,000

Stream/river sediment (mg/kg) 5.0–4,000

Lake sediment (mg/kg) 2.0–300

Igneous rock (mg/kg) 0.3–113

Metamorphic rock (mg/kg) 0.0–143

Sedimentary rock (mg/kg) 0.1–490

status and immunity level of the individual. Untreated arsenic poisoning results 
in several stages; for example, various effects on the skin with melanosis and 
keratosis; dark spots on the chest, back, limbs, and gums; enlargement of the 
liver, kidneys, and spleen. Later on, patients may develop nephropathy, hepat-
opathy, gangrene, or cancers of the skin, lung, or bladder.

It should be noted that a number of toxicologists consider a 10-ppb level of 
arsenic to be too high because even at 1 ppb, the risk of getting cancer is one
 in 3,000 (see Figure 2). The fact remains that prolonged drinking of this con-
taminated water has caused serious illnesses in the form of hyperkeratosis on the 
palms and feet, fatigue symptoms of arsenicosis, and cancers of the bladder, skin, 
and other organs. In the long term, one in every 10 people could die of arsenic 
poisoning if they continue using water with high concentrations of arsenic.

Arsenic toxicity has no known effective treatment, but drinking of arsenic-
free water can help the arsenic-affected people who are at the preliminary stage 
of their illness alleviate the symptoms of arsenic toxicity. Hence, provision of 
arsenic-free water is urgently needed for the mitigation of arsenic toxicity and 
the protection of the health and well-being of people living in the areas of these 
countries where the arsenic problem is acute.
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This chapter focuses mainly on groundwater pollution by arsenic from natu-
ral sources. The following discussion focuses on how groundwater is contami-
nated with arsenic, desirable method(s) for monitoring arsenic contamination 
at ultratrace (ppb or below) levels, and the best options for remediation. In an 
attempt to improve our understanding of this horrific problem that affects the 
world, a book has been recently published to improve our understanding of the 
problem and to offer some meaningful solutions (Ahuja, 2008b).

Impact of Arsenic-Laced Irrigation Water on the Food Chain

The fact that arsenic poisoning in the world’s population is not consistent 
with the level of water intake has raised questions on the possible pathways of 
arsenic transfer from groundwater to the human system. Even if an arsenic-safe 
drinking water supply could be ensured, the same groundwater may continue 
to be used for irrigation purposes, leaving a risk of soil accumulation of this 
toxic element and eventual exposure to the food chain through plant uptake and 
animal consumption. Studies on arsenic uptake by crops indicate that there is a  
great potential for the transfer of groundwater arsenic to crops. The fate of 
arsenic in irrigation water and its potential impact on the food chain, especially 
as it occurs in Bangladesh and other similar environments, has been discussed at 
length (see Chapter 2 in Ahuja, 2008b).

Green leafy vegetables have been found to act as arsenic accumulators, with 
arum (kochu), gourd leaf, Amaranthus, and Ipomea (kalmi) at the top of the 
list. Arum, a green vegetable commonly grown and used in almost every part of 
Bangladesh, seems to be unique in that the concentration of arsenic can be high 
in every part of the plant. Arsenic in rice seems to vary widely. Speciation of 

FIGURE 2  Risk of cancer with arsenic contamination of water.
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Bangladeshi rice shows the presence of As(III), DMAA, and As(V); more than 
80% of the recovered arsenic is in the inorganic form. It has been reported that 
more than 85% of the arsenic in rice is bioavailable, compared to only about 
28% of arsenic in leafy vegetables. It is thus pertinent to assess the dietary load 
of arsenic from various food materials contaminated with arsenic. A person con-
suming 100 g of arum daily, with an average arsenic content of 2.2 mg/kg, 600 g 
of rice with an average arsenic content of 0.1 mg/kg, and 3 L of water with an 
average arsenic content of 0.1 mg/L would ingest 0.56 mg/day, which exceeds 
the calculated threshold value based on the U.S. Environmental Protection 
Agency (EPA) model.

MECHANISM OF ARSENIC CONTAMINATION OF WATER

Until recently, it was generally believed that arsenic is released in the soil as a 
result of weathering of the arsenopyrite or other primary sulfide minerals.

Weathering of Arsenopyrite

Important factors controlling the oxidation–reduction phenomenon of arse-
nopyrite are listed as follows:

l Moisture (hydrolysis)
l pH
l Temperature
l Solubility
l Redox characteristics of the species
l Reactivity of the species with CO2/H2O

It has been reported that weathering of arsenopyrite in the presence of oxy-
gen and water involves oxidation of S to SO4

2 and As(III) to As(V):

 4FeAsS 13O 6H O 4SO 4AsO 4Fe 12H2 2 4
2

4
3 3       ↔  

Although there are both natural and anthropogenic inputs of arsenic to the 
environment, elevated arsenic concentrations in groundwater are often due to 
naturally occurring arsenic deposits. While the average abundance of arsenic in 
Earth’s crust is between 2 and 5 mg/kg, enrichment in igneous and sedimentary 
rocks, such as shale and coal deposits, is not uncommon. Arsenic-containing 
pyrite (FeS) is probably the most common mineral source of arsenic, although 
it is often found associated with more weathered phases. Mine tailings can con-
tain substantial amounts of arsenic, and the weathering of these deposits can 
liberate arsenic into the surface water or groundwater, where numerous chemi-
cal and biological transformations can take place. Arsenic may also be directly 
released into the aquatic environment through geothermal water such as hot 
springs. Anthropogenic sources of arsenic include pesticide application, coal 
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fly ash, smelting slag, feed additives, semiconductor chips, and arsenic-treated 
wood, which can cause local water contamination.

In Bangladesh and India (in West Bengal), where the problem has received 
the most attention, the aquifer sediments are derived from weathered materials 
from the Himalayas. Arsenic typically occurs at concentrations of 2–100 ppm in 
these sediments, much of it sorbed onto various mineralogical hosts including 
hydrated ferric oxides, phyllosilicates, and sulfides. The mechanism of arsenic 
release from these sediments has been a topic of intense debate, and both micro-
bial and chemical processes have been invoked. The oxidation of arsenic-rich 
pyrite has been proposed as one possible mechanism. Other studies have sug-
gested that reductive dissolution of arsenic-rich Fe(III) oxyhydroxides deep in 
the aquifer may lead to the release of arsenic into the groundwater. Additional 
factors that may further complicate potential arsenic-releasing mechanisms from 
sediments include the predicted mobilization of sorbed arsenic by phosphate 
generated from the intensive use of fertilizers, carbonate produced via microbial 
metabolism, or changes in the sorptive capacity of ferric oxyhydroxides.

Role of Microbes in the Release of Arsenic into Groundwater

Recently, a great deal of support has been found in the role of microbes in the 
release of arsenic into groundwater. A brief review of high arsenic concentrations 
in groundwater and also proposed mechanisms for the release of arsenic into 
groundwater systems, with particular significance to the possible role of metal-
reducing bacteria in arsenic mobilization into the shallow aquifers of the Ganges 
delta, is provided here (for more details, see Chapter 3 in Ahuja, 2008b). The 
bacterial effects on arsenic behavior in anoxic sediments and the different inter-
actions between minerals, microbes, and arsenic that have a significant impact 
on arsenic mobilization in groundwater systems are also discussed. Throughout 
evolution, microorganisms have developed the ability to survive in almost every 
environmental condition on Earth. Their metabolism depends on the availability 
of metal ions to catalyze energy-yielding reactions and synthetic reactions and 
on their ability to protect themselves from toxic amounts of metals by detoxi-
fication processes. Furthermore, microorganisms are capable of transforming 
various elements as a result of (i) assimilatory processes in which an element is 
taken up into cell biomass and (ii) dissimilatory processes in which transforma-
tion results in energy generation or detoxification. Arsenic is called an “essential 
toxin” because it is required in trace amounts for the growth and metabolism of 
certain microbes, but is toxic at high concentrations. However, it is now evident 
that various types of microorganisms gain energy from this toxic element, and, 
subsequently, these reactions have important environmental implications.

Bacterial reduction of As(V) has been recorded in anoxic sediments, where 
it proceeds via a dissimilatory process. Dedicated bacteria achieve anaerobic 
growth by using arsenate as a respiratory electron acceptor for the oxidation 
of organic substrates, quantitatively forming arsenite as the reduction product.  
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The reaction is energetically favorable when coupled with the oxidation of 
organic matter, because arsenate is electrochemically positive; the As(V)/As(III)  
oxidation–reduction potential is 135 mV. To date, at least 19 species of organ-
isms have been found to respire arsenate anaerobically, and these have been 
isolated from freshwater sediments, estuaries, hot springs, soda lakes, and gold 
mines. They are not confined to any particular group of prokaryotes and are 
distributed throughout the bacterial domain. These microbes are collectively 
referred to as dissimilatory arsenate-reducing prokaryotes (DARPs), and there 
are other electron acceptors used by these organisms, which are strain-specific, 
including elemental sulfur, selenate, nitrate, nitrite, fumarate, Fe(III), dimethyl-
sulfoxide, thiosulfate, and trimethylamine oxide. For example, Sulfurospirillum 
barnesii (formerly strain SES-3), a vibrio-shaped Gram-negative bacterium 
isolated from a selenate-contaminated freshwater marsh in western Nevada, is 
capable of growing anaerobically, using As(V) as the electron acceptor. It can 
also support growth from the reduction of various electron acceptors including 
selenate, Fe(III), nitrate, fumarate, and thiosulfate. The Gram-positive sulfate-
reducing bacterium Desulfotomaculum auripigmentum, isolated from the sur-
face lake sediments in eastern Massachusetts (United States), has been found to 
reduce both As(V) and sulfate. DARPs can oxidize various organic and inorganic 
electron donors including acetate, citrate, lactate, formate, pyruvate, butyrate, 
fumarate, malate, succinate, glucose, aromatics, hydrogen, and sulfide. Two 
Gram-positive anaerobic bacteria, Bacillus arsenicoselenatis and B. selenitiredu-
cens, have also been isolated from the anoxic muds of Mono Lake, California 
(United States). Both grew by dissimilatory reduction of As(V) to As(III), cou-
pled with the oxidation of lactate to acetate plus CO2.

Arsenic Mobilization and Sequestration
Diagenesis is driven primarily by the mineralization of organic carbon and the 
subsequent changes in redox potential with depth. As the sediments become more 
reducing, the redox equilibrium of various chemical species in the sediment shifts 
(see Chapter 5 in Ahuja, 2008b). Sediment diagenesis involves chemical, physical, 
and biological processes including deposition, diffusion, reductive dissolution, and 
secondary mineral precipitation. However, it is important to recognize that the kinet-
ics of these reactions is variable and is sensitive to environmental parameters such 
as microbial activity. Thus, it is common to observe As(III) and As(V) or Fe(III) 
and Fe(II) appearing together in sequence or simultaneously under various redox 
conditions because of kinetic factors. It must be recognized that the interplay of 
biogeochemical mechanisms makes understanding the processes responsible for 
arsenic mobilization in the environment inevitably complex.

Microbially mediated reduction of assemblages comprising arsenic sorbed 
to ferric oxyhydroxides is gaining consensus as the dominant mechanism for 
the mobilization of arsenic into groundwater. For example, a recent microcosm- 
based study provided the first direct evidence of the role of indigenous metal-
reducing bacteria in the formation of toxic, mobile As(III) in sediments from 
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the Ganges delta (see Chapter 6 in Ahuja, 2008b). This study showed that the 
addition of acetate to anaerobic sediments, as a proxy for organic matter and 
a potential electron donor for metal reduction, resulted in the stimulation of 
microbial reduction of Fe(III), followed by As(V) reduction and the release 
of As(III). Microbial communities responsible for metal reduction and As(III) 
mobilization in the stimulated anaerobic sediment were analyzed using molec-
ular polymerase chain reaction (PCR) and cultivation-dependent techniques. 
Both approaches confirmed an increase in the number of metal-reducing bac-
teria, principally Geobacter species. Further studies have suggested that most 
Geobacter strains in culture do not possess the arrA genes required to support 
the reduction of sorbed As(V) and mobilization of As(III). Interestingly, in the 
strains lacking the biochemical machinery for As(V) reduction, Fe(II) miner-
als formed during respiration on Fe(III) have proved to be potent sorbents for 
arsenic present in microbial cultures, preventing mobilization of arsenic during 
active iron reduction. However, the genomes of at least two Geobacter species 
(G. unraniumreducens and G. lovleyi) do contain arrA genes, and, interest-
ingly, genes affiliated with the G. unraniumreducens and G. lovleyi arrA gene 
sequences have been identified recently in Cambodian sediments stimulated 
for iron and arsenate reduction by heavy (C-13–labeled) acetate, using a stable 
isotope-probing technique. Indeed, the type strain of G. unraniumreducens has 
recently been shown to reduce soluble and sorbed As(V), resulting in the mobi-
lization of As(III) in the latter case. A study of North Carolina (United States) 
wells found that arrA genes were closely related to the gene found in Geobacter 
uraniumreducens (see Chapter 4 in Ahuja, 2008b). This suggests that some 
Geobacter species may play a role in arsenate release from sediments. However, 
other well-known arsenate-reducing bacteria, including Sulfurospirillum spe-
cies, have also been detected in C-13–amended Cambodian sediments and hot 
spots associated with arsenic release in sediments from West Bengal (India). 
Although the precise mechanism of arsenic mobilization in Southeast Asian aqui-
fers remains to be identified, the role of As(V)-respiring bacteria in the process is 
gaining support. Indeed, recent studies with Shewanella sp. ANA-3 and sediment 
collected from the Haiwee Reservoir (Olancha, CA) have suggested that such 
processes could be widespread, but not necessarily driven by As(V) reduction, 
following exhaustion of all bioavailable Fe(III).

ANALYTICAL METHODS

It is not very difficult to determine arsenic at 10 g/L or at 10 ppb or at an even 
lower level in water (Ahuja, 1986; see also Chapter 5). A number of methods 
can be used for determining arsenic in water at the ppb level.

l Flame atomic absorption spectrometry
l Graphite furnace atomic absorption spectrometry
l Inductively coupled plasma mass spectrometry
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l Atomic fluorescence spectrometry
l Neutron activation analysis
l Differential pulse polarography

Very low detection limits for arsenic, down to 0.0006 g/L, can be obtained 
with inductively coupled plasma mass spectrometry (ICP-MS). The speciation 
of arsenic requires separations based on solvent extraction, chromatography, 
and selective hydride generation (HG). High-performance liquid chromatogra-
phy (HPLC) coupled with ICP-MS is currently the best technique available for 
the determination of inorganic and organic species of arsenic; however, the cost 
of the instrumentation is prohibitive. For developing countries that confront this 
problem, the improvement of low-cost, reliable instrumentation (see Chapter 3) 
and reliable field test kits is very desirable.

Low-Cost Measurement Technologies for Arsenic

Using HG, a method that has been known for many decades, arsenic can be deter-
mined by a relatively inexpensive atomic absorption spectrometer or atomic fluo-
rescence spectrometer (AFS) at single digit microgram per liter concentrations 
(see Chapter 7 in Ahuja, 2008b). Its generation is prone to interference from 
other matrix components, and as a result, different matrices can present various 
analytical problems. In this technique, arsenic compounds are converted to vola-
tile derivatives by reaction with a hydride transfer reagent, usually tetrahydrobo-
rate III. HG can be quite effective as an interface between HPLC separation and 
element-specific detection. In fact, it is possible to get the same performance 
from HG-AFS as from ICP-MS. Therefore, as the former detector represents 
significant savings in both capital and operation costs compared with the latter, 
there is considerable interest in this technique in developing countries.

Test Kit Reliability

There are two main approaches currently used for on-site analysis of arsenic (see 
Chapter 8 in Ahuja, 2008b). (a) The most widely used systems are those based 
on a colorimetric principle. These systems require few reagents and are easy to 
use. (b) The electroanalytical approach is based on reduction–oxidation of the 
arsenic species. Although electroanalysis is more difficult to operate, the detec-
tion limits obtained by such devices can be much lower than those obtained by 
colorimetry. The U.S. EPA supports the environmental technology verification 
(ETV) program to facilitate the implementation of innovative new technologies 
for environmental monitoring. The ETV tested several commercially available 
kits in July 2002 and added four more in August 2003 under field conditions 
with trained and untrained operators.

Assessments of the “new generation” of on-site testing kits may be found in 
Table 3. The performance of in-field testing kits for arsenic is overall unsatisfactory, 
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cibility 
erator 

Rate (%) of 
False Positive 
(fp) and False 
Negative (fn) 
for 10 g/L

Cost and 
Time

mance 
s for ob

Fp: 0 (NTO), 3 
(TO), Fn: all 0

100 samples for 
$200

mance 
s for ob

Fp: 2 (NTO), 
13 (TO), Fn: 
all 0

Cost of tester 
$330, additional 
100 cost $60

ce of 
Fp: 0, Fn: 62 
(TO), 33 (NTO)

15 min analysis, 
50 samples for 
$350

ce 
nit 
s not 
t

Fp: 0, Fn: 62 
(TO), 38 (NTO)

15 min analysis, 
50 samples for 
$350, additional 
to $1,600

ce 
nit 
s 
t 

t

Fp: 0–3, Fn: 
52–67 (TO), 9 
(NTO)

15 min analysis, 
50 samples for 
$350, additional 
to $1,600

(Continued )
Table 3 ETV Joint Verification (U.S. EPA and Batelle) for Arsenic Field Testing Methods

Products Accuracy  
(%)

Precision1 
(%)

Linearity2 MDL (g/L) Matrix Effects 
Interferences3

Interunit
Reprodu
(ub), Op
Bias (ob)

PeCo (Peters 
Engineering) 
with visual 
testing

For 10 g/L  
2 to 17  
For 23 to 93 g/
L 1 to 113

0–40 
(NTO) 
0–26 (TO)

0.977 
(NTO)

15–50 (NTO) 
20–40 (TO) 
(given for 
25 g/L)

No significant 
effects

No perfor
difference

As 75 (Peters 
Engineering) 
with electronic 
testing

For 10 g/L  
1 to 157  
For 10 g/L  
6 to 310

11–38 
(NTO) 
12–71 (TO)

0.990 33 (NTO)  
28 (TO)

No significant 
effects

No perfor
difference

QuickTM Low-
range II color 
chart

−92 to −8 (TO)  
−74 to 74 
(NTO)

0–55 0.99 (NTO) 
R  0.90 
(TO)

1.2–1.5 No significant 
effects

Better 
performan
NTO

QuickTM 
Low-range II 
arsenic scan

−98 to −27 
(TO) −76 to 9 
(NTO)

0–84 0.96 (NTO) 
R  0.98 
(TO)

0.7–2.1 No significant 
effects

Better 
performan
of NTO, u
difference
significan

QuickTM 
Low-range II 
compuscan

−93 to 104 
(TO)  
−67 to 81 
(NTO)

7–91 0.98 (NTO) 
R  0.98 
(TO)

0.5–3.9 No significant 
effects

Better 
performan
of NTO, u
difference
smaller bu
significan
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ility 
tor 

Rate (%) of 
False Positive 
(fp) and False 
Negative (fn) 
for 10 g/L

Cost and 
Time

of 
Fp: 0, Fn: 19 
(TO), 24 (NTO)

15 min analysis, 
50 samples for 
$220

of 
Fp: 0, Fn: 
19–33 (TO), 29 
(NTO)

15 min analysis, 
50 samples for 
$220, additional 
to $1,600

t 
b), 
it 

Fp: 3–9 (TO), 
0 (TO), Fn: 
38–10 (TO), 14 
(NTO)

15 min analysis, 
50 samples for 
$220, additional 
to $1,600

of 
Fp: 3 (TO), Fp: 
12.5 (NTO), 
Fn: 0 (TO), 14 
(NTO)

15 min analysis, 
50 samples for 
$180

t 
), 

Fp: 0–3, Fn: 
14–19 (TO), 10 
(NTO)

15 min analysis, 
50 samples for 
$220, additional 
to $1,600

r.
Products Accuracy  
(%)

Precision1 
(%)

Linearity2 MDL (g/L) Matrix Effects 
Interferences3

Interunit 
Reproducib
(ub), Opera
Bias (ob)

QuickTM II 
color chart

–61 to 10  
(TO)  
–77 to 96 
(NTO)

16–24 
(TO) 0–38 
(NTO)

R  0.98 
(NTO)  
R  0.96 
(TO)

3.6–7 No significant 
effects

Better 
performance 
NTO

QuickTM II 
arsenic scan

−78 to −4  
(TO)  
−85 to −22 
(NTO)

11–44 (TO) 
13–38 
(NTO)

0.93 (NTO)  
R  
0.92–0.93 
(TO)

4.5–6.1 No significant 
effects

Better 
performance 
NTO, no ub

QuickTM II 
compuscan

−71 to 96  
(TO)  
−82 to 108 
(NTO)

10–58 (TO) 
16–108 
(NTO)

0.91 (NTO)  
R  0.92 
(TO)

3.7–18.2 No significant 
effects

No significan
differences (o
significant un
biased (ub)

QuickTM Low-
range color 
chart

−38 to 239 
(TO)  
−81 to 579 
(NTO)

0–10 (TO) 
0–23 
(NTO)

0.98 (NTO)  
R  1.00 
(TO)

3.1–6.7 Positive bias 
when higher 
levels of sodium 
chloride, sulfide, 
and iron

Better 
performance 
NTO

QuickTM Low-
range arsenic 
scan

−93 to 99  
(TO)  
−86 to 66 
(NTO)

5–23 (TO) 
0–42 
(NTO)

0.966 
(NTO)  
R  0.997 
(TO)

4.0–7.2 Positive bias 
when higher 
levels of sodium 
chloride, sulfide, 
and iron

No significan
difference (ob
no ub

Data from June 2002, August 2003; source: Chapter 8, Ahuja (2008). NTO, non-technical operator; TO, technical operato
1Relative standard deviation.
2Linearity  slope X reference value  offset.
3Tested for high levels of sodium sulfate, iron, or acidity.
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although the new generation of kits has become much more reliable. The report 
of false-negative and false-positive results of over 30% is not unusual, although 
the latest figures seem encouraging, and more reliable measurements can be 
done in the field. However, these studies used a water standard of 50 g/L as 
a decisive concentration. If the new WHO guideline of 10 g/L is adopted as a 
decision-making criterion, the sensitivity of most arsenic-testing kits based on 
colorimetric methods will not be sufficient. This is particularly true in the case 
for kits that are battery powered and also for the electronic systems. Although 
some reports surprisingly suggest that in a number of cases untrained operators 
produce more reliable results, the training aspect of the operators should not be 
underestimated.

To obtain a fast and accurate measurement of arsenic in the field still remains 
a significant challenge. The quartz crystal microbalance, a device whose interface 
is more robust than an electrode for stripping voltammetry, holds promise espe-
cially as the measurement incorporates an inherent preconcentration step (the 
accumulation of arsenic at the surface of the oscillating crystal). Voltammetric 
sensors could be ideally suited for on-site analysis of arsenic. However, the need 
of the chemical reduction step seems to be the major problem, limiting both 
potential application in the field and sample throughput. Although promising 
results have been obtained using voltammetric systems, it is essential to develop 
methods for determining the arsenic species. The most promising development 
in direct arsenic speciation is by electrochemical detectors, but they still must be 
tested in the field.

ARSENIC-FREE WATER SUPPLIES

Two options for a safe water supply are the development of water-supply sys-
tems avoiding arsenic-contaminated water sources and the removal of arsenic to 
acceptable levels (see Chapter 14 in Ahuja, 2008b). Totally arsenic-free water 
is hard to find in nature; hence, the only viable option for avoiding arsenic is to 
develop water-supply systems based on sources having very low arsenic con-
tent. Rainwater, well-aerated surface water, and groundwater in very shallow 
wells and in deep aquifers are well-known sources of low-arsenic water. The 
arsenic content of most surface water sources varies from 1 up to 2 g/L. Very 
shallow groundwater replenished by rainwater or surface water and by relatively 
old, deep aquifers shows arsenic content within acceptable levels.

The technologies for producing drinking water using the sources that are 
known to have a low arsenic content include the following:

l Treatment of surface water by slow sand filtration, conventional coagulation–
sedimentation–filtration, and disinfection is effective.

l Rivers, lakes, and ponds are the main sources of surface water, and the degree 
of treatment required varies with the level and type of impurities present in 
water.
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l Dug wells/ring wells or very shallow tube wells provide low-arsenic ground-
water from very shallow aquifers.

l Deep tube wells (DTW) from deep protected aquifers are a good source of 
safe drinking water.

l A rainwater harvesting system (RWHS) to collect and store rainwater is 
another viable system.

Arsenic-removal technologies have improved significantly during the last few 
years, but reliable, cost-effective, and sustainable treatment technologies have 
not yet been fully identified.

Remediation of Arsenic-Contaminated Water

A large number of approaches have been investigated for removing arsenic from 
drinking water. Several useful reviews of the techniques for removing arsenic 
from water supplies have been published (Bissen and Frimmel, 2003a, b; Ng et 
al., 2004; Ahuja, 2005, 2006, 2008b; Daus et al., 2005; Ahmed et al., 2006; Ahuja 
and Malin, 2006). Various existing and emerging arsenic removal technologies are 
listed here.

l Coagulation with ferric chloride, alum, or natural products
l Sorption on activated alumina
l Sorption on iron oxide–coated sand particles
l Granulated iron oxide particles
l Polymeric ligand exchange
l Nanomagnetite particles
l Sand with zero valent iron
l Hybrid cation-exchange resins
l Hybrid anion-exchange resins
l Polymeric anion exchange
l Reverse osmosis

Reverse osmosis is essentially a nonselective physical process for excluding 
ions with a semipermeable membrane. The basic chemistry for the rest of the 
processes includes either one or both of the following interactions (Ahuja and 
Malin, 2004). As(V) oxyanions are negatively charged in the near-neutral pH 
range and therefore can undergo coulombic or ion-exchange types of interactions 
(Ahuja, 2008a). As(V) and As(III) species, being fairly strong ligands or Lewis 
bases, are capable of donating lone pairs of electrons. They participate in Lewis 
acid–base interactions and often show high sorption affinity toward the solid sur-
faces that have Lewis acid properties.

Flocculation of Arsenic
There is a need for a benign and sustainable water purification technology based 
on natural products because of their inherently renewable character, low cost, 
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and low toxicity. The use of mucilage, derived from the nopal cactus Opuntia 
ficus-indica, can provide reliable methods to treat drinking water supplies that 
have been contaminated with particulates and toxic metals (see Chapter 9 in 
Ahuja, 2008b). A study has been conducted to develop an optimized system for 
rural and underdeveloped communities in Mexico, where drinking water sup-
plies are contaminated with toxic metals and the nopal cactus is readily availa-
ble and amenable to sustainable agriculture. Comparison with aluminum sulfate 
(a synthetic flocculant) shows the high efficiency of cactus mucilage to separate 
particulates and arsenic from drinking water. Further investigations are required 
to determine the feasibility of implementing this technology for small-scale 
household units.

Arsenic Removal by Adsorptive Media
Inexpensive, rapid tests are needed to predict the arsenic adsorption capacity 
of adsorptive media to help communities select the most appropriate technol-
ogy for meeting compliance with the new arsenic MCL of 10 g/L. A study 
was performed to evaluate alternative methods to predict pilot-scale and full-
scale performances from laboratory studies (see Chapter 10 in Ahuja, 2008b). 
Three innovative adsorptive media that have the potential to reduce the costs of 
arsenic removal from drinking water were selected. Arsenic-removal perform-
ance of these different adsorptive media under constant ambient flow condi-
tions was compared, using a combination of static (batch) and dynamic flow 
tests. These included batch sorption isotherm and kinetic sorption studies, rapid 
small-scale column tests (RSSCT), and a pilot test at a domestic water sup-
ply well. The media that were studied include a granular ferric oxyhyroxide 
(E33), a granular titanium oxyhydroxide (Metsorb), and an ion-exchange resin 
impregnated with iron oxide nanoparticles (ArsenXnp). They exhibited contrast-
ing physical and chemical properties. The E33 media gave the best perform-
ance, based on the volume of water treated until breakthrough at the arsenic 
MCL (10 ppb) and full capacity at media exhaustion.

Iron Oxide–Coated Coal Ash

A simple technique was developed for removing arsenic from water using fine 
particles of coal bottom ash that are coated with iron oxide (see Chapter 11 
in Ahuja, 2008b). The bottom ash is the ash left at the bottom of a coal-fired 
boiler after the combustible matter in coal has been burned off. Reduction of 
the arsenic concentrations to less than the Bangladesh standard of 50 ppb in six 
of the eight samples of Bangladesh groundwater has been demonstrated. It is 
believed that a larger dose of coal bottom ash coated with iron oxide would 
have certainly lowered the concentration to below 50 ppb in those failed sam-
ples, because the study also demonstrated the feasibility in some samples of 
reducing arsenic concentrations in the water to below 10 ppb. Prior to further 
use of this system, it is necessary to investigate whether any potential contami-
nants from bottom ash would be released into drinking water.
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Composite Iron Matrix Filter

The development and deployment of a water filter based on a specially made 
composite iron matrix (SONO filter) for the purification of groundwater to safe 
potable water has been described at length (see Chapter 12 in Ahuja, 2008b). The 
manufacturer claims that filtered water meets WHO and Bangladesh standards, 
has no breakthrough, works without any chemical treatment (pre or post), with-
out regeneration, and without producing toxic waste based on EPA guidelines. 
It costs about $40, lasts for 5 years, and produces 20–30 L/h for daily drinking 
and cooking needs of one to two families. Approved by the Bangladesh govern-
ment, about 35,000 SONO filters are deployed all over Bangladesh and con-
tinue to provide more than a billion liters of safe drinking water. This innovation 
was recognized by the National Academy of Engineering Grainger Challenge 
Prize for Sustainability with the highest award for its affordability, reliabil-
ity, ease of maintenance, social acceptability, and environmental friendliness  
(see Chapter 15). The filter requires the replacement of the upper sand layers 
when the apparent flow rate decreases. Experiments show that the flow rate may 
decrease 20–30% per year if the groundwater has high iron levels (5 mg/L)  
because of the formation and deposition of natural hydrous ferric oxide (HFO) 
in sand layers. The sand layers (about an inch thick) can be removed, washed, 
and reused, or replaced with new sand.

Pathogenic bacteria can still be found in drinking water because of unhy-
gienic handling practices and in many shallow tube wells, possibly because they 
are located near unsanitary latrines and ponds. A protocol for their elimination 
must be used once in a week in areas where coliform counts are high. It should 
be noted that, as with all commercial filters, the consumer needs to be alert 
to manufacturing defects, quality of water related to natural disasters such as 
flooding, and mechanical damage because of mishandling and transportation.

Wellhead Arsenic-Removal Units

In many remote villages in West Bengal, India, arsenic-contaminated ground-
water remains the only viable source of drinking water. Cost-effective arsenic-
removal technology is thus a bare necessity to provide safe drinking water, the 
groundwater is free of other contaminants and is considered safe for drinking. 
Over 150 wellhead arsenic-removal units, containing activated alumina as the 
adsorbent, are currently being operated by local villagers in this Indian state 
that borders Bangladesh (see Chapter 13 in Ahuja, 2008b). The units are main-
tained and run by the beneficiaries and do not require any chemical addition, 
pH adjustment, or electricity for their regular operation. Each of the units serves 
approximately 250–350 families living within a short distance of the unit, and 
the flow rate is modest at approximately 10 L/min. Arsenite as well as arsenate 
from groundwater are effectively removed to render the water safe for drink-
ing and cooking. Regenerateness and durability of the adsorbent allows for a 
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low cost, sustainable solution for the widespread arsenic poisoning in this area.  
After regeneration, the spent regenerants containing a high concentration of 
arsenic are converted to a small-volume sludge that is stored under oxidizing con-
ditions to prevent future arsenic leaching. It has been claimed that this process 
offers superior economic advantages in regard to treatment and management 
of dangerous treatment residuals, compared with conventional adsorbent-based 
processes where regeneration and reuse are not practiced. With conventional 
processes where the adsorbents are treated as garbage, huge amounts of media in 
landfills leach out dangerous concentrations of arsenic. A global scheme for the 
overall process of arsenic removal, including the management of treatment resi-
dues, has been provided. Input to the process is groundwater contaminated with 
arsenic and caustic soda and acid for regeneration, whereas the output is treated 
drinking water and neutralized brine solution. Thus, the technology, besides 
being appropriate for the rural settings of the affected area in terms of ease of use 
and economics, also offers considerable ecological sustainability.

It has been estimated from the data of 150 running units that the total volume 
of water treated by a unit in 1 year, on average, was about 8,000 bed volumes, 
i.e., 800,000 L. The calculated cost of the water/1000 L is 85¢ U.S. The estimated 
amount of arsenic-safe water used for a family of six for drinking and cooking 
purposes in a month at the rate of 5 L per capita per day is 900 L. The water tar-
iff for a family of six for 1 month is around 75¢ U.S. or 30 Indian rupees. While 
regeneration helps reduce the volume of the sludge by about 150 times, reus-
ability of the adsorbent media significantly helps decrease the cost of the treated 
water.

Reasons for Slow Progress

Since the recognition of the arsenic-contaminated water problem several dec-
ades ago, many efforts have been made to solve it. However, the advancement 
to date has been poor.

The progress in arsenic mitigation has been very slow, as is indicated by the 
fact that only about 4 million people in Bangladesh have been provided with 
arsenic-safe water during the last 5 years. A study on the progress of arsenic-
mitigation options, the trend in the installation of different arsenic-mitigation 
technologies and operational monitoring and the evaluation of performance of 
technologies revealed the following constraints in the progress in arsenic-safe 
water supplies:

l The problem of the selection of appropriate technology for arsenic mitiga-
tion in different areas still remains a major hindrance.

l The trial of prioritized options in the implementation plan before the instal-
lation of an appropriate technology in an area is an impractical, time- and 
resource-consuming approach.
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l The overwhelming demand of deep tube wells from communities and local 
arsenic committees restricts the installation of other technologies prioritized 
in the implementation plan.

l There are abundant arsenic-removal technologies; however, poor water qual-
ity obtained from some of the arsenic-mitigation technologies has deterred 
the implementing agencies from the deployment of these technologies.

l The implementation of a national policy has received poor support from 
donor agencies.

While many technologies have been developed to treat arsenic-contaminated 
water, on scales ranging from individual family filters that sell for approxi-
mately $40 to very expensive industry-sized plants, none has yet emerged as 
optimal for the conditions encountered. In most cases, the materials used are 
not fully characterized, and the systems sold commercially have not been fully 
validated. However, while it is relatively easy to remove arsenic by adsorption 
on supported iron oxides, small point-of-use filters may become clogged after 
an indeterminate period of time. It should be noted that no provision has been 
made to assure that systems are working at the time of initial usage or that they 
remain functional when they have been in use for a period of time. Finally, 
technologies must be developed to safely dispose of the waste or to recycle the 
active materials.

Even in advanced countries such as the United States, arsenic-removal tech-
nologies are scarce; the few that are available are generally very expensive. They 
are needed in communities where well water is used for drinking and cooking. It 
is anticipated that the family- or community-level arsenic-removal technologies 
that are being developed for Bangladesh, which are also economically and envi-
ronmentally sustainable, can be replicated or further improved for use in devel-
oping and developed countries where arsenic poisoning is a menace.

VIAbLE SOLUTIONS

After thorough consideration of the National Policy for Arsenic Mitigation of 
Bangladesh issued in 2004 and inputs from various participants in a CHEMRAWN 
conference (Ahuja and Malin, 2004, 2006), Dhaka workshop (Ahuja, 2005), and 
Atlanta symposia (Ahuja, 2006), and a trip to West Bengal, India, in 2007, the fol-
lowing recommendations appear to be logical for Bangladesh and other countries 
in South Asia that are most severely affected by this problem:

1.  Piped surface water should be the intermediate to long-term goal and should 
be given the desired priority. This will require total commitment from local 
governments and the funding agencies that deem this a desirable option. Along 
these lines, other surface water options such as rainwater harvesting, sand fil-
ters, dug wells, etc., should be tapped as much as is reasonably possible.

2.  The next best option is safe tube wells. More than likely they would be deep 
tube wells. It is important to assure that they are located properly and do not 
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contain other contaminants that can add to the arsenic problem. Furthermore, 
they should be installed properly such that they are not prone to surface 
contaminants.

3.  Arsenic-removal filtration systems can work on a small scale; however, their 
reliability initially or over a period of time remains an issue. Other contami-
nants in water including microbial contamination can affect their perform-
ance. Low-priced reliable test kits are needed that can address this issue. 
There is a need to identify dependable filters that can be scaled up for larger 
communities. In this manner, both maintenance and reliability issues can be 
addressed.

4.  The education and training of local scientists and technicians need to be 
encouraged so that local people can address these problems themselves. 
There is a need for more analytical scientists, low-priced instrumentation, and 
testing laboratories. The consumers of contaminated water need to be better 
educated so that they do not continue drinking contaminated water because 
of their reluctance to either switch wells or take other steps to purify water.

CONCLUSIONS

Arsenic contamination of groundwater can seriously affect as many as 200 mil-
lion people worldwide. The problem occurred in Bangladesh because of inade-
quate testing of the wells. Nearly three decades later, the problem still festers; it 
demands an expeditious solution. A number of viable solutions are offered here. 
The discussion of the advantages of safe water supply options for Bangladesh, 
including pond sand filters, river sand filters, rainwater harvesting, dug wells; 
sharing safe shallow tube wells and deep tube wells; and arsenic-removal tech-
nologies must integrate water hygiene and sanitation programs. The application 
of some of these options depends on local conditions. It is important to remem-
ber that local scientists and other well-meaning people are the final arbiters as 
to what is best for their area.
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IntroductIon

At no time has the world faced such acute shortage of potable water than today. 
This is despite the fact that 75% of the world’s surface is covered with water. 
Unfortunately 97% of this water is saline and therefore undrinkable. Of the avail-
able freshwater, 2% is locked up in ice caps and glaciers. Hence there is only 
about one percent of water available to meet human needs. Further analysis of the 
available water shows that the blue water locked up in lakes and reservoirs and the 
green water (rainfall water) have become increasingly polluted with human, indus-
trial and agricultural wastes, and cosmetic chemicals. Scientific challenges exist in 
determining the quantities of such wastes and their breakdown products, effects on 
life and environment, and how best to control their distribution in the environment. 
This chapter describes some of the challenges existing in East Africa.

clImate change In eastern afrIca affects  
Water avaIlabIlIty

Climate change has added to the urgency of need for water conservation. This is 
because the climate change has altered the temperature and rainfall patterns in 
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Eastern Africa and the remainder of the continent. The temperature scenario for 
Africa described by Hulme et al. (2001), shows that global mean surface tem-
perature is projected to increase between 1.5°C (2.7°F) and 5.8°C (10.8°F) by 
2100; climate change scenarios for Africa indicate future warming across the 
continent ranging from 0.2°C (0.36°F) per decade (low scenario) to more than 
0.5°C (0.9°F) per decade (high scenario), and this warming will be greatest 
over the interior of semiarid margins of the Sahara and central southern Africa. 
Figure 1 gives mean surface air temperature anomalies for the African continent, 

0.6

0.6

0.6

0

0

0

0

0.6

0.6

1900 1920

Annual

DJF

MAM

JJA

SON

1940 1960 1980 2000

1900

M
ea

n 
te

m
pe

ra
tu

re
 a

no
m

al
y 

(°
C

)

1920 1940 1960 1980 2000

0

−0.6

−0.6

−0.6

−0.6

−0.6

fIgure 1 Mean surface air temperature anomalies for the African continent, 1901–1998, 
expressed with respect to the 1961–1990 average; annual and four seasons—DJF, MAM, JJA, SON.
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1901–1998, expressed with respect to the 1961–1990 average; annual and four 
seasons—December, January, February (DJF); March, April, May (MAM); June, 
July, August (JJA); September, October, November (SON). The smooth curves 
result from applying a 10-year Gaussian filter (Hulme et al., 2001). The figure 
shows warming trend in all seasons. The fourth Intergovernmental Panel on 
Climate Change (IPCC [AR4], 2007) concludes that “changes in climate are now 
affecting physical and biological systems on every continent. Effects on human 
systems, although more difficult to discern because of adaptation and non-cli-
matic drivers, are emerging. Over 90% of observed changes in systems and sec-
tors are consistent with regional temperature trends. Many of the changes are 
now attributed to temperature increase caused by anthropogenic greenhouse gas 
emissions.” Warmer climate increases evaporation of water as well.

Rainfall is similarly affected under climate change scenarios. Figure 2 gives 
the projected rainfall pattern for various African regions (Hulme et al., 2001). 
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The rainfall trend shows decline of rainfall in southern Africa but some probable 
increase in the Sahel and East Africa. However, the quantity of rainfall will vary 
even within a country.

Sub-Saharan Africa is likely to experience large impacts from climate change, 
because of high levels of intrinsic vulnerability stemming from heavy dependence 
on rain-fed agriculture, propensity to drought, and relative low levels of adaptive 
capacity. The proportion of the African population at risk of water scarcity could 
increase from 47% in 2000 to 65% in 2025, when about 370 million African peo-
ple may experience increased water stress based on a range of Special Report on 
Emission Scenarios (SRES) of IPCC and other scenarios as observed by IPCC 
(AR4) (2007). Nonclimatic changes such as water policy and management practice 
may add significant effects. Changes in primary production of large lakes will have 
important impacts on local food supplies. For example, Lake Tanganyika currently 
provides 25–40% of animal protein intake for the population of the surrounding 
countries and, on the basis of observed and paleoclimate records, it is expected 
that climate change will reduce catches by 30% (IPCC [AR4], 2007). East African 
countries already have signs of water scarcity because of various reasons.

Some of the basic problems with water as a resource in Africa include the very 
high potential evaporation, which occurs throughout the year and is in excess of 
2,000  mm p.a. over large tracts; very high aridity indices; a generally low ration of 
conversion of rainfall to runoff; an often very concentrated seasonality of rainfall, 
and hence runoff; a strong response to the El Niño Southern Oscillation (ENSO) 
signal and thus generally high interannual coefficient of variability of rainfall; an 
amplification of the interannual coefficient of variability of rainfall by the hydro-
logical cycle (Schulze, 2000). Other problems that affect the quantity, quality, 
and availability of freshwater include land use leading to enhanced erosion/ 
siltation and possible ecological consequences of land-use change on the 
hydrological cycle.

drastIc Water QualIty changes In east afrIca

The quality of blue water in East Africa has experienced drastic changes in the last 
40 years as evidenced by the onset of massive cyanobacteria blooms offshore that 
took place in Lake Victoria. The poor water quality has led to the collapse of the 
indigenous fish stock. The collapse has also been correlated to the poor agricul-
tural practices that have led to an accelerated rate of deposition and sedimenta-
tion of soil rich nutrients (Verschuren et al., 2002) (Figure 3). On top of activities 
related to human population and agricultural production is added the human abuse 
of water systems. Today most of our lakes and rivers are choking with wastes that 
are wantonly dumped into them. It is possible to prevent this “I don’t care attitude” 
of our people by enacting stringent regulations on water pollution by governments. 
Investment in water cleaning technologies will greatly assist in water purification.

An example of waste pollution of water systems is given in Figure 4, which 
presents a case of polluted River Ngong in Nairobi. It is evident from the figure 
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that citizens living along this river use it as their septic tank. Huge investments 
are required to restore and rehabilitate the river to its original conditions.

It is incomprehensible what dwarfs the human mind to a level of filth glo-
rification. The Ngong River joins the Nairobi River and Athi River, which are 
sources of water for the communities living downstream. Consideration of the 
welfare of other water users would dictate better treatment of the water system 
than is presently the case.

challenges facIng lake vIctorIa

Several challenges face water systems such as Lake Victoria. Some of the recent 
challenges are human activities contributing to chemical pollution, such as wash-
ing clothes with phosphate detergents, car wash, and agricultural sediments.

The International Centre for Research in Agroforestry (ICRAF) has captured 
an aerial view of nutrients and sediments floating in Lake Victoria (Figure 5).  
The photo shows a rich variation of different particles of nutrients that have 
accelerated the eutrophication of the lake. Eutrophication rapidly changes the 
surface of the water system, and in a few months one finds thick growth of vari-
ous macrophytes.

The sediments loading on the Lake Victoria and other lakes have been esti-
mated by Verschuren et al. (2002) and are given in Table 1.

The sediment load affects the lakes differently depending on its depth. Lakes 
Malawi and Tanganyika are deep lakes, and the effect of siltation is not currently 
observed. However, for a shallow lake such as Lake Victoria, siltation has reduced 
the depth from about 80 m in the deepest area to an average of 40 m today. The 
lake is receding and this may be attributed to some extent to siltation and climate 
change. In addition to the lake’s depth, bottom oxygen content has declined and 
transparency (the Secchi index) decreased from 5 m in 1930 to less than 1 m in 

fIgure 5 Soil erosion, sedimentation, and nutrient loading in Lake Victoria (Photo: ICRAF).
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the 1990s, whereas sediment and water phosphorus and nitrogen concentrations 
have also increased (Hecky, 1993). Poor agricultural practices—deforestation, 
desegregation of farms, overstocking of livestock, lack of antierosion techniques, 
degradation of floodplain wetland buffers—have all resulted in massive soil ero-
sions and nutrient loads into the lake that have altered its ecology.

The consequences of these changes have resulted in:

l increased soil erosion and vulnerability to floods and droughts
l loss of soil fertility, declining crop yields
l food insecurity
l loss of dry season gardening, livestock husbandry capability and groundwa-

ter recharge, and discharge due to degradation of floodplain wetlands

human Waste dIsPosal: an Ignored factor

One of the scientific challenges facing policy makers in equatorial Africa is to 
ascertain the source of phosphorus that causes eutrophication in the equatorial 
lakes. The Lake Victoria Environmental Management Project (LVEMP) (2001, 
2002) estimated the nutrients input into the lake with atmospheric deposition 
contributing 102,000 t/year of total N and 24,000 t/year of total P. These values 
indicated that the atmospheric deposition is by far the most significant contrib-
utor to the overall nutrient budget of the lake. Several authors have given vari-
ous estimates as shown in Table 2.

As Table 2 indicates the atmospheric phosphorus deposition debate has been 
with us for the last 10 years. Given the fact that there are no phosphorus mines 
within the Lake Victoria catchments, points to the possibility of a large source of 
atmospheric P come from human activities such as biomass burning. Evidence 
of large-scale biomass burning is not there. Further given the fact that the wind 
regime around the lake is influenced by NW and SW monsoons, it is doubtful 

TABLE 1 Sediment Impact on the Lakes as a Result of Human Activities Such 
as Deforestation and Agriculture

Lake Tanganyika 1,500 mm/1000 year S. Basin
500 mm/1000 year C. Basin
4,700 mm/100 year N. Basin

Lake Turkana Oromo River Impact
(1,600 t/km2/a)

Lake Victoria 0.032–0.001 g/cm2/a
2.3 mm/year

Lake Malawi 1000 mm/year
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that if these estimates give a clear picture of the source of the P atmospheric 
load. A new project is being launched under the Global Environment Facility 
(GEF), United Nations Environment Programme (UNEP)/World Bank execution 
to explore the origin of phosphorus in equatorial lakes. In the mean time, our 
studies have started to shed light on the sources of P in Lake Victoria waters and 
sediments.

One of the major sources of water pollution in East Africa is human waste. The 
effluents from untreated municipal sewers pose great danger to Lake Victoria sus-
tainable ecological conservation. Municipal sewers contain both feces and urine 
that are the sources of phosphorus; therefore, let us make two assumptions that will 
enable us calculate the P contributions from these sources. Let us first assume that 
each person produces 25–50 kg of feces per year, which contains 0.18 kg P; second, 
assume that each adult produces about 400 L of urine per year, depending on liquid 
consumption, and it contains 0.40 kg P. This is because municipal and industrial 
wastewater treatment plants (WWTPs) are known to be the major source points 
of phosphorus in urban areas (Smith et al., 1999). Waste disposal sites, construc-
tion sites, fertilizers, and farmyards also make substantial contributions to the total 
phosphorus load (Hooda et al., 2000; Morgan et al., 2000; Sharpley et al., 2000; 
Tunney et al., 2000). However, all these have not been adequately evaluated.

Given the number of sewered and unsewered municipalities and their popu-
lations in Table 3, one is able to calculate the amount of phosphorus produced.

Using these figures it is therefore possible to calculate the phosphorus load 
coming from this source as given in Table 4.

If we assume that the sewage–treatment plants are efficiently working, an 
assumption that we know is not true, then the phosphorus (P) contribution from 
unsewered municipalities is about 396,865 t/year—a figure which is much 
larger than that reported in the LVEMP (2001, 2002) reports. If we add the  
P contribution from sewered municipalities with inefficient operations, then we 
have even a larger figure of about 500,423 t/year. However, if we assume that 
only 20% of P from this source reaches the lake, then we calculate a figure of 
79,373–100,085 t/year. However, it is not possible that only 20% of P nutrient 

TABLE 2 Various Estimates of Amounts of Atmospheric Deposition of 
Phosphorus (in %)

Auothor(s) Agriculture Urban Atmosphere

Bullocks et al. (1995) 50 30 20

Scheren (1995) 25 na 75

Lindenschmidst et al. (1998) 57  6 37

LVEMP (2002)  2 18 80
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from this source will reach the lake, but even this assumption gives a figure that 
is still larger than that reported in the LVEMP reports.

We have followed this theoretical calculation of P content with measure-
ments of the element in water, soil, and sediments. Water, soil, and sediments 
were sampled for 2 years covering four different seasons per year (wet, two dry, 

TABLE 3 The Population of Sewered and Unsewered Municipalities in the 
Lake Victoria Catchments

Country Total 
Population 
(1,000 people)

Sewered Urban 
Population 
(1,000)

Unsewered 
Urban Population 
(1,000)

Number 
of Towns

Kenya 10,200 390 630 18

Uganda 5,600 210 870 9

Tanzania 5,200 27 340 4

Rwanda 5,900  400 5

Burundi 2,800  140 4

Total 29,700 627 2,380 40

TABLE 4 Calculated Phosphorus Discharge into the Lake from Sewered and 
Unsewered Municipalities

Feces Urine

Country Sewered 
Pop*

Phosphorus 
(t/year)

Unsewered 
Pop*

Phosphorus 
(t/year)

Phosphorus 
(Sewered–
Unsewered) 
(t/year)

Kenya 390 1,755–3,510 630 2,835–5,670 61,400–100,800

Uganda 210 945–1,890 870 3,915–7,830 33,600–139,200

Tanzania  27 122–243 340 1,530–3,060 4,320–54,400

Rwanda – – 400 1,800–3,600 –64,000

Burundi – – 140 630–1,260 –22,400

Total 627 2,822–5,643 2,380 10,710–21,420 99,320–380,800

*Pop  population multiplied by 1,000.
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and short rain seasons) experienced in the Kenyan Lake Victoria catchments. 
Sampling points covered lakeshores, river mouths, and effluent discharge 
points; and the parameters analyzed included total reactive phosphates, total 
hydrolyzable phosphates, total phosphate, sediment exchangeable phosphates, 
sediment bioavailable phosphate, and soil available phosphates. Soils from the 
catchments were found to contain 10–100 times higher concentration com-
pared to sediments and water samples. Water from both the rivers and the lake 
were found to contain phosphate levels much higher than the recommended 
guidelines for aquatic life, indicating the influence of anthropogenic sources. 
The seasonal average of total phosphate in the water was 4.61, 3.43, 2.45, and 
2.30 mg/L for wet, short rain, and dry seasons 1 and 2, respectively, whereas the 
total reactive phosphates had means of 2.22, 2.08, 1.12, and 1.61 mg/L in the 
same seasons. Sediment bioavailable phosphates were higher than exchange-
able phosphates, with the highest mean concentrations of 24.45 and 8.22 mg/kg 
occurring during the dry season, whereas average of soil available phosphorus 
ranged between 639 and 1,076 mg/kg. Pearson correlation analysis of the data 
indicated a strong positive correlation between the levels detected in the water 
for all the seasons, implying increasing accumulation of the nutrients in the 
drainage basin (Table 5).

Figures 6–8 give the water, sediment, and soil bioavailability phosphates. 
The highest concentrations were observed at municipalities that have no sewer 
treatment. Secondly, phosphate levels in the Lake Victoria drainage system vary 
with seasonal changes. The levels in soils along the shore are higher than at the 

TABLE 5 Pearson Correlation Analysis for Phosphates in Water

Wet 
Season

Dry 
Season 1

Short 
Rain

Dry 
Season 2

Wet season Pearson correlation 1.000 0.938* 0.966* 0.966*
Sig. (two-tailed) – 0.000 0.000 0.000
N 32 32 32 32

Dry season 1 Pearson correlation –938 1.000 0.926* 0.873*
Sig. (two-tailed) 0.000 – 0.000 0.000
N 32 32 32 32

Short rain Pearson correlation 0.966* 0.926* 1.000 0.969*
Sig. (two-tailed) 0.000 0.000  0.000
N 32 32 32 32

Dry season 2 Pearson correlation 0.966 0.873 0.969* 1.000

Sig. (two-tailed) 0.000 0.000 0.000 

N 32 32 32 32

*Correlation is significant at the 0.01 level (two-tailed).
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fIgure 6 Phosphates in water during wet season.

fIgure 7 Sediment bioavailable phosphates.
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river mouth, and the sites where there is direct sewage discharge are leading in 
the concentration of phosphates. Furthermore, the high nutrient load at points 
of direct sewage discharge also stimulates the growth of macrophytes such as 
water hyacinth.

PolychlorInated bIPhenyls

Polychlorinated biphenyls (PCBs) are compounds derived from substitution 
of 1–10 hydrogen atoms of biphenyl by chlorine atoms. PCBs have been pro-
duced and used worldwide in large quantities for many years as transformer 
oils, metal-cutting oils, hydraulic oils, heat transfer fluids, additives in plastics, 
dyes, and carbonless copying paper. The production of PCBs was terminated 
worldwide in the late 1970s to early 1980s because of their adverse effects on 
the environment as a result of persistency, bioaccumulation properties, and tox-
icity. The amount of PCBs in the global environment has been estimated to be 
about 3.7  108 kg, and further 7.8  108 kg was estimated to be still available 
for utilization or deposited in different ways. PCB poisoning can lead to liver 
damage, respiratory disorders, various neurological symptoms, and reproduc-
tion disorders. Hence, it is of great importance to assess the source of PCBs 
that may be detrimental to the lake ecosystem and ultimately to man.

We have undertaken analysis of PCBs along the shores of Lake Victoria. 
Sampling stations were chosen to capture upstream activities, runoffs and  
sediments brought along the rivers as the source of PCBs. Three composite sites 

fIgure 8 Soil available phosphates.
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surface sediments were sampled with a stainless steel shovel and then combined 
to one pole sediment sample because PCBs in sediments can show a patchy 
distribution. Sediment samples were wrapped with aluminum foil, labeled, 
and stored at −25°C. Figure 9 shows the results of PCB 28 analysis along the 
Kavirondo Gulf (Kenyan side) of Lake Victoria.

High concentration of PCB 28 was found at River Sio, Hippo point, Kisati, 
and Dunga Beach. However, it is curious to note the presence of this compound 
at these sites and the environment in general. Similarly, Figure 10 shows the 
concentrations of PCB 52; the highest concentrations were found at the mouth 
of River Kuja and River Kisiat. River Kuja drains the Kisii highlands where 
mainly high agricultural activities take place, whereas River Kisiat drains the 
industrial area of Kisumu Town. The third highest concentration was found at 
Hippo point, which is close to the sewage discharge point of Kisumu Town. 
Low concentrations were observed at other sampling points.

We also carried out analysis for PCB 105 at the shore sampling sites of the 
Kavirondo Gulf of Lake Victoria. Figure 11 gives the analysis results. High 
concentration of PCB 105 was found in the sediments of River Sio mouth, fol-
lowed by Muhuru Bay and Port Victoria. Generally, high concentration of PCB 
105 is observed at the river mouths and the bays.

Further analysis of representative congeners of PCB included that of PCB 
118. High concentration of PCB 118 was found in the sediments of Muhuru Bay,  

fIgure 9 Concentrations of PCB 28 in sediments at different sampling stations in Kavirondo 
Gulf of Lake Victoria catchments.
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fIgure 10 Concentrations of PCB 52 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.

fIgure 11 Concentrations of PCB 105 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.
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followed by River Sio. Generally, high concentration of PCB 118 is observed 
at the river mouths and the Bays. It is of interest to note that no PCB 118 was 
detected in sediments from Nyalenda in Kisumu Town (this is the open concen-
tration sewer pond for Kisumu Town). Otherwise this compound was detected 
in most river samples sampling sites (Figure 12).

Analysis for PCB 153 is given in Figure 13. Again it was found that the high-
est concentration of this compound was observed at River Sio mouth, followed 
by Muhuru Bay and Sori Towns. Again the sewage discharge points of Homa 
Bay and Nyalenda concentration pond had low concentration, indicating that the 
pollution by PCBs does not arise from sewage treatment points.

The last two PCBs analyzed were PCB 156 and PCB 180 (Figures 14 and 15). 
The concentration of PCB 156 was highest in the sediments of River Sio mouth, 
followed by River Kisian and Port Victoria, whereas the concentration of PCB 
180 was highest in the sediments of Winam Gulf, Hippo point, and Rivers Sio and 
Kisian.

The observation of PCBs at almost all sampling points poses a challenge as 
to the source of the compounds. These are rural areas with very little electrifica-
tion points. At this time it is speculative to attribute the source to any one activity 
except to speculate that there may be unauthorized dumping of PCBs in the catch-
ments. Further studies are needed to pinpoint the point source of PCBs in the Lake 
Victoria waters and sediments. However, at present, data indicate that river mouths 

fIgure 12 Concentrations of PCB 118 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.
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fIgure 13 Concentrations of PCB 153 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.

fIgure 14 Concentrations of PCB 156 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.
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have higher concentrations of PCBs except for two bays that are unique, such as 
Hippo point and Muhuru Bay, which is known for active commercial activities.

Figure 16 shows a sample of PCB standard chromatogram and a chromato-
gram of sediment extract of one of the samples.

fIgure 15 Concentrations of PCB 180 in sediments at different sampling stations of Kavirondo 
Gulf of Lake Victoria catchments.

fIgure 16 Sample chromatogram of PCB standard and the sample.
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PestIcIde resIdues In the troPIcal marIne  
and freshWater ecosystems

Kenya, like other tropical countries, heavily depends on the use of pesticides for 
economic management of crops and livestock. The public health sector in Kenya 
also depends on the use of pesticides to control vector-borne diseases such as 
malaria, sleeping sickness, bilharziasis, and fascioliasis. The pesticide spray pro-
grams aimed at controlling disease vectors such as mosquitoes, tsetse flies, and 
water snails succeeded to render Mwea Tabere settlement scheme, Kano Plain, 
and Lambwe Valley habitable using p,p-DDT, dieldrin, and endosulfan. Most 
organochlorine pesticides have been banned from agricultural use because of their  
high levels of persistence and toxicity to nontarget organisms and replaced by 
organophosphates, carbamates, and pyrethroids. However, their residues are still 
in the environment.

Various studies in Kenya have reported organochlorine pesticide residues in 
a number of river and lake ecosystems at varying concentrations and frequen-
cies, indicating the buildup of pesticide residues in the environment (Wandiga et 
al., 2002a; Getenga et al., 2004). Earlier studies by Everaarts et al. (1997) also 
reported the presence of PCBs and cyclic pesticides in benthic organisms from 
the Kenyan coast and the mouths of Sabaki and Tana Rivers. The bivalve mol-
luscs from the mouth of Sabaki River and Kiwaya Bay had the highest levels of 
PCBs. Residues of p,p-DDE were detected in all the samples at levels ranging 
from 15 to 48 ng/g of lipid in both bivalve and gastropod molluscs. In Wandiga 
et al. (2002a), sediment samples reported from the Indian Ocean coast contained 
high presence of lindane, aldrin, p,p-DDT, and p,p-DDE.

The presence of pesticides at the top of the food chain has been reported 
in some studies and may be of critical concern. Pesticide residues have been 
detected in samples including cows’ and human milk, and birds. Kituyi et al. 
(1997) found contamination of the cows’ milk by chlorfenvinphos residues 
in levels ranging between 0.52 and 3.90 mg/kg in dry season and from 1.58 to 
10.69 mg/kg during wet season. The same study showed that milk collected from 
plunge dipped cows had higher concentrations of the pesticide residues than 
milk obtained from hand sprayed cows. To understand the behavior of pesti-
cides applied in the tropical environment, a number of simulation studies as well 
as field experiments carried out on different ecosystems in Kenya have been 
reviewed (Wandiga et al., 2002b).

The presence of a number of pesticide residues in the aquifer systems and 
in the food chain is causing great concern. This is due to the fact that most of 
the synthetic pesticides have high ability to bioconcentrate and bioaccumulate 
in the food chain and thus cause long-term impact to the sustainability of the 
ecosystem. As a result, there is a need to monitor the levels and extents of con-
tamination of the environment by these compounds.

We describe here the results of our recent study of pesticide residues in water 
and sediments from rivers draining into Lake Victoria. The results are presented 
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based on short rain, dry, and wet seasons experienced in the Lake Victoria catch-
ment because the use of pesticides in the region depends on seasons.

The field samples were collected from 12 points located on River Nzoia, 
River Sio, and Lake Victoria. Field sampling was done during the short rain 
(October–December, 2002), dry, (January–March, 2003), and wet (April–June, 
2003) seasons.

Water was sampled by grab method into 2.5–L amber bottles and preserved 
with 1 g mercuric chloride to stop microbial degradation of pesticides. In the labo-
ratory, samples were stored in a refrigerator at 4°C prior to extraction. Extraction 
was done using 2 L of water for all the samples. The water was neutralized to pH 
7 using a phosphate buffer, whereas 100 g sodium chloride was added to salt out 
the pesticides from the aqueous phase. In all cases, extraction was achieved by 
extracting the water thrice using 60–L portions of triple distilled dichloromethane. 
The extracts were combined and cleaned by eluting through 20–g florisil column 
with 200 mL 6%, then 15% and 50% diethyl ether:hexane mixture.

Sediments were sampled using a precleaned stainless steel shovel and 
mixed on clean aluminum foil. Approximately 500 g each of three representa-
tive samples were wrapped in aluminum foil, packed in black polythene bags, 
and placed in an icebox containing wet ice. In the laboratory, sediment samples 
were stored in a deep freezer at −20°C prior to extraction. Extraction was done 
in triplicates using 25 g sample sizes following AOAC method 970.52 for multi- 
residue analysis. Sample extracts were cleaned by eluting through the florisil 
column as described for water samples above.

All cleaned water and sediment samples were reduced to 2 mL using LABCON 
rotary evaporator and analyzed by Varian CP 3800 gas chromatograph equipped 
with electron capture detector and CP-SIL 8CB capillary column with dimensions 
15 m  0.25 mm  0.25 m film thickness using a temperature program: 150°C 
with zero hold time, then increased to 240°C at 4°C/min with a hold time of 
4.5 min. Confirmation of pesticide residues was done using second column DB 
1701 capillary column with dimensions 15 m  0.53 mm  0.5 m film thick-
nesses, using a temperature program: 150°C with zero hold time, then increased 
to 200°C at 4°C/min with a hold time of 4.5 min. Identification and quantifica-
tion of residues was done using high-purity pesticide standards obtained from 
Dr. Ehrenstorfer GmbH (Ausburg, Germany). The methods used had acceptable 
recovery rates ranging between 70% and 130% established by spiking blank 
sediment and distilled water samples and following the same extraction, cleanup, 
and analysis procedures as for the real samples.

short rain season

Water Samples
Figure 17 shows pesticide residues detected in water samples collected during 
the short rain season. p,p-DDT, hexachlorocyclohexane (HCH), dieldrin, and 
heptachlor were the highest detected pesticides.
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The actual values of p,p-DDT ranged from below detection limit (BDL) to 
1.13 g/L, whereas -HCH was between BDL and 0.32 g/L. The levels of endo-
sulfan sulfate were between 0.02 and 0.4 g/L, compared to alpha endosulfan that 
was between 0.01 and 0.09 g/L, indicating a potential degradation process of 

fIgure 17 Organochlorine pesticide residues in water during short rain season.

fIgure 18 Pesticide residues in sediments during short rain season.
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the latter. In the same samples, residues of heptachlor ranged between BDL and 
0.59 g/L compared with heptachlor epoxide, whose concentration was between 
0.11 and 0.13 g/L.

Sediment Samples
Figure 18 shows pesticide residues detected in sediments in the same season. It 
can be noticed that pesticide residues in sediments were 10 times higher than 
the levels detected in water samples.

In general, -endosulfan and dieldrin were the highest residues detected in 
the sediment samples. The levels of p,p-DDD and dieldrin were higher than 
those of p,p-DDT and aldrin, indicating no recent use of these pesticides in the 
region. The levels of -HCH detected in the sediments were higher than those 
of -HCH, and this indicated that HCH might be still in use by some farmers. 
However, the use of HCH in agriculture was banned in Kenya, and thus, there 
is need to monitor the sources of these residues in the environment.

dry season

Water Samples
Figure 19 shows the range of pesticide residues detected in the water samples 
collected during the dry season was lower than that detected during the short 

fIgure 19 Pesticide residues in water during dry season.
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rain season. This indicated that most of the organochlorine residues are swept 
from the agricultural land, where they were previously applied, by the storm 
water into the drainage systems as observed in the short rain season. Dieldrin, 
o,p-DDE, and heptachlor epoxide were detected in all the water samples col-
lected during the dry season.

The presence of dieldrin in all the samples was attributed to the breakdown 
of aldrin that was previously applied in the region. This was confirmed by the 
dieldrin–aldrin ratio, which was 1.05, indicating no recent use of aldrin in the 
region. The concentrations of p,p-DDT ranged between BDL and 0.18 g/L 
compared to that of p,p-DDD, which was between BDL and 0.11 g/L. The 
comparison of levels of HCH isomers indicated that -HCH (lindane) was 
leading with concentration between BDL and 0.1 g/L. Usually, -HCH breaks 
down to -HCH, therefore the high level of lindane implies that it is still in use 
by some farmers in the region.

Sediment Samples
The range of pesticide residues detected in the dry season is shown in Figure 20.  
The results show that the levels were slightly lower than those detected in the 
same matrix during the short rain season. This could be attributed to the degra-
dation and the transport processes within the stream.

fIgure 20 Pesticide residues in sediments during dry season.
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Dieldrin was the highest of all the pesticides analyzed, followed by aldrin 
and gamma HCH. The metabolites p,p-DDD, dieldrin, and heptachlor epoxide 
residues were higher than the parent compounds p,p-DDT, aldrin, and hep-
tachlor. This implied that there was no recent application of DDT, aldrin, 
and heptachlor in the area. However, the residues of -HCH and -endosul-
fan were higher than those of -HCH and endosulfan sulfate, respectively,  
indicating recent application of these compounds in the environment. The  
residue levels detected in sediments were in comparable range with those 
reported by Wandiga et al. (2002a) in sediment samples from the coastal part 
of Kenya.

heavy rain season

Water Samples
Figure 21 shows residues detected in water samples collected during heavy rain 
season. The levels of pesticides in the water during the heavy rain season were 
the lowest of all the three seasons. This was attributed to the large volume of 
water associated with the heavy rain season, which could have increased the 
dilution factor of the pesticides and thus lowering the concentrations in the 
samples.

The levels of DDT, HCH, and methoxychlor were below the WHO limit for 
all the samples analyzed. However, the levels of dieldrin, aldrin, -endosulfan, 

fIgure 21 Pesticide residues in water during heavy rain season.



chapter | 3 Water Quality Issues in Eastern Africa62
and heptachlor were still above the WHO limit in some of the samples. The 
concentration of p,p-DDT detected in samples collected during the heavy 
rain season ranged between 0.04 and 0.12 g/L. The level of p,p-DDD was 
higher, with concentration ranging between 0.09 and 0.15 g/L. The observed 
trend was attributed to the degradation of p,p-DDT to p,p-DDD. Generally 
DDT breaks down in the environment to DDE and DDD. Dieldrin concentra-
tion ranged between 0.11 and 0.25 g/L, whereas aldrin was between 0.01 and 
0.19 g/L. Similar comparison was extended to -endosulfan and endosulfan 
sulfate. The analysis of the metabolites showed that the levels of p,p-DDD and 
dieldrin were higher than those of p,p-DDT and aldrin, indicating no recent 
use of these compounds. However, the residues of -HCH and -endosulfan 
were still greater than those of -HCH and endosulfan sulfate, indicating that 
those pesticides might be still in use in the region despite the fact that they have 
been banned from agricultural use.

Sediment Samples
Figure 22 shows the levels of pesticide residues in sediment samples collected 
during the heavy rain season. p,p-DDD was the highest of all the organo-
chlorines analyzed in the sediments during this season. This could be attrib-
uted to the previous use of DDT in the region. Similarly, the levels of dieldrin 
and endosulfan sulfate were detected in the sediments compared to aldrin and  
-endosulfan, indicating the previous use of these compounds.

fIgure 22 Pesticide residues in sediments during heavy rain season.
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conclusIons

Climate change and unsustainable human activities in the Eastern Africa region 
are contributing to the drastic changes observed in the water quantity and qual-
ity of most of the lakes and rivers in the region. Unfortunately, these issues 
have not been adequately addressed, yet they are already affecting both the 
aquatic life and the quality of human health.

Our study established high levels of phosphorus in the soils around Lake 
Victoria especially at the beaches, indicating that the human settlement  
and related anthropogenic activities strongly contribute to the phosphorus 
load into the lake waters. It is therefore likely that issues addressing sustain-
able management of the lake water and the catchment in general should also 
consider the human settlement matters along the lakeshore to give substantial 
results.

The presence of PCBs in the Lake Victoria sediment samples presents inter-
esting results that need to be picked by monitoring programs. PCBs are among 
the least studied chemicals in the region because of the complexity associated 
with their large number of congeners that demand long and complex proce-
dures in their extraction, cleanup, and analysis. However, their presence in  
the environmental samples poses issues of great concern because of the bio-
logical effects associated with these compounds to both human beings and 
wildlife.

The use of synthetic pesticides in Kenya is now over eight decades old. 
The major areas of applications include agricultural pests control and public 
health control of mosquitoes, snails, and tsetse flies. However, with the rapid 
development of resistance of pests to the chemicals coupled with environmen-
tal persistence, most of the organochlorines have been banned for agricultural 
use and restricted in use for public health vector control. Nevertheless, there 
are detected residue levels of these compounds in the amounts of concern for 
food chain magnification. These levels arise from either previous application or 
unscrupulous use through illegal means. As a consequence, our research group 
has been involved in the assessment of the residue levels in both marine and 
freshwater ecosystems, as well as determination of persistence, toxic effects to 
fish, and transport of these compounds in different soils in the country. Some 
comparison of the pesticide residues detected in water, sediments, and biota 
from marine and freshwater ecosystems and their effect on fish species has 
been summarized. The summary gives comparative levels of number pesticides 
studied that include aldrin, dieldrin, -endosulfan, endrin, DDT, DDE, DDD, 
and lindane for the period between 1998 and 2004. The detected residue levels 
in marine samples ranged from 0.503 to 9.025 g/L in seawater, from 0.584 to 
59.0 g/kg in sediments, and from BDL to 1,011 g/kg in biota. The residue 
levels in freshwater ecosystems ranged between BDL and 0.44 g/L in water, 
BDL and 65.48 g/kg in sediments, BDL and 10.07 g/kg in weeds, and BDL 
and 481.18 g/kg in fish samples.
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Effect of Human  
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INTRODUCTION

When humans move into a natural area, major changes are initiated to the land-
scape and associated ecosystems that usually result in various negative envi-
ronmental impacts. The native wildlife undergo species changes, reductions in 
abundance and/or diversity, or virtual elimination, whereas the native flora is 
either reduced in abundance, eliminated, or replaced by introduced food crops 
or ornamental species. The natural land morphology may be altered to fit its new 
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uses and the native soils may be amended by fertilizers, replaced by other soils, 
or covered by roads and structures. All of these processes will change the physi-
cal, chemical, and ecological structure of the aquatic systems the land drains 
into. These changes will likely lead to a number of negative impacts including 
increased flooding and erosion, pollution by sediments, nutrients and chemi-
cal contaminants, algal blooms, and loss of native aquatic species. Pollution by 
pathogenic microbes and toxic compounds will also be a direct threat to human 
health, particularly if it impacts drinking well water, recreational bathing beaches, 
and harvestable shellfish beds. The objectives of this chapter are to describe the 
various hydrological, physical, chemical, biological, and ecological impacts that 
occur in receiving water systems following removal of the native vegetation and 
subsequent conversion of the land to agriculture or urbanized areas.

ImPACTS Of LAND CLeARINg ON ReCeIvINg WATeRS

When rainfall comes to earth, it has one of three fates. One, it can enter the ground 
through percolation or infiltration, and from there enters the water table, or upper 
aquifer. It most easily does this in porous soils such as sandy soils or limestone 
and dolomite “karst” soils. Soils of smaller size and smaller interstitial spaces per-
colate less freely, and at the far end of the spectrum some clays provide little or no 
percolation. Beneath the surface, water table water can move laterally in a downs-
lope manner until it encounters a stream bed, or, if the underlying occluding layer 
has some porosity or channels, it may migrate deeper into deep groundwater. 
The second fate rainwater can have is to return to the air as vapor, either through 
evaporation or by plant uptake and subsequent transpiration. Together, these proc-
esses are generally known as evapotranspiration. Third, the water that is not infil-
trated or evapotranspired becomes surface runoff, also called stormwater runoff. 
Stormwater runoff flows downhill until a water body is encountered, which it 
becomes part of. As it moves downhill, it carries with it all manner of physical, 
chemical, and biological pollutants. It is stormwater runoff that leads to much of 
the pollution of surface waters, including streams, rivers, lakes, reservoirs, estu-
aries, and the coastal ocean (National Oceanic and Atmospheric Administration, 
1998; Schueler and Holland, 2000; Dorfman and Stoner, 2007).

A wooded area has little runoff associated with rain events. Most water is 
retained on-site and is infiltrated or evapotranspired. When such a site is to be 
developed for housing, commerce, silviculture, or agriculture it is often clear-cut 
to remove the trees. This removes much of the evapotranspiration potential of the 
site, and causes a large increase in surface runoff. This runoff increase causes ero-
sion of the nearby and downslope land, with steeper slopes more susceptible to 
erosion than gentler slopes. The runoff picks up and transports dirt that become 
suspended sediments upon reaching a receiving water body. Suspended sediments 
are measured by gravimetry as milligrams per liter, and are usually reported as 
total suspended solids (TSS). In the water the TSS load increases the cloudi-
ness of the water, which is termed turbidity. Turbidity is commonly quantified  
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by instruments that project a beam of light into a small volume of water, with the 
amount measured that is reflected at a 90° angle. This process is called nephelom-
etry, and the units are called nephelometric turbidity units (NTUs). States and 
provinces often have pollution standards for turbidity; for example, in the State 
of North Carolina, there is a marine and brackish water standard of 25 NTUs, a 
general freshwater standard of 50 NTUs, and a trout water standard of 10 NTUs. 
Significant increases in stream-suspended solids and/or turbidity often occur  
following clear-cuts (Waters, 1995; Ensign and Mallin, 2001).

Besides degrading the clarity of the water, stormwater runoff that enters a 
stream greatly increases the stream volume and discharge. This causes more ero-
sion, primarily within the stream itself along the banks and at the bottom. This 
results in the widening, deepening, and effective straightening of a stream (Paul 
and Meyer, 2001). This scouring of the channel adversely impacts the stream 
fauna by destroying habitat for fish and benthic organisms (including shellfish), 
and by covering the bottom with upland-derived sediments, further altering the 
habitat (Waters, 1995). Besides the suspended sediments, other pollutants that are 
carried into the stream in runoff include organic and inorganic nitrogen and phos-
phorus, animal manure, other large or small organic material [biochemical oxy-
gen demand (BOD)] and anything that has been deposited on the landscape from 
the air including metals and toxic chemical compounds. Streams passing through 
clear-cuts are also subject to increased sunlight from the newly opened canopy, 
and combined with nutrient inputs from increased runoff, the increase in solar 
irradiance may stimulate nuisance algal blooms (Ensign and Mallin, 2001). Clear-
cut upland areas may be consequently converted to agriculture or urban areas.

AgRICULTURe AND WATeR POLLUTION

Historically agriculture has been a major use of clear-cut landscapes. Agriculture 
is a broad category that includes crop agriculture, pastureland, and more recently, 
concentrated animal feeding operations (CAFOs). Forest clearing for agricultural 
usage is rare presently in Europe and North America, but is a critical issue in 
South America and Southeast Asia especially in rain forests. Crop agriculture 
and pasturing have been with us for millennia; however, CAFOs have become 
a major means of animal production only in recent decades (Mallin, 2000; 
Burkholder et al., 2007) and a brief introduction is required here. CAFOs are 
systems wherein cattle, swine, or poultry are closely confined in buildings 
where they are fed, grown, and defecate with little or no contact with the out-
doors. Cattle CAFOs contain dozens to hundreds of animals, swine CAFOs 
hundreds to many thousands of animals, and poultry CAFOs thousands to mil-
lions of birds. CAFOs create vast amounts of feces and urine as waste (Mallin 
and Cahoon, 2003). Waste from cattle CAFOs is often spread on fields and dis-
ked into the soil; waste from swine CAFOs is pumped into large outdoor ponds 
called lagoons, from where it is periodically sprayed out on nearby fields; and 
waste from poultry CAFOs is sometimes pumped into lagoons but more often 
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spread as dry litter on fields. Waste lagoons in particular have been subject to 
major accidents resulting in catastrophic pollution to streams, rivers, and estuar-
ies (Mallin, 2000; Burkholder et al., 2007). Poultry waste stored uncovered out-
doors is subject to rainfall-induced runoff, but when it is stored under sheds this 
practice of course removes the runoff threat until it is field applied. In colder 
climates, swine and cattle manure may be stored indoors in enclosed facilities 
which present less pollution risk than open lagoons. However, leakage or seep-
age from such facilities can endanger nearby surface waters as well as ground 
waters. Each of the agriculture types (crop, pastureland, CAFO) thus present 
pollution problems to downslope waters and groundwaters, including pollution 
by suspended sediments, nutrients, fecal microbes, pesticides, and herbicides.

Human Health Pollutants from Agriculture

Animal manure is commonly used as a fertilizer for various crops. As mentioned, 
in the case of CAFOs, it is also sprayed, spread onto, or disked into rural land as 
an inexpensive “treatment” process. However, raw manure contains many micro-
bial pathogens that can infect humans if it enters nearby surface water bodies or 
well water (Table 1). For example, runoff from cattle feedlots caused hundreds 
of illnesses and several deaths to residents of Washington County, New York (in 
1999) and Walkertown, Ontario (in 2000) by infecting drinking well water with 
the pathogenic bacteria Escherichia coli 0157:H7 and Campylobacter jejuni.

Another human health issue that can result from agriculture is methemoglob-
inemia, commonly known as “blue-baby syndrome”, a potentially fatal condition 
(mainly to infants) that is caused by ingestion of elevated nitrate concentrations 
in drinking water or food. The nitrate is reduced to nitrite by gut microflora, 

TABLE  1 Human Pathogenic Microbes that are Found in Animal Waste (Hinton 
and Bale, 1991; Berger and Oshiro, 2002)

Bacteria Protozoa Viruses

Aeromonas spp. Cryptosporidium parvum Reoviruses

Campylobacter jejuni Giardia lamblia Hepatitis E virus

Clostridium spp. Balantidium coli

Escherichia coli 0157:H7 Encephalitozoon intestinalis

Nocardia spp. Enterocytozoon bieneusi

Salmonella spp.

Yersenia enterocolitica
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which then reacts with hemoglobin (which carries oxygen in the blood) and 
produces methemoglobin, which cannot transport oxygen and can lead to infant 
death (Johnson and Kross, 1990). Both the United States and Canada use a 
drinking water standard of 10 mg nitrate-N/L to protect against methemoglob-
inemia. In the United States, all documented cases of methemoglobinemia have 
been from consumption of water with nitrate concentrations in excess of this 
standard (Fan and Steinberg, 1996).

The fertilization of crops over long periods, as well as spraying of CAFO 
wastes on fields has resulted in excessive nitrate entering groundwater, in some 
cases exceeding the Environmental Protection Agency (EPA) standard. In 
Maryland, elevated nitrate in drinking water wells has been positively correlated 
with area corn production and with the numbers of chickens (broilers) produced 
in area CAFOs (Lichtenberg and Shapiro, 1997). Groundwater nitrate has been 
documented to exceed the EPA drinking water standard downslope of swine 
waste CAFOs (Dukes and Evans, 2006). In a survey of 1595 North Carolina 
wells located adjacent to CAFOs (Rudo, 1999), 34.2% were found with nitrate-
N concentrations exceeding 2 mg/L, and 10.2% with nitrate exceeding 10 mg/L, 
which was three times the statewide average for nitrate contamination of well 
water based on historical surveys.

ecosystem Pollution from Agriculture

Major ecosystem-impacting pollutants from agriculture include suspended sedi-
ments from surface runoff, nutrients (nitrogen and phosphorus) from surface 
runoff, airborne travel and subsurface (groundwater) movement, and a variety of 
pesticides and herbicides that enter water bodies via runoff, airborne deposition, 
and groundwater.

Agriculture, particularly row crop and grazing, is considered to be a very 
important source of sediment pollution to stream ecosystems (Waters, 1995). 
Suspended sediments (TSS) directly impact the ecosystem by siltation, which is 
covering the natural stream sediments with material from fields. This can render 
the stream bottom unhabitable to its natural fauna (Waters, 1995). Examples 
include the covering of spawning fish habitat (such as salmon) in freshwater 
and the covering of shellfish habitat (which need hard substrates to settle on) in 
estuarine and nearshore marine waters. Another direct impact of TSS loading to 
water bodies is creating sufficient turbidity that it reduces photosynthesis for sub-
mersed aquatic vegetation and benthic microalgae. Finally, numerous substances 
(including pollutants such as fecal bacteria, metals, ammonium, phosphate, and 
organic pollutants) become physically or chemically bound to suspended materi-
als (particularly clays) and can be transported far downstream to impact distant 
estuarine areas, including shellfish beds. Thus, keeping soil particles from run-
ning off of agricultural landscapes has numerous benefits.

Agricultural sources of nutrients (nitrogen and phosphorus) include inor-
ganic and organic fertilizers on crop fields, runoff from grazing lands, and 
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manure waste from poultry, swine and cattle CAFOs. Nitrogen and phosphorus 
can enter streams either via surface runoff (Table 2), groundwater contamination 
and subsequent lateral movement, or atmospheric deposition (Walker et al., 
2000; Dukes and Evans, 2006). Studies have shown that in agricultural land-
scapes 60–90% of the phosphorus movement toward water bodies moves with 
eroded soils (Sharpley et al., 1993). A study of 17 watersheds in Chesapeake 
Bay found that discharge of phosphorus into receiving estuaries was positively 
correlated with the concentration of suspended sediments entering the estuaries 
(Jordan et al., 1997). Phosphorus bound to particulates that are deposited in the 
sediments of water bodies can then be released as bioavailable orthophosphate 
into the water column through biological and chemical means (Correll, 1998). 
However, dissolved phosphorus can also move through groundwater to water-
ways if the soil is already saturated with phosphorus, the soil is sandy, or where 
there is a high organic content of the soils (Sims et al., 1998).

The study of the 17 Chesapeake Bay watersheds (Jordan et al., 1997) deter-
mined that discharge of nitrogen, particularly nitrate, was strongly correlated 
with the percent of cropland within the watersheds, and discharge of nitrogen 
from cropland was 6 times that of forested watersheds. Nitrate is mobile in 
soils and can also be found in high concentrations in ground and surface waters 
near CAFOs (Table 2). The reduced inorganic form of nitrogen, ammonia, is 
a major byproduct of animal waste, volatilizes from CAFOs and becomes air-
borne, settles back to earth usually within 80 km of the source CAFO (Walker 
et al., 2000) and is a likely contributor to nutrient loading of water bodies 
downwind.

Impacts of Nutrient Loading on Receiving Waters
What impacts result from agriculture-sourced nutrient loading to streams, lakes, 
and estuaries? A group of major ecosystem impacts caused by nutrient load-
ing fall under the blanket term eutrophication, a collection of symptoms caused 

TABLE   2 Nutrient Concentrations (as milligrams per liter) in Drainage Waters 
from Swine CAFOs [Revised from Mallin (2000) and References Within]

Water body Nitrate-N Phosphorus-P Ammonium-N

Surface runoff  4.6 4.0

Subsurface 21.0 0.6

Receiving stream  5.4 1.3

Receiving stream  7.7 na

Drainage ditch  2.1 3.1 7.1
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by an overabundance of nutrients entering fresh, estuarine, or marine waters 
(Burkholder, 2001). The most noticeable is the growth of algal blooms, which are 
usually caused by phosphorus loading in freshwater and upper estuaries, by nitro-
gen in lower estuaries and marine systems (Hecky and Kilham, 1988; Howarth, 
1988), and by nitrogen in some freshwater (blackwater) systems (Mallin et al., 
2004). Algal blooms do occur naturally and in some cases they can be relatively 
benign. However, they are usually a symptom of nutrient overloading and can 
cause a variety of deleterious effects on water bodies (Paerl, 1988). In freshwater 
some of the worst nuisance blooms are of cyanobacteria (or the Cyanophyceae), 
commonly called blue green algae. These blooms make poor food for graz-
ers such as zooplankton and benthic invertebrates, and make the food web less 
efficient (Paerl, 1988; Burkholder, 2002). Such blooms also result in taste and 
odor problems for drinking water supplies. In freshwater and oligohaline waters, 
cyanobacteria can form blooms that can be toxic to fish and mammals (Paerl, 
1988; Burkholder, 2002). In estuarine and nearshore marine waters, nutri-
ent loading can stimulate the growth of toxic dinoflagellates and other harm-
ful phytoplankton (Burkholder, 1998; Rabelais, 2002), one of the best studied 
being the dinoflagellate Pfiesteria spp. that is toxic to fish and causes illness 
in humans (Burkholder and Glasgow, 1997; Burkholder, 1998). The growth of 
algal blooms, in general, has been strongly correlated with increases in BOD in 
a variety of habitats including rivers, lakes, and estuaries (Mallin et al., 2006a); 
elevated BOD then causes reductions in water column dissolved oxygen. Lack 
of dissolved oxygen (anoxia) and low dissolved oxygen 2.0 mg/L (hypoxia) 
can cause fish and invertebrate kills and habitat loss (Diaz and Rosenberg, 1995). 
Nutrient induced blooms of marine macroalgae also disrupt marine ecosystems 
(Lapointe, 1997; Burkholder, 2001; Rabelais, 2002). Nutrient loading has led to 
overgrowths of epiphytic algae that will depress the growth of several species of 
seagrass (Tomasko and Lapointe, 1991; Rabelais, 2002).

Critical Nutrient Concentrations in Receiving Waters
Total phosphorus (TP) concentrations exceeding 100 g-P/L (3.2 M) are some-
times considered problematic in fresh and estuarine receiving waters (Correll, 
1998). The U.S. EPA has determined that geological and hydrological char-
acteristics of an area strongly impact a given water body’s susceptibility to 
eutrophication-associated problems. Thus, it presently utilizes suggested critical 
nutrient criteria for total nitrogen (TN) and TP that are tailored for 14 individual 
ecoregions within the continental United States (www.epa.gov/waterscience/ 
criteria/nutrient/ecoregions/).

In nearshore marine waters, elevated nutrient loading from terrestrial sources 
can decimate seagrass beds, important habitats for many species of fish and 
their prey. Nitrate from agricultural sources (or other anthropogenic sources) 
has a direct toxic effect on a major species of seagrass, Zostera marina at rela-
tively modest water column concentrations of 100–200 g-N/L or 7.1–14.3 M 
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(Burkholder et al., 1992; Touchette and Burkholder, 2000). In marine waters, con-
centrations of inorganic nitrogen exceeding 14 g-N/L (1 M) and concentrations 
of inorganic phosphorus exceeding 3.1 g-P/L (0.1 M) have been found to lead 
to problematic nuisance algal overgrowths of coral reefs in a variety of systems 
(Lapointe, 1997). In the Chesapeake Bay, a statistical analysis of factors influenc-
ing seagrass bed health in 101 subestuaries showed that a rapid decline in sea-
grass coverage occurred where watershed TN loading exceeded 16.7 kg N/m2/d 
and TP loading exceeded 1.3 kg P/m2/d [37]; this same analysis showed that sea-
grass beds in subestuaries draining agricultural watersheds had lower density than 
beds in subestuaries draining forested watersheds.

Best management Practices to Reduce Agricultural Runoff

Reducing nutrient loading to water bodies is a major factor in reducing eutroph-
ication and associated aquatic problems. Nutrient losses from agricultural areas 
are especially likely in areas where soil concentrations are already high, where 
soils are porous and have low sorption capacities such as sandy or organic soils, 
or where artificial drainage systems such as ditches or tile drains move runoff 
quickly off the site (Sims et al., 1998). Soil analysis of the fields where manure 
is deposited or sprayed can demonstrate when the soil is saturated by N or P 
and further amendments will lead to excessive runoff (Daniel et al., 1998). 
Proper management of irrigation water can reduce the amount of runoff from 
the fields (Sharpley et al., 1993; Gilliam et al., 1997). Vegetated buffer zones 
protect streams from runoff from crop fields and CAFO spray fields by retaining 
suspended sediments and their associated pollutants (Gilliam et al., 1997; Han  
et al., 2000), allowing uptake of nutrients from the runoff by the resident veg-
etation or binding them to soils, and in the case of nitrate by helping to induce 
denitrification (Young and Briggs, 2007). For crop fields, techniques useful 
for reducing off-site runoff of nutrients include conservation tillage, contour 
plowing, terracing, and runoff collection in on-site ponds or small reservoirs 
(Sharpley et al., 1993; Daniel et al., 1998).

Agriculture and Pesticides

Agricultural fields, underlying groundwater, and adjoining streams are subject 
to loading of numerous pesticides and herbicides, some of which are harmful 
to biota. The U.S. EPA has compiled comprehensive information on effects of 
these substances (US EPA, 2000a, b). Besides impacting fish and invertebrates, 
pesticides entering water bodies can have deleterious effects on the base of 
the aquatic food web, including phytoplankton, periphyton, and zooplankton 
(DeLorenzo et al., 2001). In addition to currently used compounds, a number 
of pesticides and herbicides that have been banned for many years (including 
DDT, dieldrin, and others) can be found at harmful levels in animal tissues or 
the environment (US EPA, 2000a, b).
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URBANIzATION AND HyDROLOgICAL ImPACTS

As we saw at the beginning of this chapter, land clearing removes the native 
vegetative cover, reduces transpiration of water, exposes the soil to erosion, and 
increases surface runoff. As urbanization occurs, soils are covered by increas-
ing quantities of impervious surfaces such as parking lots, roads, sidewalks, and 
rooftops. This greatly reduces the ability of the earth to infiltrate rainwater, turn-
ing much of it into stormwater runoff. Streams located downslope from urban-
izing areas are forced to accept ever increasing inputs of surface runoff, causing 
more streambank erosion as well as deepening of the stream. Rain events then 
cause scouring of the fish and invertebrate habitats, leading to reductions in spe-
cies richness and diversity (Paul and Meyer, 2001). The widening of the stream 
also leads to increased water temperature through loss of streamside shade, with 
potential species displacement. The widening and deepening causes a loss of 
sinuosity to the stream channel, which leads to loss of habitat and also reduces 
nutrient processing. With a wider and deeper channel, pollutants that are washed 
into the stream are rapidly carried downstream.

Urbanization can also have major impacts on ground water hydrology. The 
covering of the natural ground with impervious surfaces greatly reduces infil-
tration of rainwater, reducing groundwater recharge and base flow of streams 
(Klein, 1979). With a storm drain system in place, water that would normally be 
infiltrated in place is conveyed elsewhere to surface water bodies, like wet deten-
tion ponds or into streams or lakes or estuaries. This can reduce the base flow of 
natural stream systems. On Long Island researchers found that the base flow of 
streams in an urbanized, sewered area was reduced 80% from normal, whereas 
base flow of streams in a control undeveloped area was not reduced (Simmons 
and Reynolds, 1982). Septic systems return water to the ground on-site (although 
not necessarily clean water—see Sections Septic Systems and Fecal Microbial 
Pollution and Septic Systems and Nutrient Pollution), so recharge does occur in 
such areas. However, in the aforementioned Long Island study, a nearby urban-
ized area serviced by septic systems had a 16% reduction in stream base flow, 
likely through impervious cover infiltration blockage, stormwater removal, 
and perhaps some effect from the neighboring sewered region (Simmons and 
Reynolds, 1982).

Urban Pollution—On-Site Wastewater Treatment Issues

During the urbanization of a formerly natural area, a major pollution issue arises 
in the form of human waste disposal. Especially since the early 1970s central-
ized sewage collection and wastewater treatment plants have vastly improved 
the quality of surface waters in terms of both human health risks and ecological 
soundness. Problems still occur with incomplete treatment, outdated delivery 
systems, mismanagement, and accidents (Mallin et al., 2007). The types of envi-
ronmental problems associated with centralized sewage treatment are generally 
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traceable and point source in nature, thus they will not be detailed in this chapter.  
However, much human sewage in developed nations is treated by on-site waste-
water treatment systems (OWTS), commonly called septic systems. They are 
used to treat human sewage from individual homes, multifamily structures, busi-
nesses, and even hotels in both urbanized and rural areas. In the United States, 
approximately 23% of homes utilize septic systems, they are particularly abun-
dant in North and South Carolina, Georgia, Alabama, Kentucky, West Virginia, 
Maine, Vermont, and New Hampshire (US EPA, 2002). Wastewater enter-
ing septic systems contains elevated concentrations of fecal bacteria and other 
microbes (Table 3), nutrients, BOD, and potentially toxic chemicals and metals, 
depending on the source of the wastewater (US EPA, 2002). In its basic form, 
the septic system consists of a septic tank, a drainfield (also known as a soil 
absorption field or subsurface wastewater infiltration system) and the underlying 
soil (Cogger, 1988; US EPA, 2002). Waste enters the septic tank (closed at the 
bottom) where solids are settled out and some anaerobic digestion occurs. The 
supernatant liquid is then piped into infiltration trenches (the drainfield) through 
perforated pipes, where it percolates through the soil to receive pollutant treat-
ment. The infiltration trenches themselves are underlain by gravel or other 
porous media before being covered up by the native soil. A biological mat forms 
along the bottom of the trenches where active treatment occurs including fil-
tration, microstraining, aerobic decomposition, and protozoan predation of fecal 
bacteria. Further treatment occurs as the wastewater then percolates downward 
through several feet of non-saturated (i.e., aerated) soil, called the vadose zone, 
before encountering the saturated zone, or water table. The greater the contact 
between wastewater and the soil particles in this aerated zone the greater is the 

TABLE 3 Pathogenic Microbes Found in Human Sewage Effluents (West, 
1991; Smith and Perdek, 2004)

Bacteria Viruses Protozoa

Campylobacter jejuni Adenoviruses Balanidium coli

Escherichia coli 0157:H7 Coxsackie virus Cryptosporidium parvum

Salmonella spp. Echovirus Entamoeba histolytica

Shigella spp. Hepatitis A virus Giardia lamblia

Yersenia enterolitica Human caliciviruses Toxoplasma gongii

Vibrio cholera Noroviruses

Reovirus

Rotovirus
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degree of treatment (Cogger, 1988). Under ideal circumstances, septic systems 
can achieve near complete removal of fecal bacteria and BOD (US EPA, 2002).

Septic Systems and fecal microbial Pollution

Excessive septic system density in a given area, especially in areas of poor soils 
can lead to the microbial contamination of surface and groundwater, and nutri-
ent loading to surface waters that contributes toward eutrophication (Duda and 
Cromartie, 1982; Yates, 1985; Cahoon et al., 2006). When one considers that 
average water use in the United States ranges from 40 to 70 gallons per day 
(150–265 L per day), in areas of high septic system density this can account for 
considerable pollutant loading to ground and surface waters if it is not effectively 
treated. A number of documented disease outbreaks have been traced to drinking 
well contamination by fecal bacteria or viruses from septic system drainfields 
in the United States (Yates, 1985). Besides the direct contamination of drinking 
waters, microbial pollution from septic system drainfields has been implicated 
as contributing to 32% of the shellfish bed closures in a 1995 survey of U.S. 
state shellfish managers (National Oceanic and Atmospheric Administration, 
1998). Regionally in U.S. waters, this type of shellfish bed pollution was noted 
as particularly problematic in coastal areas of the Gulf of Mexico and the West 
Coast (National Oceanic and Atmospheric Administration, 1998).

Siting of septic systems in improper soils is a major pollution issue.  
A widespread type of improper septic system siting occurs where drainfields 
are situated on porous soils (such as sand or karst) with a high water table. This 
becomes a problem when the seasonal water table is less than 2 ft (0.6 m) verti-
cally below the infiltration trenches. This is an insufficient depth of the vadose 
zone to achieve necessary treatment; research has demonstrated that at least 2 ft 
of aerated soil is needed for proper treatment of fecal microbes (Cogger, 1988; 
Cogger et al., 1988; Bicki and Brown, 1990), and the U. S. EPA (US EPA, 2002) 
states that between 2 and 5 ft (0.6–1.5 m) of aerated soil are needed to achieve 
near complete treatment of the wastewater before it enters the groundwater table. 
Where soils are sandy, porous, and waterlogged, microbial pollutants such as 
fecal bacteria and viruses can flow through the soils laterally via the surficial 
groundwater to enter surface waters. An example of this occurs in the sandy 
coastal soils in south Brunswick County, North Carolina where there are exces-
sive densities of septic systems (8 per acre or 20 per hectare) that cause bacte-
rial and nutrient pollution in stormwater outfalls and marine waters adjacent 
to the shorelines (Cahoon et al., 2006). In the northern Cape Hatteras area on 
North Carolina’s Outer Banks, pollutants (including nitrate and fecal bacteria) 
from septic systems in areas of the Village of Nags Head enter the groundwater 
and move laterally through sandy porous soils into surface waters within Cape 
Hatteras National Seashore (Mallin et al., 2006b).

In west Florida, (Charlotte Harbor and Sarasota Bay) estuarine canals and 
bays receive fecal microbial pollution from an abundance of septic systems sited 
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in porous soils with high water tables (Lipp et al., 2001a, b). In such coastal 
communities, tides can influence groundwater table height and the outgoing tide 
actually draws polluted groundwater and associated fecal microbes into the estu-
arine waters (Lipp et al., 1999). The Florida Keys contain tens of thousands of 
septic systems and injection wells into which raw sewage is disposed. However, 
the soils are karst (limestone) and very porous. Experiments have demonstrated 
that fecal viruses injected into the wells flow out through the porous soils into 
coastal waters, sometimes within hours of being injected (Paul et al., 1997). 
These Florida Keys septic systems also serve as conduits to deliver elevated 
concentrations of nutrients into coastal waters where they can impact sensitive 
seagrass beds and coral reefs (Lapointe et al., 1990). In Florida, it has been esti-
mated that 74% of the soils have severe limitations to conventional septic system 
usage (US EPA, 2002).

A second major siting problem occurs when septic systems are placed in soils 
that are too impermeable to permit proper percolation. The polluted liquid from 
the drainfield will seep to the surface, called ponding. With the high fecal micro-
bial concentrations there, it is an immediate health hazard to humans or animals 
that contact it. While ponded on the soil surface, it is subject to rainfall and thus 
can lead to stormwater runoff containing very high fecal bacteria concentrations 
(Reneau et al., 1975).

Septic Systems and Nutrient Pollution

Nutrient pollution can be a human health and/or ecological problem where sep-
tic systems are placed near drinking water wells or nutrient-sensitive surface 
waters. In the aerated soil beneath the drainfield, nitrogen in the wastewater is 
nitrified to nitrate, which moves readily through soils. High concentrations of 
nitrate build up in groundwater that can exceed the U.S. EPA’s and Canadian 
human health “blue-baby” syndrome standard of 10 mg-N/L. Studies have 
shown nitrate concentrations well in excess of this standard in groundwater 
plumes draining septic system drainfields (Cogger, 1988; Cogger et al., 1988; 
Postma et al., 1992; Robertson et al., 1998). Drinking wells have been contami-
nated by nitrate from septic systems (Johnson and Kross, 1990) and in Maryland 
elevated nitrate concentrations in drinking well waters have been positively cor-
related with the number of septic systems in the area (Lichtenberg and Shapiro, 
1997). Under reducing conditions where nitrification is suppressed, elevated 
ammonia concentrations will occur in septic plumes (Robertson et al., 1998). 
Although not as mobile in the soil as nitrate, under sandy porous soil and water-
logged conditions, groundwater ammonia plumes may also impact nearby sur-
face waters and increase eutrophication. Where plumes containing high nitrate 
or ammonium concentrations enter nitrogen-sensitive surface waters, such 
as coastal lagoons or coastal blackwater streams, algal blooms may be stimu-
lated with associated hypoxia issues (Rabelais, 2002; Mallin et al., 2004). In the 
Chesapeake Bay, a statistical analysis of factors influencing seagrass bed health 
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in 101 subestuaries (Li et al., 2007) showed that a sharp decline in seagrass cov-
erage occurred where watershed septic system density exceeded 39/km2.

Phosphate in the wastewater plume tends to bind readily to soils and is much 
less mobile than nitrate (Cogger, 1988). Considerable phosphate sorption occurs 
in the vadose zone (Robertson et al., 1998). Even so, under sandy soil condi-
tions or conditions where long usage has led to saturation of phosphate sorp-
tion capacity in soils, phosphate concentrations exceeding 1.0 mg-P/L in septic 
system plumes have been documented as far as 70 m from the point of origin 
(Robertson et al., 1998). For septic systems serving homes or cottages along 
lake shores, this can be problematic in that it can contribute to algal blooms and 
the eutrophication of freshwaters. Karst regions and coarse textured soils low in 
aluminum, calcium, and iron present the biggest risk of phosphate movement 
and water contamination (US EPA, 2002).

minimizing Problems from Septic Systems

Under proper circumstances, septic systems serve as efficient and safe means 
of disposal of human waste. Proper placement of septic systems is the key. 
Movement of fecal microbes off-site will occur if the soils are too impervious 
and ponding occurs, or if the soils are too porous (sandy or karst) and the water 
table is too high for an appropriately aerated vadose zone (at least 1 m of aerated 
soil is preferred). Also, even under the best circumstances pollution can move 
off-site if there are excessive densities of septic systems in a given area. Finally, 
risks to the environment and human health are increased when septic system use 
is prevalent near drinking water wells, surface water bodies that are nutrient- 
sensitive, and coastal waters where shellfishing occurs.

STORmWATeR RUNOff

Urban and Suburban Stormwater Runoff

To reiterate, in a naturally vegetated landscape rainfall is largely removed either 
by percolation through the soil into the groundwater or by absorption and later 
transpiration back to the atmosphere by trees and other vegetation. Any remain-
ing water from the rain that is not percolated, transpired, or evaporated becomes 
surface (or stormwater) runoff. Pollutants entrained in runoff water that is flow-
ing over a vegetated landscape are normally filtered by the natural landscape. 
Nitrogen and phosphorus are taken up by plants, some nitrogen is turned into 
atmospheric nitrogen by natural microbial activity (denitrification), and phos-
phate, metals, toxins, and fecal bacteria are adsorbed by the soils as the rainwater 
percolates downward.

Whether an urbanized or urbanizing area is serviced by a centralized sewer 
collection and treatment system or by septic systems, covering the natural land 
cover with impervious surfaces causes a series of cascading impacts to the 
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downslope (and receiving water) environments. First, rainfall can no longer 
percolate through the soil, forcing the rain to become surface stormwater run-
off. This leads to less recharging of the groundwater aquifer, which is a source 
of well water and irrigation water, and stream base flow (Klein, 1979; Arnold 
and Gibbons, 1996). The increased surface runoff causes increased flooding in 
downslope areas and erosion of the landscape, causing pollution of the water by 
eroded and suspended sediments (Schueler, 1994). These suspended sediments 
also adsorb many pollutants, including fecal bacteria, and help transport them 
downstream or downslope. Between rains, the impervious surfaces concentrate 
many kinds of pollutants on the pavement including nutrients (nitrogen and 
phosphorus), metals, organic toxicants such as polycyclic aromatic hydrocarbons 
(PAHs)—common urban toxic compounds, and of course fecal bacteria. When 
it rains, impervious parking lots, roads, drives, and sidewalks provide a rapid 
and direct conduit of polluted stormwater runoff into ditches and streams, and 
in coastal areas into shellfish beds and beach areas (Mallin et al., 2000; Holland 
et al., 2004). This is non-point source pollution, commonly referred to in urban 
areas as stormwater runoff.

Impacts of Urban Stormwater Runoff on Aquatic ecosystems

A good metric for the degree of urbanization in a watershed is the percent cover-
age by impervious surfaces (Arnold and Gibbons, 1996). Studies on the impacts 
of impervious surface coverage on stream health was initiated by researchers 
working in freshwater systems (Klein, 1979; Griffin et al., 1980). Concentrations 
of a variety of the aforementioned pollutants were found to increase along 
with increasing impervious surface coverage (Griffin et al., 1980), with nega-
tive responses noted in the fish and invertebrate communities (Klein, 1979). 
Compilations of published and unpublished data indicated that such negative 
impacts on freshwater stream biota begin at about the 10–15% impervious sur-
face coverage level (Klein, 1979; Schueler, 1994), with sharp increases in the 
degree of chemical pollution occurring at the 30–50% impervious surface cov-
erage range (Griffin et al., 1980). In large-scale analyses of tidal creek estuarine 
systems, once watershed impervious surface coverage exceeded 10% of a vari-
ety of responses occurred including altered hydrography and salinity regimes, 
altered sediment characteristics, and increased chemical contamination (Holland 
et al., 2004). When impervious coverage exceeded the 20–30% range, changes 
in the benthic community occurred including reductions in diversity, loss of 
pollution-sensitive species, and reduced abundance of commercially important  
species (Lerberg et al., 2000; Holland et al., 2004).

The loading of suspended sediments and consequent increases in water  
column turbidity in urban streams have similar impacts to those discussed 
in Section Ecosystem Pollution from Agriculture, with changes in bottom 
habitat, decreases in photosynthesis of rooted macrophytes and periphy-
ton, interference with finfish and shellfish feeding, and enhanced transport 
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of sediment-associated pollutants (Waters, 1995; Paul and Meyer, 2001). 
As with streams in agricultural areas (section Impacts of Nutrient Loading 
on Receiving Waters), urban streams, lakes, and estuaries will respond to 
increased nutrient loading with eutrophication symptoms, including nuisance 
algal blooms, increases in BOD and subsequent decreases in dissolved oxy-
gen (Mallin et al., 2006a), and enhancement of toxic and potentially toxic 
algal blooms (Burkholder, 1998; Lewitus et al., 2003). In estuarine areas 
draining urban landscapes, the water column and sediments demonstrate 
higher concentrations of pollutants including nitrate, phosphate, various met-
als, PAHs, and other organic contaminants than estuaries draining forested 
regions (Vernberg et al., 1992; Comeleo et al., 1996). The benthic community 
largely has limited mobility in escaping pollutant loadings, thus benthic com-
munity indices can provide appropriate response diagnostic tools in measur-
ing impacts of sediment contamination from urban watershed sources. Such 
indices show significant negative responses to increasingly polluted estuarine 
habitats (Hyland et al., 2003). In the Chesapeake Bay, the seagrass coverage 
within subestuaries draining urbanized watersheds was lower than coverage 
in subestuaries draining forested watersheds, with beds in subestuaries drain-
ing agricultural watersheds between those two in terms of seagrass coverage  
(Li et al., 2007).

An in-depth analysis of the numerous metals and toxic chemical pollutants 
generated from urbanized areas is beyond the scope of this chapter. Briefly, 
such polluting metals include, among others, arsenic, cadmium, copper, lead, 
mercury, selenium, and zinc, whereas toxic compounds include polychlorinated 
biphenyls (PCBs) and PAHs. The U.S. EPA provides comprehensive informa-
tion on sources and effects of these metals and toxicants in several publications 
(US EPA, 2000a, b, 2004). Concentrations of metals and toxicants in estuarine 
and marine sediments that are likely to cause negative impacts on invertebrates 
are provided in Long et al. (1995).

Urban Stormwater Runoff and Human Health

In terms of human health, the most important pollutants washed into streams are 
fecal bacteria, viruses, and protozoans, some of which are pathogenic. Sources 
of fecal microbes to stormwater runoff include manure deposited on the land-
scape from domesticated animals such as dogs, cats, and horses; manure from 
urban wildlife including raccoons, deer, other small mammals, and waterfowl; 
and sewage from leaking distribution systems, ponded sewage from improperly 
sited septic systems. Table 1 provides a list of such pathogens that have been iso-
lated from domestic or wild animals; Table 3 lists pathogens commonly found in 
human sewage.

Humans may become infected by fecal microbes in contaminated water 
directly by ingesting them through the mouth (swallowing), nose, eyes, or open 
wounds. This can occur at beaches, rivers, urban lakes, creeks, sounds—anywhere 
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people recreate and contact water physically. Contact situations include swimming, 
surfing, diving, water skiing, boating, etc. Excessive fecal microbial pollution from 
stormwater runoff can lead to closure of bathing beaches by regulatory authorities. 
During 2006 in the United States, there were over 25,640 marine and freshwater 
beach closing and advisory days, of which approximately 10,600 were attributed to 
polluted stormwater runoff (Dorfman and Stoner, 2007). Governments use various 
standards to ensure beach water safety. In the United States, individual states nor-
mally set their own standards, but the EPA recommends using fecal enterococcus 
as a marine beach water standard, with 104/100 ml the instantaneous standard and 
a geometric mean of 35 CFU/100 mL from a set of five samples within 3 weeks. 
Some freshwater areas in the United States utilize a human contact standard of 
200 CFU/100 mL of fecal coliform bacteria. Other areas in the United States as 
well as other nations may utilize other indicator organisms such as total coliforms  
and Escherichia coli.

The clearest impacts of non-point source runoff are visible in coastal waters. 
Coastal waters support the production of shellfish, a major commercial and rec-
reational target for harvest and (avid!) human consumption. Shellfishing beds that 
are close to shore are the easiest to access, and require minimal capital to harvest. 
Unfortunately, the beds located closest to shore are also the beds that receive the 
greatest impact from stormwater runoff from developed coastlines. As shellfish 
are filter feeders, they concentrate pollutants in their bodies, especially fecal bac-
teria derived from land sources such as stormwater runoff and septic system lea-
chate. In the United States, shellfish water standards are set by the U.S. Public 
Health Service because shellfish are integral to interstate commerce (USFDA, 
1995). The current standard is 14 CFU/100 mL for fecal coliform bacteria. Thus, 
a critical challenge is thus to manage coastal development while allowing for the 
continued and improved propagation of the traditional commercial fishery.

Clearly, coastal urbanization has a major deleterious impact on shellfish bed 
availability. As an example the State of North Carolina, along the southeast coast 
of the United States has undergone major population growth in recent decades. 
Shellfishing historically has comprised an important segment of both commer-
cial and recreational coastal livelihoods, requiring a relatively modest investment 
in equipment. Fishermen could utilize local shallow waters in small, inexpensive 
craft to harvest local beds. Hard clams and oysters are currently among North 
Carolina’s highest valued seafood items, with hard clam meat yielding approxi-
mately $6.73/lb and oysters approximately $4.45/lb. However, the once viable 
and vibrant shellfishing industry has suffered along with this population explo-
sion. Over the past 25 years the shellfish catch has decreased dramatically, hav-
ing a major impact on this historical coastal way of life. In the early1980s, the 
commercial harvest of clams and oysters in North Carolina yielded over $14 
million of revenue (normalized to 2005 dollars); this income dwindled to less 
than $4.5 million by 2005 (Figure 1).

The author obtained shellfish closure data from the five southernmost 
North Carolina coastal counties, Carteret, Onslow, Pender, New Hanover, and 
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Brunswick Counties, and compared those data with human population increases 
in those same counties. Because, prior to 1980, a number of areas had raw or 
poorly treated sewage discharges directly entering coastal waters, the analysis 
was confined to the 20-year period from 1984–2004, when these direct dis-
charges had been halted due to sewage treatment plant improvements (Mallin et 
al., 2001). Linear regression analyses (Figure 2) showed that the loss in usable 
shellfishing acreage is directly related to coastal development (r2  0.71, p  
0.001). Thus, on a broad scale, coastal human population growth appears to be 
a major impact factor leading to the losses. This leads to the question of what 
human activities specifically are most responsible for the shellfish bed closures. 
In more rural areas as well as barrier island areas, the usage of septic systems 
in unsuitable soils certainly contributes to shellfish bed pollution (Section  

fIgURe 1  Loss of income (in 2005 dollars) for combined clam and oyster harvest from 1980–
2005 for coastal North Carolina, USA.

fIgURe 2  Relationship between increases in population and increases in shellfish water closures 
for five counties in southeastern North Carolina, USA (r2  0.71; p  0.001).
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Septic Systems and Fecal Microbial Pollution). However, large areas of this 
coast are now serviced by centralized sewer systems that, barring leaks and 
spills, effectively treat most human waste, which is the most important source 
of pollution to these waters in urban and suburban stormwater runoff.

New Hanover and Pender counties are host to a series of tidal creeks that 
drain into the Atlantic Intracoastal Waterway; these creeks are normally rich 
shellfishing beds with extensive oyster reefs. The author and his laboratory 
conducted extensive fecal coliform sampling throughout six of these estuarine 
watersheds and statistically analyzed the results in terms of a series of land use 
and demographic factors (Mallin et al., 2000, 2001). The results demonstrated 
that the magnitudes of the fecal bacteria counts in these estuarine creeks were 
strongly correlated with the total land area draining into the creeks (r  0.879, 
p  0.039), the human population of the watersheds (r  0.922, p  0.026), the 
percent of developed land in the watersheds (r  0.945, p  0.015), and espe-
cially the percent of impervious surface coverage (roads, roofs, sidewalks, drive-
ways, and parking lots) within the watersheds (r  0.975, p  0.005; Figure 3).

The study also showed that the watersheds with less than 10% impervi-
ous surface coverage (Futch and Pages Creeks) still had areas open to shellfish-
ing, whereas those with greater coverage (Bradley, Hewletts, Howe, and Whiskey 
Creeks) were entirely closed to shellfishing because of high fecal bacterial counts. 
A later study performed on a set of 22 tidal creeks by a group in Charleston, South 
Carolina (Holland et al., 2004) showed a similar statistical relationship between 
impervious surface coverage and fecal bacteria counts, as well as verifying that the 
10% impervious coverage percentage is a key level impacting a variety of water-
quality parameters. These coastal results of the impact of impervious surfaces on 

fIgURe  3  Relationship between percent watershed impervious surface coverage and mean 
fecal coliform bacteria counts for six tidal creeks in New Hanover County, North Carolina, USA 
(r  0.975; p  0.005).
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fecal bacterial pollution add a major human health facet to the physical and eco-
logical impacts described by authors addressing the effects of urbanization on 
freshwater systems (Klein, 1979; Schueler, 1994; Arnold and Gibbons, 1996).

Stormwater Runoff Solutions

Reducing the environmental impacts of stormwater runoff will involve utilizing 
a variety of simultaneous tactics leading toward the encouragement and estab-
lishment of environmentally sound (called “green”) coastal development—a con-
cept that has been demonstrated in a growing number of locales. These tactics 
include reducing stormwater runoff at the source by reducing impervious surface 
coverage, conservation, and enhancement of natural filtration areas, treatment 
of stormwater runoff, reducing septic system uses in at-risk coastal areas, pub-
lic relations efforts, and financial incentives to developers, and public education. 
The following discusses several tactics helpful in reducing pollution from urban 
stormwater runoff. Some commonly used websites that also provide much infor-
mation useful in the reduction of stormwater impacts: the Center for Watershed 
Protection http://www.cwp.org/, the Water Environment Federation http://www.
wef.org/, and the North American Lake Management Society www.nalms.org.

1. Reduce the amount of stormwater runoff at the source to protect receiv-
ing water quality. Less stormwater runoff generated at the source reduces flood-
ing pressure on the receiving stream, reduces the erosion of land and streambed, 
reduces the total load of pollutants delivered downstream, and leads to lower 
treatment costs of the runoff. When building a housing development, commercial 
area, golf course, or even a park, the developer should plan to minimize inputs of 
runoff to the streams, estuaries, and beaches and minimize physical changes to 
the natural landscape. This can be accomplished both by conservation practices 
and technological means.

1a. Make maximizing greenspace a part of the site planning process. 
Retention of large trees on a site is very important because trees remove large 
quantities of water via uptake and transpiration of water vapor to the atmos-
phere. When landscaping a site, either retain native species or plant mixed 
native vegetation. Non-native imports usually require more watering and more 
fertilizer usage; that is a greater cost to the landowner. Trees and green areas 
are aesthetically pleasing and an advantage to home value.

1b. Utilize reduced width of roads within new developments, and place 
sidewalks on only one side of the street. This reduces the amount of impervious 
surface in the development and the consequent generation of stormwater runoff, 
and significantly reduces the cost of materials and labor to the developer, which 
reduces the costs to the homebuyer.

1c. Use pervious pavement whenever possible in place of traditional pave-
ments. There are several types of pervious pavement available, including porous 
concrete, porous asphalt, concrete grid pavers, and permeable interlocking con-
crete pavers, and the soils beneath them need to be able to drain sufficiently for 
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their proper use. Porous concrete is currently about 10–25% more expensive 
than standard concrete. Porous concrete requires annual vacuuming to main-
tain its efficiency. On a more basic level, outlying grassed areas associated with 
parking lots of shopping areas can be used for holiday parking, so the developer 
can minimize paved areas to amounts that are used on normal shopping days.

1d. Water conservation and reuse can reduce generation of runoff in both 
small-and large-scale systems. On the small scale, individual homeowners can 
install rain barrels so they can utilize roof runoff for irrigation of flowers, shrubs, 
and vegetable gardens. This reduces watering costs of the homeowner. On a 
larger scale, the reuse of treated wastewater for golf courses and development of 
common areas saves treatment costs and recharges the aquifer, while releasing 
less-treated wastewater into receiving water bodies.

2. Treating stormwater runoff to remove pollutants can be an effective tactic 
to reduce pollution of streams, estuaries, beaches. This treatment includes a mix 
of both passive and engineered means.

2a. Rain and stormwater runoff is naturally treated for pollutant removal 
by flowing into and through greenspace. In green areas, pollutants such as sus-
pended sediments settle out and nutrients (nitrogen and phosphorus) are absorbed 
by plants. Nitrate can be taken up by microbes associated with plant roots and 
denitrified (turned into atmospheric nitrogen and removed from the system). Soil 
particles adsorb fecal bacteria, ammonium, orthophosphate, and metals (although 
some toxic organic contaminants can pass through soils). Trees not only take up 
vast quantities of water and transpire it away, reducing flooding, but also take up 
and sequester nutrients. The stormwater runoff is not only cleaned but enters and 
recharges the groundwater aquifer instead of entering the stream or estuary.

2b. Runoff also receives treatment when it percolates downward through 
pervious pavement. This has been found to be effective in removing fecal bacte-
ria, suspended sediments, nitrogen, and phosphorus from stormwater (Pennington 
et al., 2003). As with greenspace, the water ends up recharging the aquifer rather 
than polluting the stream or estuary. Pervious pavement can by employed by 
developers of residential or commercial areas, private and government owners of 
roadways, sidewalks and parking lots, and individual homeowners.

2c. Conservation of natural wetlands is critical to protecting coastal waters 
from pollution. Wetlands absorb runoff and reduce downstream flooding, and the 
wetland plants and soils absorb or sequester nutrients and other pollutants. A mod-
erate amount of wetlands coverage in watersheds buffers the stream from the input 
of pollutants such as fecal coliform bacteria and turbidity (Mallin et al., 2001). All 
wetlands serve as wildlife habitat, and wetlands associated with estuarine areas 
serve as nursery areas for young finfish and shellfish of numerous species by pro-
viding food for them and protection from larger predators. Any individual or pri-
vate or government entity that owns land containing wetlands needs to practice 
wetland conservation.

2d. Wet detention ponds are the most commonly used engineered device 
for treatment of stormwater runoff. They are seen everywhere, near the  
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parking lots of apartment complexes, shopping centers, municipal facilities, and 
other complexes, and exist in all manner of shapes and sizes. However, their 
pollution removal requirements are limited—generally wet detention ponds are 
required only to remove a proscribed portion (often 85%) of the TSS from the 
incoming water. There are often no removal standards for the other pollutants.  
Some wet detention ponds discharge nutrients, algae, and fecal bacteria down-
stream (Mallin et al., 2002). However, when properly designed and managed, 
wet detention ponds can achieve removal rates exceeding 80% for TSS, BOD, 
TN, TP, and selected metals (Livingston, 1995). The efficacy of stormwater 
ponds can be improved by having a forebay to settle most TSS where the runoff 
enters (US EPA, 1999). The use of rooted aquatic plants in the pond (native spe-
cies) greatly improves nutrient removal via plant uptake, and nitrogen removal 
also occurs from bacterial denitrification. Thus, a shallow shelf around the 
edge of the pond planted with native rooted aquatic plants (called macrophytes) 
increases the effectiveness of pond pollutant removal (US EPA, 1999). Plants liv-
ing and dying within the pond also increases the organic content of the pond sed-
iments, which increases their capacity to absorb metals and nutrients (Schueler 
and Holland, 2000). The pond should have a deep middle of 6–10 ft (2–3 m) so 
macrophytes don’t fill the pond and restrict flow. Wet detention ponds should 
be designed with an increased length/width ratio (2/1), with runoff water (and 
pollutants) flowing into one end and being discharged at the other end, so short-
circuiting is prevented and the entire pond can be used for treatment (US EPA, 
1999; Mallin et al., 2002). When ponds have inflow areas located near the out-
flow areas, this circumvents much of the treatment process (Mallin et al., 2002). 
Accumulated (polluted) sediments should be removed from the bottom peri-
odically (Livingston, 1995). Wet detention ponds have moderate to high costs  
associated with their construction and maintenance (Wossink and Hunt, 2003).

2e. Use constructed wetlands, either alone or in series with wet deten-
tion ponds to improve pollution removal of stormwater runoff, although their 
performance for individual pollutant removal is variable and more research is 
needed on refining these systems (Livingston, 1995). Constructed wetlands 
serve many of the functions as natural wetlands (Gilliam et al., 1997), and if 
placed to take in effluent from a detention pond they can serve as a polishing 
system to reduce nutrients and other pollutants that exit the wet detention pond 
(Schueler and Holland, 2000). Constructed wetlands are considerably cheaper 
to construct and maintain than wet detention ponds (Wossink and Hunt, 2003). 
Constructed wetlands can be utilized wherever it is geographically and hydro-
logically feasible by developers of residential or commercial areas or industrial 
parks, subsequent owners of such entities, and by governments at the local, 
regional, or national level (whoever needs to treat runoff from impervious areas 
such as parking lots, extensive roof coverage, roadways, etc.).

2f. Individual parking lots can control and treat stormwater runoff using 
engineered filtration systems, which are either sand filters or bioretention areas 
(also called rain gardens), existing in a wide variety of sizes and designs. These 
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are collection systems with layers of sand or sand with organic matter and vegeta-
tion into which runoff is directed, so the runoff can be filtered for fecal bacteria 
and other pollutants. These systems can be underlain by a drain, so treated run-
off then enters the surficial aquifer. These systems are often proprietary and vary 
considerably in design (this is an active area of stormwater treatment research 
and development). Sand filters are more heavily engineered and cost more to con-
struct, and can serve urbanized areas up to several acres. Sand filters can also be 
placed under parking lots. Rain gardens are less costly with less engineering, and 
utilize plant uptake and microbial activity in the uptake or transformation of pol-
lutants. Rain gardens can be attractively landscaped as well. These systems have 
a seasonal component, being more effective in summer when biological activity 
is greater. They can serve only a limited area, such as a parking lot, but are more 
effective than sand filters for removal of certain nutrients (Hunt, 2003).

2g. Curbside treatment can reduce both runoff entering the storm drains 
and improve its quality. The standard curb and gutter systems are built to remove 
road runoff as quickly as possible and send it somewhere else, sometimes into a 
wet detention pond and sometimes directly into an urban stream, a tidal creek, 
or urban lake. Instead of directing runoff into gutters and storm drains, road 
runoff can be directed through gaps in the curb into a median. There, it should 
flow over a rock riprap (depositing suspended sediments it carried in from the 
road) then flow sideways through a grassed median before it finally encounters 
a storm drain set several meters away (as done in a demonstration project by 
the City of Wilmington, North Carolina, USA). This allows for water perco-
lation through the soil to reduce runoff, settling of suspended sediments and 
other pollutants in the riprap and grass, and filtration of pollutants through the 
grass and through the soil. This also allows for some groundwater recharge to 
occur via percolation of water.

2h. Maintenance of vegetated buffer zones will reduce pollution impacts to 
streams and drainage ditches (Schueler and Holland, 2000). Although the width 
of the buffer needed depends on the slope of the land and the soil material, in 
general, the most effective model is at least 50 ft (15.2 m) buffer. The buffer 
should be planted with mixed, native vegetation (Han et al., 2000). Within the 
buffer, overland runoff is slowed down and pollutants such as suspended sedi-
ments settle out and nutrients (nitrogen and phosphorus) are absorbed by plants. 
By using different plant species with mixed root depths, groundwater-borne 
nitrate can be intercepted before reaching the stream. Nitrate can be taken up 
by microbes associated with plant roots and denitrified into atmospheric nitro-
gen (Young and Briggs, 2007). Soil particles adsorb fecal bacteria, ammonium, 
orthophosphate, and metals, and soil-associated pollutants are controlled more 
effectively than dissolved pollutants (Han et al., 2000; Mallin et al., 2002). 
Vegetative buffer zones can be employed by home or business owners, or  
government entities; that is whoever is the riparian landowner of a given stream.

3a. A non-technical way to protect streams and estuaries from pollution 
is to obtain conservation easements on shoreline properties. By this approach 
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a government, a private conservancy, or other group can purchase streamside 
property to keep it from being developed, or buy a long-term lease agreement 
(a conservation easement) in which the landowner retains the ownership of the 
land, but his uses are limited by the terms of the agreement. By doing this, land-
owners can get property tax breaks in many locations.

3b. Another powerful incentive can be financial. In some cases developers 
can obtain pollution and stormwater credits for adapting environmentally sound 
building techniques. For example, developers within the City of Wilmington, 
North Carolina can reduce their stormwater fees to the city if they use pervious 
pavement instead of standard pavement. In watersheds considered by the gov-
ernment to be nutrient-sensitive waters, developers may be able to receive pol-
lution credits for using techniques that reduce their runoff load, which over time 
allows for recouping some of the higher construction costs.

SUmmARy AND CONCLUSIONS

When humans decide to develop land areas that are pristine or near pristine, a 
cascading series of events occur that impact the quality of nearby (receiving) 
water bodies. Removal of the forest cover, often by clear-cutting, reduces eva-
potranspiration of captured rainfall and increases the amount of surface storm-
water runoff. This runoff causes erosion of the landscape and carries suspended 
sediments into receiving waters. If the land is used for agriculture, a number 
of pollutants may subsequently enter surface and/or groundwaters includ-
ing suspended sediments, nutrients (nitrogen and phosphorus), pathogenic 
fecal microbes, and pesticides and herbicides. If the cleared land is converted 
to urbanized areas, much land will be covered by impervious surfaces which 
will cause hydrological changes, including further increases in runoff and loss 
of groundwater recharge, enhanced erosion of streambeds, and loss of aquatic 
animal habitat. If the area is to be served by septic systems, nutrient and fecal 
microbial pollution to nearby wells and waterways may result if the soils are 
porous (sandy or karst) and there is a high water table; surface runoff may result 
if soils are too impervious for proper percolation. Chances of off-site pollution 
are increased if septic systems density is excessive for the area. Sewered areas 
will avoid those pollution problems, but surface stormwater runoff will lead to 
several problems. These include pollution of receiving surface waters by nutri-
ents, fecal microbes, metals, and toxic chemicals including PCBs and PAHs. 
The amount of impervious surface coverage in a watershed is strongly related 
to receiving water impacts, including degraded fish and invertebrate com-
munities, decreases in dissolved oxygen, increases in nutrients and chemical  
pollution, and increases in fecal microbial pollution.

Suspended sediment loading to water bodies increases turbidity and changes 
bottom habitat, reduces photosynthesis of aquatic plants, interferes with fish and 
shellfish feeding, and enhances transport of nutrients and other pollutants. Increased 
nutrient loading to streams from agriculture, on-site wastewater treatment, 
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or stormwater runoff will cause eutrophication symptoms in receiving streams, 
lakes, and estuaries. These include stimulation of noxious algal blooms that 
can lead to low dissolved oxygen and fish kills, toxic algal blooms that can kill 
fish and sicken humans, overgrowths of nuisance algae on beneficial aquatic 
plants, and toxicity to seagrass. Excessive nitrate (10 mg/L) in drinking wells 
can cause illness to humans. High concentrations of fecal microbial pathogens 
(bacteria, protozoans, and viruses) can sicken and even kill humans if ingested 
through water contact or shellfish consumption. Closing of shellfish beds by 
authorities because of microbial contamination results in considerable economic 
losses to commercial fishermen as well.

A variety of preventative tactics can be employed to reduce the pollution of 
surface waters from agricultural and urban runoff. Runoff itself can be treated 
by the use of constructed wetlands, streamside buffer zones with mixed vegeta-
tion, and the use of proper irrigation techniques. In urban situations, runoff can 
also be treated by properly designed wet detention ponds and the use of sand 
filters and rain gardens. Urban stormwater runoff can be minimized by reducing 
runoff at the source through increasing greenspace, minimizing impervious sur-
face coverage, and using pervious pavement. Finally, a variety of non-technical 
means to protect water quality may be available including the use of conserva-
tion easements and financial incentives to landowners.
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IntroductIon

Before the year 2000, five major incidents of groundwater arsenic contamina-
tion have been reported from Asian countries (Mukherjee et al., 2006). These are 
Bangladesh, West Bengal of India, and three provinces (Taiwan, Inner Mongolia, 
and Xin-jiang) of China. In the next few years, arsenic contamination in ground-
water has emerged from other Asian countries including new sites in China, Lao 
People’s Democratic Republic, Nepal, Cambodia, Myanmar, Afghanistan, DPR 
Korea, several states (Bihar, Uttar Pradesh [UP], Jharkhand, Assam, and Manipur) 
of India, Kurdistan province of Iran, Vietnam, and Pakistan (Berg et al., 2001, 
2007;Chakraborti et al., 2003, 2008a, 2009; Mosaferi et al., 2003; Ahamed et al.,  
2006; Mukherjee et al., 2006). Based on the survey conducted in West Bengal 
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and other states (Jharkhand, Bihar, UP, and Assam) of India and Bangladesh, it 
was predicted that a significant portion of the Ganga–Meghna–Brahamaputra 
(GMB) plain in India and Bangladesh comprising an area of 569,749 km2 with 
a population of over 500 million is potentially at risk from groundwater arsenic 
contamination (Chakraborti et al., 2004).

The first case of arsenic poisoning of West Bengal was discovered in 1983 
when an arsenic patient with skin lesions was identified by Dr. K.C. Saha at 
the School of Tropical Medicine, Kolkata, on 6th July 1983 (Chakraborti et al., 
2002). The first available published article on arsenic contamination in West 
Bengal reported that 16 patients in three families were affected with arsenical 
poisoning with the symptoms of hyperpigmentation, hyperkeratosis, edema, and 
ascites from a village of 24-Parganas district of West Bengal (Garai et al., 1984). 
The highest arsenic concentration recorded in a tube well was 1250 g/L. In 1984, 
an additional 127 patients of 25 families (total members, 139) were reported to 
have arsenical skin lesions in five villages covering the districts of 24-Parganas, 
Nadia, and Bardhaman in West Bengal (Saha, 1984).

When we initiated our survey in arsenic-affected villages of West Bengal in 
1988, we knew of only 22 affected villages in 12 blocks (Habra, Barasat, Baruipur, 
Karimpur, Tehatta, Nabadwip, Chakdaha, Kaliachak, Bhagowangola, Raninagar, 
Domkal, and Jalangi) of five districts (North 24-Paraganas, South 24-Paraganas, 
Nadia, Malda, and Murshidabad). In 1995, it was reported that 312 villages from 
37 blocks in 6 districts in West Bengal were affected from arsenic groundwater 
contamination, and from extrapolation of the data, it was predicted that more than 
800,000 people were drinking arsenic-contaminated water from these affected 
districts and about 175,000 people could be suffering from arsenical skin lesions 
(Chatterjee et al., 1995). However, arsenic contamination in groundwater of West 
Bengal came into the limelight only after the conference (International Conference 
on Arsenic, 1995) on arsenic held in Kolkata in February 1995. In the year 2002, 
2,700 arsenic-affected villages were further reported from 74 blocks in 9 affected 
districts in West Bengal after analyzing 105,000 water samples (Chakraborti et al., 
2002). From the extrapolation of the water analysis data, it was predicted that about 
6 million people were drinking contaminated water with arsenic above 50 g/L and 
8 million people with arsenic above 10 g/L (Chakraborti et al., 2002). Based on 
the analysis of 140,150 hand tube-well water samples, it was recently reported that 
48.1% of the samples contained arsenic above 10 g/L and 23.8% above 50 g/L 
(Chakraborti et al., 2009). Even after working for 20 years in the affected areas of 
West Bengal, we realized that we are merely seeing the tip of the iceberg of the 
actual calamity in the nine affected districts of West Bengal.

While working in arsenic-affected Gobindapur village of North 24-Parganas 
district in West Bengal in 1992, we noticed that in one family, none of the mem-
bers was showing arsenical skin lesions except a woman who came to West 
Bengal from Bangladesh (village: Bansdoha, district: Satkhira) after her mar-
riage (Dhar et al., 1997). She informed us that many of her relatives residing 
in Bangladesh had similar symptoms. She further informed us that she had wit-
nessed similar skin lesions among a few of her neighbors and also in some people 
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living in two neighboring villages (Uttar Sripur and Tona). Besides, during  
our survey in the arsenic-affected areas of West Bengal close to the border of 
Bangladesh, we also identified people with arsenical skin lesions who had lived 
in the district of Nawabganj in Bangladesh but now living in West Bengal. In 
due course, we began to obtain more information about the arsenic problem in 
those parts of Bangladesh that border the arsenic-affected areas of West Bengal. 
Later we analyzed the biological samples including hair, nail, skin scale, and 
urine of some of these patients who came from Bangladesh to Kolkata for treat-
ment and found that most of the samples to be highly contaminated with arsenic. 
Realizing the severity of arsenic situation in Bangladesh, we informed World 
Health Organization (WHO), United Nations International Children Emergency 
Fund (UNICEF) and Bangladesh government about possible extensive arsenic 
contamination in Bangladesh (Dhar et al., 1997; Chakraborti et al., 2002, 2004). 
Although the International Conference on Arsenic (1995) held in Kolkata dur-
ing February 1995 was attended by the representatives of WHO, UNICEF–
Bangladesh, and the government officials of Bangladesh, none of them reported 
any arsenic groundwater contamination and the resulting suffering of people in 
Bangladesh (Chakraborti et al., 2002). Immediately after the international con-
ference, medical personnel from Bangladesh’s hospitals contacted and informed 
us that for some years, they had been treating patients with similar skin lesions 
at the outpatient department of their hospitals. However, the doctors also admit-
ted that at that time they were unaware of the symptoms as that of arsenical 
skin lesions. After the conference, increasing numbers of people suffering from 
arsenical skin lesions in Bangladesh started coming to Kolkata for treatment par-
ticularly from the districts Faridpur, Narayanganj, Bagerhat, etc. Some of these 
patients brought water samples from their villages for arsenic analysis, and we 
determined elevated level of arsenic in most of the samples (Dhar et al., 1997).

During 1996, the Geology Department of Rajshahi University, Bangladesh, 
sent 600 water samples to our institute (School of Environmental Studies [SOES]) 
for arsenic analysis from a few districts (Rajshahi, Nawabganj, Kushtia, Jessore, 
etc.) of Bangladesh that bordered the arsenic-affected districts of West Bengal 
(Dhar et al., 1997). Many of those samples were found to be arsenic contaminated. 
WHO–Bangladesh also sent two doctors (Dr. Sheikh Abdul Hadi and Dr. Sheikh 
Akhter Ahmed) from the National Institute for Preventive and Social Medicine 
(NIPSOM) to SOES for a 2-week (17–28 June 1996) training to understand the 
signs and symptoms of arsenicosis. These doctors also brought hand tube-well 
water and biological samples from the affected districts of Bangladesh, and we 
found them to be contaminated. After that, SOES and NIPSOM worked jointly for 
3 months (August–October 1996) in Bangladesh, covering a few districts. Water 
samples from 750 tube wells and about 300 each of hair, nail, and some skin scale 
samples were collected from the affected areas and analyzed for arsenic. The sam-
ples tested positive for high arsenic contamination (Dhar et al., 1997).

From December 1996, SOES is jointly working with Dhaka Community 
Hospital (DCH), Bangladesh, on groundwater arsenic contamination and its 
health effects in Bangladesh. In 1997, 889 patients were reported with arsenical 
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dermatological features from 45 villages in 18 districts in Bangladesh, and on 
the basis of the analysis of 3,427 hand tube-wells, it was predicted that 16.7 mil-
lion people from 18 districts in Bangladesh were drinking arsenic-contaminated 
water above 50 g/L (Dhar et al., 1997). Arsenic contamination in groundwater of 
Bangladesh came into the limelight during international conference on arsenic in 
Dhaka during 1998 (International Conference on Arsenic, 1998). In 2001, on the 
basis of the analysis of 34,000 hand tube-wells from Bangladesh, it was reported 
that in 50 districts, groundwater contained arsenic above 50 g/L (Rahman et al., 
2001). Extrapolation of the water analysis data showed that about 32 million peo-
ple in Bangladesh were drinking arsenic-contaminated water of above 50 g/L 
(Chakraborti et al., 2004). The British Geological Survey (BGS) and Department 
of Public Health Engineering (DPHE), Bangladesh on the basis of 3,534 hand 
tube-well water samples throughout Bangladesh excluding Chittagong Hill Tract 
estimated that 35 million and 57 million people may be exposed to concentra-
tions exceeding 50 and 10 g/L, respectively (BGS–DPHE, 2001).

collectIon, PreServAtIon of WAter SAMPleS,  
And AnAlytIcAl MethodS for the deterMInAtIon  
of totAl ArSenIc

To understand the contamination situation in an area, the sampling could be 
hotspot sampling, blanket sampling, and total screening of samples. Collection 
and preservation of samples are as important as analysis. Sampling technique is 
very crucial for the determination of arsenic in water samples. The major con-
cern for sampling and storage are to prevent contamination and minimize the 
loss of trace amounts of analytes for assessing the total concentration of any ele-
ment (IARC, 2004). For storage, high-density polyethylene containers are usu-
ally preferred than glass containers as the plastic containers are less adsorptive 
for arsenic (IARC, 2004). For groundwater sampling, tube wells were purged for 
5 min prior to collection. Usually the water samples are acidified with strong acid 
such as concentrated nitric acid or hydrochloric acid to stop precipitation, reduce 
adsorption of trace metals onto the container walls, and prevent bacterial prolif-
eration (IARC, 2004). Groundwater samples can be kept in a refrigerator or at 
room temperature and preferably analyzed within a week (Rahman et al., 2002; 
IARC, 2004). A recent publication investigated the mode of sampling, sample 
storage, and the time interval study on arsenic concentration in groundwater sam-
ples from West Bengal (Roychowdhury, 2008). The study reported that arsenic 
concentration decreased gradually with time in groundwater samples without 
treatment. The study also reported higher arsenic loss in the presence of higher 
concentration of iron for nonacidified samples. Lesser arsenic loss was observed 
under refrigerated condition (4°C) than at room temperature (Roychowdhury, 
2008). The study showed that approximately 91–98% and 96–100% of arsenic 
was recovered within the first 3 days for acidified samples stored in room tem-
perature and under refrigerated condition, respectively. A significant amount of 
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arsenic was lost with time because of the adsorption on plastic container. The 
study also reported that a good amount of arsenic was coming out through a 
large number of small particles, containing mainly colloidal iron hydroxides 
from newly installed tube wells that increased arsenic level of unfiltered water 
samples (Roychowdhury, 2008). The study also revealed that if the water sam-
ples were not filtered through Millipore filter, then an average 12% higher value 
of arsenic is expected due to the presence of arsenic-bearing particles. Finally, 
the study recommended on-site filtration through Millipore filter (0.45 m) fol-
lowed by acidification and then refrigeration at 4°C (Roychowdhury, 2008). 
However, to know the arsenic concentration in drinking water to those drinking 
tube-well water, collection of water samples for arsenic analysis after filtration is 
not needed as villagers will not drink tube-well water after filtration.

Several analytical methods are currently used for the determination of total 
arsenic in water samples. The widely used analytical methods for the determina-
tion of arsenic in water are colorimetric/spectrophotometric/silver-diethyldithiocar-
bamate (Ag-DDTC) methods, atomic absorption spectrometry (hydride generation 
and graphite furnace) methods, and inductively coupled plasma mass spectrom-
etry methods. Flow injection hydride generation atomic absorption spectrometric 
(FI-HG-AAS) method is the most widely used method to assess total arsenic con-
centration in water, as this method is characterized by high efficiency, low sam-
ple volume and reagent consumption, improved tolerance of interference, and 
rapid determination (Samanta et al., 1999). The most common analytical meth-
ods for total arsenic determination are given in Table 1. Although colorimetric– 
Ag-DDTC method is widely used for the determination of arsenic, U.S. EPA  
criticized the method below 50 g/L (U.S. EPA, 1999). Recently, Nickson et al. 
(2008) reported the current arsenic contamination scenario in groundwater of 
five states (West Bengal, Bihar, UP, Jharkhand, and Assam) in India. Nickson et 
al. (2008) used the Ag-DDTC method for the analysis of arsenic in more than 
132,000 groundwater samples from eight districts of West Bengal. Field kit meth-
ods are also used for the determination of arsenic in drinking water samples in 
arsenic-impacted regions of Bangladesh, India, and other arsenic-affected Asian 
countries. Recently, Nickson et al. (2008) employed the field test kit method for 
the analysis of arsenic in groundwater samples of Bihar, UP, and Jharkhand states 
of India. National Chemical Laboratories (NCL, Pune, India) kit was used for 
arsenic testing in Bihar and UP (Nickson et al., 2008). Merck field kit was used 
for the determination of arsenic in Jharkhand state (Nickson et al., 2008). Several 
studies have evaluated the effectiveness and reliability of commercially avail-
able field kit methods (Rahman et al., 2002; Erickson, 2003; Khandaker, 2004; 
Cherukurii and Anjaneyulu, 2005; Deshpande and Pande, 2005; van Geen et al., 
2005; Steinmaus et al., 2006; Jakariya et al., 2007). A number of field kits are 
subject to question due to its poor accuracy and uncertain results (Rahman et al., 
2002). The field kit methods have several advantages such as no need to transport 
samples to the laboratory, no need to add preservative, and no storage required, 
which can reduce the cost of the analysis (IARC, 2004). The main disadvantage 
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TABLE 1 Com ater Samples (IARC, 2004)

Methodology es References

Colorimetric/sp
methods

Dhar et al. (2004); Agrawal et al. 
(1999)
Dhar et al. (1997)
Pillai et al. (2000)
Goessler and Kuehnelt (2002)

Inductively cou
emission spect

SM 3120 (1999)
Goessler and Kuehnelt (2002)

Inductively cou
spectrometry (I

matrix Goessler and Kuehnelt (2002)

High resolution Gallagher et al. (2001)
Karagas et al. (2001, 2002)

Graphite furna
absorption spe

on losses, 
use of matrix 

WHO (2001)
SM 3114 (1999)
monly Used Analytical Methods for the Determination of Arsenic in W

Detection Limit Advantages Disadvantag

ectrophotometric 2 g/L
40 g/L

Low cost, very 
simple, uses a simple 
spectrophotometer

pled plasma atomic 
rometry (ICP-AES)

30 g/L

pled plasma mass 
CP-MS)

0.1 g/L Analytical method 
approved by U.S. EPA

Spectral and 
interferences

-ICP-MS 0.01 g/L Solves spectral 
interferences in samples 
with complex matrices

ce atomic 
ctrometry (GF-AAS)

0.025 g/g Analytical method 
approved by U.S. EPA

Preatomizati
requires the 
modifiers
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Analytical method 
approved by U.S. EPA

Chatterjee et al. (1995)
Samanta and Chakraborti (1997); 
Samanta et al. (1999)
Shraim et al. (1999, 2000)
SM 3114 (1999)

Inexpensive IARC (2004)

No need for sample 
pretreatment

Shibata and Morita (1989)

Whitnack et al. (1972); Whitnack 
and Brophy (1969)
Hydride generation (FI-HG)-AAS 0.6–6 g/L

Hydride generation quartz furnace 
(HG-QT)-AAS

0.003–0.015 g/L

High performance liquid 
chromatography (HPLC)-ICP-MS

0.01 g/L

Polarographic method 5 g/L
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of the field kit method is that it provides semiquantitative results. Another 
important limitation of this method is the visual identification of the color in  
the lower range. Due to the uncertainty of the results of field testing kit, UNICEF–
West Bengal discarded the use of field testing kit in West Bengal (Rahman  
et al., 2002).

In our study, arsenic in hand tube-well water samples was measured by the  
FI-HG-AAS method. The details of the instrument, flow injection system, and 
analytical procedure for water were reported earlier (Chatterjee et al., 1995; 
Samanta et al., 1999). Details of the sample collection procedures have been 
described in our earlier publications (Chatterjee et al., 1995; Samanta et al., 1999).

QuAlIty ASSurAnce And QuAlIty control ProgrAM

For quality control, interlaboratory tests were performed for arsenic in water 
samples. Sixteen hand tube-well water samples were collected from arsenic-
affected areas of West Bengal and analyzed for arsenic in our laboratory by the  
FI-HG-AAS method. After analysis, aliquots of the samples were sent to the Intronics 
Technology Centre (ITC), Dhaka, Bangladesh, and the Central Food Laboratory 
(CFL), Kolkata, India, for arsenic analysis by FI-HG-AAS. The regression lines and 
the correlation coefficient values of ITC, CFL, and our laboratory (SOES) are shown 
in Figure 1. No significant difference was observed from the interlaboratory tests. 
U.S. EPA standard water samples were also analyzed to check the accuracy of the  
FI-HG-AAS method (Samanta et al., 1999; Rahman et al., 2002).
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reSultS And dIScuSSIon

Arsenic contamination in groundwater of West Bengal

We have been conducting analytical, clinical, epidemiological, and hydrogeo-
logical studies in arsenic-affected areas of West Bengal since 1988 to determine 
the magnitude of arsenic contamination and its health effects. Till now, 140,150 
hand tube-well water samples were analyzed for arsenic from all 19 districts of 
West Bengal. Table 2 represents the summary of the arsenic contamination sce-
nario in West Bengal. Figure 2 shows arsenic contamination status in ground-
water in all 19 districts of West Bengal. Figure 3 shows the bar diagram for 
the distribution of water samples according to different arsenic concentration 

TABLE 2 Summary of the Arsenic Contamination Scenario in West Bengal

Parameters West Bengal

Area (km2) 88,750

Population in million 80.2

Total number of districts (number of district surveyed) 19 (19)

Total number of water samples analyzed 140,150

Percentage of samples having arsenic 10 g/L 48.1

Percentage of samples having arsenic 50 g/L 23.8

Maximum arsenic concentration so far we analyzed (g/L) 3,700

Number of severely arsenic-affected districts 9

Number of mildly arsenic-affected districts 5

Number of arsenic-safe districts 5

Total population of highly contaminated nine districts in million 50.4

Total area of highly contaminated nine districts (km2) 38,861

Total number of blocks/police stations 341

Total number of blocks/police stations surveyed 241

Number of blocks/police stations having arsenic 50 g/L 111

Number of blocks/police stations having arsenic 10 g/L 148

Total number of villages 37,910

Total number of villages surveyed 7,823

(Continued)
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TABLE 2 (Continued)

Parameters West Bengal

Number of villages/paras having arsenic above 50 g/L 3,417

People drinking arsenic-contaminated water 10 g/L (in million) 9.5

People drinking arsenic-contaminated water 50 g/L (in million) 4.6

Population potentially at risk from arsenic contamination  10 g/L  
(in million)

26

Number of districts surveyed for arsenic patients (preliminary survey) 9

Number of districts where arsenic patients found 7

Villages surveyed for arsenic patients 602

Number of villages where we have identified people with arsenical 
skin lesions (preliminary suvey)

488

People screened for arsenic patients including children (preliminary 
survey)

96,000

Number of adults screened for arsenic patients 82,000

Number of registered patients with clinical manifestations 9,356 (9.7%)

Number of children screened for arsenic patients 14,000

Number of children showing arsenical manifestations 778 (5.6%)

Total hair, nail, and urine analyzed (20% samples from arsenical skin 
lesions people)

39,624

Average arsenic concentration above normal level of arsenic in hair, 
nail, and urine

94%

ranges from all 19 districts of West Bengal. The water analysis results of West 
Bengal showed that 48.1% had arsenic above 10 g/L and 23.8% above 50 g/L 
(Chakraborti et al., 2009). Surprisingly, 3.3% samples contained arsenic above 
300 g/L. From our field experience in arsenic-affected areas of Bangladesh, 
West Bengal, and other affected states and finding around 16,000 arsenicosis 
patients, it was observed that ingestion of 300 g/L of arsenic and above in 
drinking water for couple of years may produce arsenical skin manifestations 
(Chakraborti et al., 2002, 2004). Arsenic concentration above 1000 g/L was 
detected in 187 (0.13%) hand tube-well water samples. The highest arsenic 
concentration was observed as 3,700 g/L from Ramnagar village of South-24 
Parganas district of West Bengal.
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fIgure 2  Groundwater arsenic contamination status in all 19 districts of West Bengal and in the 
inset, the GMB plain (Chakraborti et al., 2009).
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From the overall water analysis results of West Bengal, the districts were 
categorized into three contamination areas based on the arsenic concentration 
in hand tube wells such as highly contaminated, less contaminated, and non-
contaminated (Chakraborti et al., 2009). Nine districts (Murshidabad, Malda, 
North 24-Parganas, Nadia, South 24-Parganas, Bardhaman, Hoara, Hoogly, and 
Kolkata) of West Bengal were considered as highly contaminated (Chakraborti 
et al., 2009). From these nine highly contaminated districts, 135,555 hand 
tube-well water samples were analyzed. The analytical results showed that in 
the nine affected districts of West Bengal, 49.7% of hand tube wells contained 
arsenic above 10 g/L and 24.7% above 50 g/L (Chakraborti et al., 2009). 
About 3.4% samples had arsenic above 300 g/L.

Kolkata city is one of the nine highly affected districts of West Bengal. 
Altogether 3,626 hand tube-well water samples were analyzed for arsenic from 
100 out of 141 administrative wards of Kolkata. The results indicated that tube 
wells of 65 wards had arsenic above 10 g/L and in 30 wards above 50 g/L 
(Chakraborti et al., 2009).

So far 2,923 hand tube-well water samples were analyzed from the districts 
situated in the northern part of the West Bengal such as North Dinajpur, East 
Dinajpur, Jalpaiguri, Darjeeling, and Cooch Bihar (Chakraborti et al., 2009). 
The analysis results of water samples from northern part of West Bengal showed 
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that only six samples had arsenic above 50 g/L and 157 samples were in the 
range of 11–50 g/L. These districts are considered as less contaminated areas 
of West Bengal.

Water samples from 1,672 hand tube wells were also analyzed from the districts 
situated in the western and southwestern parts of West Bengal (Birbhum, Bakura, 
Purulia, Mednipur East, and Medinipur West districts). The results do not show 
arsenic contamination in groundwater above 3 g/L, the minimum determination 
level of the FI-HG-AAS instrument (Chakraborti et al., 2009). These districts are 
considered as non-contaminated areas of West Bengal (Chakraborti et al., 2009).

Arsenic Contamination Situation of Deep Tube Wells  
(Exceeding 100 m) in West Bengal
So far 5,338 hand tube wells at depth range 100–651 m have been analyzed 
for arsenic from four highly affected districts (North 24-Parganas, Nadia, 
Murshidabad, and South 24-Parganas) of West Bengal (Chakraborti et al., 2009). 
Figure 4 shows arsenic concentrations against depth of the 5,338 tube wells 
from West Bengal. From this figure, it appears that at depths greater than 350 m, 
arsenic is not present in hand tube-well water above 50 g/L. Although in West 
Bengal it was considered that tube wells exceeding 100 m deep would be arsenic 
safe and a large number of tube wells were installed in villages to get arsenic 
safe water, we cannot say, from our result, that all tube wells greater than 100 m 
deep would be arsenic safe. Out of 5,338 tube wells of all depth, 54% tube wells 
are within 100–149 m and 80.8% within 100–200 m. Only 19.2% tube wells are 
greater than 200 m deep (Chakraborti et al., 2009). However, if a deep aquifer is 
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tapped under a thick clay barrier, arsenic safe water is expected in the arsenic-
contaminated areas of West Bengal and Bangladesh (Chakraborti et al., 2009).

Relation Between Arsenic, Iron, and Depth of Tube  
Wells in West Bengal
We collected depth information of 107,253 hand tube wells from the West 
Bengal. Arsenic concentration decreased with increasing depth and we could not 
find arsenic concentration above 50 g/L in depth greater than 350 m (Chakraborti 
et al., 2009). We analyzed 17,050 water samples for both arsenic and iron from 
West Bengal. Average concentration of iron was detected as 3,756 g/L with the 
range of 40–77,000 g/L (Chakraborti et al., 2009). Bivariate analysis showed 
a poor relationship between iron and arsenic in water. A negative correlation 
(r  0.137, n  15,611) has been observed between depth of the tube well and 
iron concentration. Chi-square test ensures strong association between arsenic 
concentration ranges and depth segments (Chakraborti et al., 2009).

Arsenic Contamination Status in Groundwater  
of Two Highly Contaminated Districts (Murshidabad  
and North 24-Parganas) of West Bengal
Murshidabad

In 2000 we concentrated our study on Murshidabad, one of the nine arsenic-
affected districts of West Bengal. The Murshidabad district was selected as we 
had the maximum preliminary information from the district as well as some of 
our field workers are from the same district. Although we worked on this dis-
trict sporadically since 1991, we surveyed this district very systematically with 
our entire effort from June 2000 to July 2003 to understand its arsenic contami-
nation situation in details (Rahman, 2004; Rahman et al., 2005a).

Murshidabad district lies between the latitudes of 23°4330 to 24°5020 
N and longitudes of 87°4917 to 88°44 E. The River Ganga forms its north-
ern and eastern boundaries and separates it from Bangladesh. The administra-
tive structure of West Bengal consists of 19 districts and Murshidabad is one 
among them. Each district of West Bengal has several blocks. In Murshidabad, 
there are 26 blocks. Each block has several Gram Panchayets (GP) and each 
GP contains numerous villages. There are 2,414 villages and municipal areas 
(known as wards) in this district. There are 262 GPs including municipal areas 
in the Murshidabad district. Extending over an area of 5324 km2, this district has 
5,396,351 inhabitants. The River Bhagirathi flows across the district and divides 
it into two parts—eastern and western.

Hand tube-well water samples were collected at random from all 26 blocks 
of Murshidabad. Around 5,800 man-hours (4 persons  8 h  182 days) were 
spent for collecting water samples from Murshidabad (Rahman et al., 2005a). 
In this district, 29,612 hand tube-well water samples were analyzed from 1,833 
villages/wards covering the entire area of the villages/wards (Rahman et al., 
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2005a). Water samples were collected from 250 GPs/municipal areas out of 
total 262. Based on the analysis results of 29,612 water samples from the dis-
trict, arsenic concentration above 10 g/L was detected in 1,380 villages and 
wards and above 50 g/L in 994 villages and wards (Rahman et al., 2005a). 
Figure 5 shows the groundwater arsenic contamination status in all 26 blocks 
of Murshidabad. It appears that the blocks/thanas situated in the western 
side of River Bhagirathi were less affected (n  8,303, 30.1% above 10 g/
L, 11.7% above 50 g/L) than those located on the eastern part (n  21,309, 
64.7% above 10 g/L, 32.5% above 50 g/L). The overall results showed that 
53.8% of the hand tube wells had arsenic above 10 g/L and 26% had above 
50 g/L (Rahman et al., 2005a). The results showed that only the groundwater 

fIgure  5  Arsenic contamination status in different blocks of Murshidabad district of West 
Bengal (Rahman et al., 2005a).
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of Bharatpur-II block was safe to drink according to the WHO guideline value 
of arsenic at 10 g/L. Although the blocks situated in the western part of River 
Bagirathi were less arsenic contaminated, some of the blocks such as Suti-I, 
Suti-II, and Raghunathganj-I were identified with high degree of contamination 
(Rahman et al., 2005a).

A Study on Variation of Arsenic Concentration  
with Depth in Murshidabad

The objective of this study is to find out the possibility of water supply option 
from arsenic safe (arsenic  10 g/L) aquifer and to know the depths where 
arsenic is more abundant. To fulfill the above objective, an in-depth study was 
performed to assess arsenic content in groundwater at different depths. For this 
purpose, 29,612 hand tube-well water samples of varying depths were randomly 
collected covering all 26 blocks of Murshidabad. But during our field survey in 
26 blocks of Murshidabad, we could collect the depth information of 25,629 out 
of 29,612 hand tube wells. Out of 25,629 hand tube wells, 1.90% are 9.4 m 
deep; 14.98%, between 9.4 and 15.2 m; 37.73%, between 15.5 and 23.0 m; 
21.96%, between 23.2 and 30.5 m; 10.08%, between 30.8 and 38 m; 5.05%, 
between 38.4 and 45.7 m; 3.35%, between 46 and 53.3 m; 3.59%, between 53.6 
and 61 m; 1.13%, between 61.3 and 76.2 m; 0.19%, between 76.5 and 91.4; 
0.03%, between 91.7 and 122 m; and 0.01%, exceeding 122 m (Rahman, 2004). 
Thus shallow depth tube wells are more dominating in Murshidabad district. 
Figure 6 shows the change of arsenic concentration in tube well water with 
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depth in Murshidabad district. The results showed that arsenic concentration 
from lower depth to higher depth gradually increases up to the depth range of 
23.2–30.5 m, and then it decreases except for depth ranges 61.3–76.2 and 76.5–
91.4 m (Rahman, 2004). It also appears that there is no significant amount of 
arsenic present at depths greater than 91.7 m. However, the numbers of samples 
from these depths are not quite high.

North 24-Parganas

North 24-Parganas is one of the nine highly arsenic-affected districts in 
West Bengal. It is in southeast part of the state and lies in the subbasin of the 
Bhagirathi–Hooghly rivers and has bordering areas with Satkhira and Jessore 
districts of Bangladesh (both of these two districts of Bangladesh are highly 
arsenic-affected). In North 24-Parganas, there are 22 blocks. Total area and popu-
lation of North 24-Parganas are 4,093 km2 and 7.3 million, respectively (1991 
census). More than 95% of the population use hand tube well water for drinking 
and around 70% for cooking (Rahman et al., 2003). Most of the tube wells are of 
shallow depth (15–50 m).

Extensive work has been conducted on North 24-Parganas district to know 
the actual magnitude of the arsenic calamity in West Bengal. The district was 
chosen for detail survey because of certain reasons, and these are (i) from our 
preliminary survey results up to 1994, we found North 24-Parganas to be of 
intermediate magnitude in its severity of arsenic problem compared to the other 
affected districts; (ii) communication with North 24-Parganas is not difficult; 
(iii) we have a group of local youths in this district who are working in our 
group and doing our preliminary field survey. Most of them are arsenic victims 
and have mild arsenical skin lesions. Although sporadically we surveyed North 
24-Parganas from 1988, a systematic approach for the study was adopted in 
September 1994. Until 2003, about 4600 h were spent for our study in North  
24-Paraganas district (Rahman et al., 2003).

Until 2002, 48,030 hand tube-well water samples were collected and ana-
lyzed from 22 blocks of North 24-Parganas (Rahman et al., 2003). Figure 7 
shows the groundwater arsenic contamination situation in all 22 blocks of North  
24-Parganas. It appears from this figure that out of 22 blocks in North 24-Parganas 
only two blocks, i.e., Sandeshkhali-I and Sandeshkhali-II are at present safe with 
respect to maximum permissible limit of arsenic (50 g/L). In Sandeshkhali-I and 
Sandeshkhali-II, most of the tube wells are deep (exceeding 150 m). Shallow tube 
wells are saline, so people do not construct them. Due to the same reason, we 
have not found arsenic in tube-well water of southern part of Hingalganj block 
as all tube wells are of higher depth. But we got arsenic in the northern part of 
Hingalganj area close to Hasnabad block, where shallow tube wells with sweet 
water are abundant (Rahman et al., 2003). The detail arsenic contamination sta-
tus of North 24-Parganas has been reported in our earlier publication (Rahman 
et al., 2003). Figure 8 presents the comparative bar diagram distribution of total 
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samples analyzed in different arsenic concentration ranges from two highly con-
taminated districts (Murshidabad and North 24-Parganas) of West Bengal with a 
highly arsenic-contaminated district Noakhali of Bangladesh. In Noakhali, 10.7% 
of the analyzed samples had arsenic above 1000 g/L, whereas only 0.2% and 
0.1% of the samples had arsenic above 1000 g/L in Murshidabad and North 24-
Parganas, respectively. From the results, it appears that higher As concentration is 
more in hand tube wells of Noakhali district compared to Murshidabad and North 
24-Parganas districts.

Arsenic Contamination in Groundwater of the Jalangi—One of the 
Highly Arsenic-Affected Blocks in Murshidabad, West Bengal

Jalangi is one of the highly arsenic-affected blocks in Murshidabad district of 
West Bengal. The Jalangi block has 10 GPs and 117 villages. The area and pop-
ulation of the Jalangi block are 122 km2 and 215,538, respectively. The detail 

fIgure 7  Groundwater arsenic contamination status in all 22 blocks of North 24-Parganas dis-
trict of West Bengal (Rahman et al., 2003).
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results of water analyses and the impact on human have been reported in our 
previous publication (Rahman et al., 2005b). The groundwater of 102 villages 
in Jalangi contained arsenic above 10 g/L and 95 villages had arsenic above 
50 g/L (Rahman et al., 2005b). From this block, 1,916 hand tube-well water 
samples were analyzed for arsenic from 104 surveyed villages. The results 
showed that 77.8% of water samples contained arsenic at concentration above 
10 g/L, 51% contained above 50 g/L, and 17.2% above 300 g/L (Rahman 
et al., 2005b). This is the only arsenic-affected block of West Bengal where 
17.2% samples contained arsenic above 300 g/L. Out of 1,916 water samples, 
38 (2%) had arsenic above 1000 g/L (Rahman, 2004). Figure 9 shows the 
comparative bar diagram distribution of total water samples in different arsenic 
concentration ranges from Jalangi block of West Bengal with a highly arsenic-
contaminated thana (Sharsa, Jessore district) of Bangladesh.

Arsenic Contamination in Groundwater of the Sagarpara—One of the 
Highly Arsenic-Affected GP in Murshidabad, West Bengal

To understand better about arsenic contamination in groundwater, we present 
here hand tube-well water analysis data for arsenic of Sagarpara, one of the 
affected GPs in West Bengal. In the Sagarpara GP, there are 21 villages. The total 
area of Sagarpara is 20 km2 and the population is about 24,419 (Rahman et al., 
2005c). Our field survey information shows that almost 100% of the villagers of 
Sagarpara use hand tube-well water for drinking (Rahman et al., 2005c). Based 
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on our survey, we estimated that 43 people use one hand tube well in Sagarpara 
(Rahman et al., 2005c). From the water analysis data of 565 hand tube wells, 
it appears that 86.2% of the water samples contained arsenic at concentration 
above 10 g/L and 58.8% contained above 50 g/L (Rahman et al., 2005c). Only 
13.8% of hand tube wells were safe to drink from based on the WHO guideline 
value for arsenic in drinking water. Most notably, 26.5% of the analyzed sam-
ples had arsenic above 300 g/L and 4.2% had arsenic above 1000 g/L. Arsenic 
above 50 g/L was detected in the groundwater of all 21 villages in Sagarpara. 
Out of 21 villages of Sagarpara, there are some villages where 80–90% hand 
tube wells were contaminated with arsenic at above 50 g/L (Rahman et al., 
2005c). Overall, the results indicated that the magnitude of arsenic contamina-
tion in Sagarpara GP is severe. Figure 10 shows the arsenic groundwater status 
of Sagarpara GP.

Arsenic in hand tube Wells in All 64 districts of Bangladesh

During our field survey in Bangladesh from February 1996 to December 2002, 
water samples from 50,515 hand tube wells were collected and analyzed from 
all the 64 districts of Bangladesh by FI-HG-AAS (Rahman, 2004). Overall 3,600 
villages in 331 thanas were surveyed out of the total of 490 thanas in Bangladesh. 
The analytical results of water samples showed that arsenic was found above 
the WHO’s recommended level of arsenic in drinking water (10 g/L) in 60 
districts covering an area of 131,783 km2 and population 119.3 million, and in  
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50 districts above maximum permissible limit (50 g/L). The area and population 
of these 50 districts are 118,849 km2 and 104.9 million, respectively. Our survey 
indicated that in 2,000 villages arsenic above 50 g/L was detected, and in 2,500 
villages groundwater contained arsenic above 10 g/L (Rahman, 2004). Table 3  
shows the arsenic contamination situation in 64 districts of Bangladesh at a 
glance. Figure 11 shows four geomorphological regions and the present ground-
water arsenic contamination status in all 64 districts of Bangladesh. Figure 3 
shows the bar diagram of concentration ranges of arsenic (g/L) against the per-
centage of samples for 50,515 hand tube-well water samples from 64 districts of 
Bangladesh. From the analytical results, it has been revealed that 56.7% of hand 
tube-well water samples were safe to drink (arsenic 10 g/L). From this figure, 
it is also evident that higher concentration of arsenic in samples is more prevalent 
in Bangladesh than West Bengal. About 40.1% and 26.2% of the samples con-
tained arsenic above 10 and 50 g/L, respectively. From 50 affected districts of 
Bangladesh, we analyzed 44,696 hand tube-well water samples, and the overall 
result showed that water from 51.5% of tube wells was safe to drink (10 g/L),  
whereas 48.5% and 31% of the tube wells contained arsenic above 10 and 
50 g/L, respectively. Although in 50 arsenic-affected districts of Bangladesh, 
only 31% of hand tube wells contained arsenic levels above 50 g/L,  
these are overall results covering all affected districts. Although 50,515 hand 
tube wells were analyzed from all over Bangladesh, this number is very small 
compared to 8 million–10 million tube wells that exist in Bangladesh.
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fIgure 10  Groundwater arsenic contamination status of Sagarpara GP, one of the highly arsenic- 
contaminated Block Jalangi in Murshidabad district, West Bengal (Rahman et al., 2005c).
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TABLE 3 Arsenic Contamination Situation at a Glance in 64 Districts of 
Bangladesh (Rahman, 2004)

Physical Parameters Bangladesh

Area (km2) 147,620

Population in millions 122

Total number of districts 64

Number of districts we have surveyed 64

Number of arsenic-affected districts (groundwater arsenic above  
10 g/L)

60

Number of arsenic-affected districts (groundwater arsenic above 
50 g/L)

50

Area of arsenic-affected districts (km2) 118,849

Population of arsenic affected in millions 104.9

Total number of hand tube-well water samples analyzed 50,515

Percentage of samples having arsenic 10 g/L 40.1

Percentage of samples having arsenic 50 g/L 26.2

Total number of hand tube-well water samples analyzed from  
affected districts

44,696

Percentage of samples having arsenic 10 g/L in affected districts 48.5

Percentage of samples having arsenic 50 g/L in affected districts 31.0

Total number of thanas 490

Number of thanas we have surveyed 331

Number of arsenic-affected thanas with arsenic  
above 50 g/L

189

Number of arsenic-affected villages (approx.) with groundwater  
arsenic above 50 g/L

2,000

People drinking arsenic-contaminated water 10 g/L (in million) 52

People drinking arsenic-contaminated water 50 g/L (in million) 32

Highest arsenic concentration found (g/L) 4,730

Districts surveyed for arsenic patients 33

Number of districts where we have identified people with  
arsenical skin lesions

31

(Continued)
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Distribution of Arsenic in Groundwater at Four  
Geomorphological Regions of Bangladesh
There are four geomorphological regions in Bangladesh (Figure 11). These are 
hill tract, tableland, floodplain, and deltaic regions (including coastal region) 
(Chakraborti et al., 1999). The analytical results of hand tube-well water 
samples in the four geomorphological regions are described in the following 
subsections.

Tableland Region

So far 9,693 hand tube-well water samples were analyzed from the tableland 
region of Bangladesh comprising 66 thanas of 17 districts (Rahman, 2004). The 
results showed that 2.3% samples contained arsenic above 10 g/L and 0.16% 
above 50 g/L. The maximum arsenic concentration in the tableland areas has 
been detected as 134 g/L (Rahman, 2004). So, 9,677 (99.8%) water samples 
analyzed from this region appear safe to drink according to the standard level of 
arsenic in drinking water of Bangladesh (50 g/L), and 9,472 (97.7%) samples 
are safe to drink according to the WHO’s guideline value (10 g/L) of arsenic 
in drinking water (Rahman, 2004). The reason why these 22 (2.3%) samples 
have arsenic above 10 g/L can be either when we had collected the samples 
without filtering through membrane filter, small invisible particles containing 
some arsenic compounds had dissolved on addition of preservative or the area 

TABLE 3 (Continued)

Physical Parameters Bangladesh

People screened as arsenic patients from affected villages  
(preliminary survey)

18,991

Number of registered patients with clinical manifestations,  
including children

3,762 (19.8%)

Percentage of children having arsenical skin lesions based on  
number of total patients

6.1

Population drinking arsenic-contaminated water above 10 g/L  
(in million)

52

Population drinking arsenic-contaminated water above 50 g/L  
(in million)

32

Number of total deep tube wells (100 m depth) analyzed 1,217

Percentage of deep tube wells having arsenic 10 g/L 26.9

Percentage of deep tube wells having arsenic 50 g/L 8.7
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of these thanas is slightly contaminated (maybe these areas are in the fringe 
area of the tableland with arsenic-contaminated floodplain).

Floodplain Region

Hand tube-well water samples were collected from 147 surveyed thanas out of 
276 in the floodplain region. From this region, 18,760 hand tube-well water 
samples were analyzed for arsenic. Of these, 51.9% and 35.8% samples con-
tained arsenic above 10 and 50 g/L, respectively, and 48.1% samples were safe 
to drink (arsenic 10 g/L) (Rahman, 2004). About 11.3% samples contained 
arsenic above 300 g/L. The percentage of samples contained 300 g/L indi-
cated the presence of arsenicosis patients in this region. The maximum concen-
tration of arsenic was detected as 4,730 g/L in a tube well of this region.

fIgure 11  Four geomorphological regions of Bangladesh and the status of arsenic contamina-
tion in groundwater of 64 districts in Bangladesh (see Plate 2 of Color Plate section).
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Deltaic Region Including Coastal Belt

In total, 96 thanas were surveyed out of 137 for sampling. Water samples from 
21,573 hand tube wells were analyzed for arsenic from deltaic region and 
coastal region. Out of these, 55.2%, 33.1%, and 7.8% samples contained arsenic 
above 10, 50, and 300 g/L, respectively. In fact 44.8% samples were safe to 
drink (arsenic 10 g/L) (Rahman, 2004). The results showed that arsenic con-
centration above 50 g/L was detected in 83 thanas (Rahman, 2004). The maxi-
mum arsenic concentration was found in a tube well as 3,143 g/L.

Hill Tract Region

So far, 489 hand tube-well water samples have been analyzed for arsenic from 
hill tract region of Bangladesh. All analyzed tube-well water samples contained 
arsenic 50 g/L. Only 20 samples contained arsenic between 10 and 50 g/L 
(Rahman, 2004).

Figure 12 shows a comparative study of groundwater arsenic contamination 
status for all geomorphological regions of Bangladesh. It appears that there is 
more groundwater arsenic contamination of higher concentration (100 g/L and 
above) in floodplain compared to deltaic plain with coastal belt. The tableland and 
hill tract regions are almost arsenic contamination free. Out of 50 arsenic-affected 
districts of Bangladesh, we observed that two districts (Noakhali and Lakshmipur) 
of floodplain area are the highest arsenic-contaminated districts. We found 274 
hand tube wells with arsenic above 1000 g/L from all 64 districts of Bangladesh 
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(Rahman, 2004). Out of 274 samples, 178 samples are from these two districts. 
The highest arsenic concentration in groundwater (4,730 g/L) has been detected 
from Chiladi village of Senbagh thana in Noakhali district of Bangladesh.

From the overall water analysis results, we noticed that in some parts of 
Bangladesh, arsenic contamination in groundwater is less (between 10 and 
50 g/L), some parts are arsenic safe (10 g/L), and some are highly contami-
nated (between 50 and 4730 g/L). While trying to find out the reason, we have 
noticed that out of four principal geomorphological regions of Bangladesh, the 
tableland and hill tract regions are usually arsenic safe, but the area of flood-
plain and deltaic region are highly arsenic-contaminated. We also noticed that 
some contaminations are there in the fringe areas of the tableland with flood-
plain and hill tract with floodplain, and if rivers of floodplain have eroded 
tableland and hill tract areas (Chakraborti et al., 1999). The probable reason of 
contamination may be heavy deposition of Holocene sediments to floodplain 
and deltaic region. However, the areas partly in floodplain, partly in hill tract; 
partly in floodplain–partly in tableland are less contaminated.

Results on Arsenic in Tube-Well Water Samples:  
Comparison Between Our Data and Other International Data

We have compared the data of our water analysis from districts of four geo-
morphological regions of Bangladesh with the available hand tube-well water 
data of other organizations such as BGS with Department of Public Health 
Engineering (DPHE), Bangladesh; the nongovernmental organization (NGO) 
Forum for Drinking Water Supply and Sanitation, Bangladesh; the Bangladesh 
Rural Advancement Committee (BRAC), Bangladesh; the CARE, Bangladesh; 
the Gono Shasthya Kendra (GSK). The comparative study of our data and 
others’ data from the deltaic, floodplain, tableland, and hill tract regions are 
presented in Figure 13 based on the percentage of samples contained arsenic 
above 50 g/L. From the deltaic region, 21,573 hand tube-well water samples 
were analyzed covering 96 thanas of the total of 137. Of these, 33.1% sam-
ples contained arsenic above 50 g/L. BGS–DPHE (1999) analyzed 12,145 
water samples from 126 thanas of this region, and 27.5% samples had arsenic 
above 50 g/L, which is lower than that of our study. NGO Forum analyzed 
3,768 samples covering 83 thanas of this region and reported that 33.1% sam-
ples contained arsenic above 50 g/L, which is exactly similar to our study 
(NGO Forum report, 2002). BRAC–Bangladesh conducted a detailed study in 
Jikargachha thana of Jessore district to know the status of arsenic contamina-
tion in groundwater. They collected and analyzed 26,637 water samples from 
this thana and found that 48.1% samples had arsenic concentration above 
50 g/L (BRAC Research Monograph, 2000). GSK analyzed 3,133 water sam-
ples from Kashinathpur union of Santhia thana in Pabna district and reported 
that 32.6% samples had arsenic over 50 g/L (Disaster Forum Publication, Fact 
Sheet 12, Dhaka, Bangladesh).
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Water samples from 18,760 hand tube well were analyzed covering 147 
thanas of floodplain region. Our results showed that 35.8% samples contained 
arsenic above 50 g/L. BGS–DPHE (1999) analyzed 16,533 water samples and 
27.6% had arsenic above 50 g/L. NGO Forum study on this region showed 
that 18.7% of the 4,104 water samples contained arsenic above 50 g/L (NGO 
Forum report, 2002).

From the tableland region, the results of water analysis revealed that only 
0.16% samples contained arsenic above 50 g/L, whereas the BGS–DPHE (1999) 
study showed 1.7% samples had arsenic above 50 g/L. NGO Forum survey indi-
cated that 8% samples out of 664 contained arsenic above 50 g/L (NGO Forum 
report, 2002). CARE, Bangladesh, surveyed Tanore, Godagari thanas of Rajshahi 
district, and Nachole thana of Chapai Nawabganj district. They analyzed 215 
water samples and only one sample had arsenic above 50 g/L (Disaster Forum 
Publication, Fact Sheet 12, Dhaka, Bangladesh). Our study indicated that the 
groundwater of this region is mostly safe with respect to arsenic.

The results of our water analysis from hill tract region showed (Rahman, 2004) 
that none of the samples contained arsenic above 50 g/L, which is almost similar 
to the findings of BGS–DPHE (1999) study. BGS-DPHE (1999) data shows that 
only one sample has arsenic above 50 g/L from this region. Surprisingly, NGO 
Forum reported that 6.8% of the 295 samples contained arsenic above 50 g/L 
(NGO Forum report, 2002).
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Arsenic Concentration in Deep Tube Wells at Four  
Geomorphological Regions of Bangladesh

So far 1,217 hand tube wells have been analyzed from 100 to 415 m depth from 
four geomorphological regions of Bangladesh (Chakraborti et al., 1999). Table 4 
shows the arsenic concentration in tube wells at different depths for each geo-
morphological region. It appears that deep tube wells of tableland and hill tract 
regions are free from arsenic contamination. Deep tube wells of both deltaic 
region including coastal belt and floodplain are to some extent arsenic contami-
nated. Figure 14 shows arsenic concentration against depth of 1,217 hand tube 
wells from Bangladesh. Our analysis of samples from 1,217 hand tube wells from 
100 to 415 m depth indicated that out of 931 hand tube wells exceeding 200 m 
from floodplain and deltaic region including coastal belt, 185 samples (19.8%) 
contained arsenic between 10 and 49 g/L, and 58 (6.2%) tube wells contained 
arsenic above 50 g/L. The available report for deep tube wells more than 200 m 
deep from BGS–DPHE (1999) shows that out of 909 deep tube wells from all 
over Bangladesh, arsenic concentration of 34 (3.7%) is above 50 g/L. Our results 
indicated that at depths exceeding 300 m (except one tube well in floodplain and 
three in deltaic region), all samples had arsenic concentration below 50 g/L. 
Highest depth where arsenic found above 50 g/L is 315 m and the concentration 
of arsenic was 225 g/L. We analyzed 183 tube wells more than 350 m deep, and 
all tube wells contained arsenic below 50 g/L, but 19 samples contained arsenic 
between 10 and 50 g/L. Therefore we do not expect arsenic above 50 g/L in 
groundwater in depth of exceeding 350 m in floodplain and deltaic regions of 
Bangladesh. But we do not know what would happen in long run.

Source And MechAnISM of ArSenIc contAMInAtIon

From the arsenic contamination scenario in Asia, it appears that the floodplains of 
many rivers originating from the Himalayan Mountains and the Tibetan Plateau 
are affected (Chakraborti et al., 2008b). On this basis, we noticed arsenic contam-
ination in West Bengal, Bihar, Jharkhand, UP in the Gangetic plain, Brahmaputra 
plain in Assam, and Padma–Meghna–Brahmaputra (PMB) plain in Bangladesh. 
The source is geologic. Various theories have been postulated on the sources of 
arsenic and the mechanism of mobilization from the source (Das et al., 1996; 
Bhattacharya et al., 1997; Nickson et al., 1998; Chowdhury et al., 1999; Harvey 
et al., 2002; Akai et al., 2004; Islam et al., 2004). The exact nature of mobiliza-
tion process is still unknown.

concluSIonS And recoMMendAtIonS

Elimination of the arsenic crisis in the Ganges basin requires (Rahman et al., 
2001) concerted action that includes the following:

1.  A moratorium on the installation of more tube wells in contaminated areas 
until all the installed tube wells are checked for arsenic contamination. The 
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TAB  Range (g/L) with Depth Collected from Four 
Geo

Geo
Regi

ples in Different Arsenic Concentration (g/L) 

49 50–99 100–199 200–299

Hill – – –

Table – – –
– – –

Total – – –

Floo .55%) 17 (16.04%) 18 (16.98%) 4 (3.77%)
29.17%) 8 (8.33%) 11 (11.46%) 1 (1.04%)
40.24%) 2 (2.44%) 5 (6.10%) 1 (1.22%)
36.48%) – – 1 (1.36%)
1.43%) – – –

Total (6.31%) 34 (7.94%) 7 (1.64%)

(Continued)
LE 4 Distribution of Deep Tube Wells in Different Arsenic Concentration
morphological Regions of Bangladesh* (Chakraborti et al., 1999)

morphological 
ons

Depth 
Range (m)

Number of Deep 
Tube Wells Analyzed

Distribution of Sam
Range

10 10–

tract 205–250 82 82 (100%) –

land 102–204 25 25 (100%) –
205–250 47 47 (100%) –

72 72 (100%) – –

dplain 102–204 106 59 (55.66%) 8 (7
205–250 96 48 (50%) 28 (
253–300 82 41 (50%) 33 (
305–350 74 46 (62.16%) 27 (
360–415 70 62 (88.57%) 8 (1

428 256 (59.81%) 104 (24.30%) 27 
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TAB

Ge
Reg

amples in Different Arsenic Concentration (g/L) 

0–49 50–99 100–199 200–299

Del
inc

8 (18.06%) 1 (0.65%) 4 (2.58%) 4 (2.58%)
2 (15.71%) 3 (2.14%) 9 (6.43%) 1 (0.72%)
6 (14.16%) 5 (4.42%) 8 (7.08%) –
0 (35.09%) 3 (2.63%) – –
1 (9.74%) – – –

Tota 2 (1.89%) 21 (3.31%) 5 (0.79%)

Gra 9 (3.20%) 55 (4.52%) 12 (0.99%)

*De
LE 4 (Continued)

omorphological 
ions

Depth 
Range (m)

Number of Deep 
Tube Wells Analyzed

Distribution of S
Range

<10 1

taic region 
luding coastal

102–204 155 118 (76.13%) 2
205–250 140 105 (75%) 2
253–300 113 84 (74.34%) 1
305–350 114 71 (62.28%) 4
360–415 113 102 (90.26%) 1

l 635 480 (75.59%) 117 (18.42%) 1

nd total 1,217 890 (73.13%) 221 (18.16%) 3

pth information received from local people/tube well owner.
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local and national governments should frame and implement regulation of 
new tube wells. Around 95% of the people in Bangladesh and West Bengal, 
India, depend on tube wells for drinking water. If the mouths of all safe 
tube wells are colored green, and unsafe wells are colored red, villagers can 
use green tube wells for drinking and cooking purposes, and the red tube 
wells for bathing, washing, toilet, etc. We have disturbing evidence from 
West Bengal, India, that previously safe tube wells now show arsenic con-
tamination (Chakraborti et al., 2001). The currently safe tube wells require 
monitoring every 3–6 months to track this new development.

2.  Proper watershed management.
3.  Traditional water management such as dug well, three Kalsi system, and rain-

water harvesting with controls of bacterial and other chemical contamination.
4.  Public awareness of the arsenic calamity and assurance that it is not a curse 

of God.
5.  Recognition that, so far, there is no effective therapy. Safe water and opti-

mal nutrition are the only proven measures.
6.  A worldwide effort by the scientific community addressing the problem 

that has put more than 100 million people in Bangladesh and West Bengal, 
India, at risk for cancer, vascular disease, and other complications.

Although tube wells provide drinking water free of microbial contamina-
tion, the merciless exploitation of groundwater for irrigation without effective  
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watershed management to harness huge surface water resources and rainwater is 
seen as a gross miscalculation. In Bangladesh and West Bengal, there are huge 
surface resources of sweet water in the rivers, wetlands, flooded river basins, and 
oxbow lakes. Per capita available surface water in Bangladesh is about 11,000 m3. 
These two delta areas, known as the land of rivers, have approximately 2,000 mm 
annual rainfall. Watershed management and villager participation are needed to 
assure the appropriate utilization of these huge water resources.
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IntroductIon

The aim of water quality analysis is to determine the presence of pollutants of 
concern and estimate their concentrations within acceptable levels of precision. 
Water pollution can then be defined as concentrations of harmful materials or 
their indicators at or above certain levels that have been established by epide-
miological or other methods, or set by regulation.1 Remediation or mitigation 
of water pollution then requires the identification and quantification of the 
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1. For example, the Clean Water Act defines “pollutant” as “…dredged spoil, solid waste, incinera-
tor residue, sewage, garbage, sewage sludge, munitions, chemical wastes, biological materials, 
radioactive materials, heat, wrecked or discarded equipment, rock, sand, cellar dirt and indus-
trial, municipal, and agricultural waste discharged into water.…” 33 U.S. Code Sec. 1362(6)



chapter  |  6 Forensic Water Quality Investigations132
sources. In the case of pollution caused by human actions, source identification 
also entails determination of responsibility, which may engender civil actions 
or even criminal charges, and burden polluters with penalties and remediation 
costs. Consequently, polluters may challenge the methods, results, and inter-
pretations of water quality investigations, as well as the skill and veracity of 
investigators. The term “forensic” is used to describe situations such as trials 
or administrative hearings in which adversarial argumentation is used to estab-
lish facts, eliminate incorrect observations and interpretations, and test proposi-
tions. Clearly, skillful analytical work is a requisite for effective environmental 
forensic investigation, but a larger set of skills and methods must be employed 
to yield satisfactory outcomes from good field and laboratory work in a foren-
sic context. The skills and techniques that support positive outcomes in a foren-
sic setting are broadly useful in many other settings as well.

Regulatory agencies frequently perform the investigative functions 
described here, as they should, but often lack the resources to monitor water 
quality as thoroughly as they might. Anyone involved in water quality analyses 
may detect evidence of a problem; regulators admit that many of their investi-
gations are prompted by information given by other water quality professionals, 
other members of the regulated community, and even untrained citizens who 
observe something that appears problematic. Professional investigators have 
frequently obtained their skills through ad hoc experience rather than formal 
training. Consequently, the approaches described here may be helpful to many 
in the practice of water quality analysis.

Sometimes evidence is uncovered as a result of routine sampling programs. 
In other cases, a complaint about a fish kill or discolored water prompts a more 
specific inquiry. We counsel our students to treat any case as if it were criminal 
in nature so that the highest standards of evidence and persuasion would apply, 
thus the results should be sufficient for any other application.

We first discuss general considerations for any water quality investigation 
and then address specific issues related to evidence and presentation of your 
findings. Most cases are won or lost at the investigative stages, hence the efforts 
are worthwhile. Note that although shows like “CSI” focus on field and lab 
analysis, real-life investigations often require more emphasis on careful review 
of documentation and questioning live witnesses.

QuALIty ASSurAncE/QuALIty controL

The correct approach to any forensic investigation is to consider the question, 
“How do you know the things you claim to know?” as if asked by an adversary. 
Many good forensic practices are of common sense, but others require more 
training and experience to apply effectively. The key is preparation, as “fortune 
favors those who are prepared.” Effective preparation begins with planning, more 
specifically a quality assurance/quality control, or “QA/QC,” plan. The American 
Public Health Association Standard Methods manual (APHA, 2001) provides 
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excellent descriptions of the elements of QA/QC plans for standard laboratory 
method validation. Extension of the same principles and approaches to the entire 
investigative process is a logical and wise practice in a forensic context.

The elements of a QA/QC plan include delineation of responsibility for each 
task, sample control (including chain of custody procedures), specification of 
methods and techniques (including standardization, calibration, and equipment 
maintenance procedures), data assessment and reduction, and reporting proce-
dures. Quality control procedures per se can be divided into internal and exter-
nal components. Internal components address sample analysis quality including 
calibration and standards, analysis of blanks, analysis of duplicates, true repli-
cation (as opposed to subsamples), determination of precision, and recovery of 
known additions (when sample matrix effects may be a confounding factor). 
External quality control procedures include training and certification procedures, 
competence testing, analysis of unknowns and external standards, and external 
data review. These measures are obviously best considered prior to commence-
ment of field sampling efforts, Ex post facto attempts to implement quality con-
trol measures may be better than nothing, but can be used against investigators 
in forensic situations, and beg the question of how reliable initial results can be. 
Documentation is necessary and is best handled from the beginning with fore-
thought given to the nature of the information to be collected, creation of routine 
sample data entry procedures, and appropriate metadata (investigator identity, 
place, date/time, environmental conditions, and other relevant observations) along 
with written notes on any unusual observations. Many labs use standardized data 
sheets for field sampling efforts, with one sheet per sampling location, coupled 
with data forms for laboratory analyses and procedures (see Appendix A for chain 
of custody samples). Data security should be also considered; accidental losses 
can be embarrassing, but deliberate tampering can be devastating.

BASIc SItE rESEArch

To set the scene both for the investigation and for any prospective audience, it is 
usually helpful to obtain maps from your agency, the local tax office, and now 
sources such as Google Earth, NASA World Wind, and Microsoft’s Terraserver 
and state GIS repositories.2 U.S. Environmental Protection Agency (EPA) and 
many local agencies also offer interactive mapping that will reveal potential pol-
lution sources. Maps and on-site inspections are essential to develop your own 

2. Maps and aerial photos
●	 Street map from Google Maps, or Yahoo! Maps, or Windows Live Local
●	 Satellite image from Google Maps, Windows Live Local, WikiMapia
●	 Google Earth
●	 Topographic map from TopoZone
●	 Topographic map from U.S. Geological Survey Topographic Maps
●	 Aerial image or topographic map from TerraServer-USA
●	 An extensive listing of maps and imagery is at Wikipedia
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narrative of what happened, where, when, etc. A wealth of information on own-
ership, sales and prior ownership, building information, wastewater and other 
utility information, as well as aerials and parcel maps is usually available at the 
local real property tax office. Much of the documentation on transfers is online at 
recorders’ or register of deeds offices. Information on corporate forms and other 
business entities is available often from the Secretary of State or corporate regu-
latory agency. Shareholder information, however, is seldom available. The Web 
site of the entity of interest can also provide not only company organization and 
details but also names of key personnel. Other agencies such as a state coastal 
or resources agency may also have records, but much of this information is una-
vailable even to other state agencies.3 An umbrella organization for agencies,  
R@IN, The Regional Environmental Enforcement Associations, can be found at 
http://www.regionalassociations.org/ (last visited April 20, 2009) but even mem-
ber states do not always utilize the resource. Some information on compliance 
and enforcement history is available through limited portals like EPA’s ECHO 
(http://www.epa.gov/compliance/data/systems/multimedia/echo.html), but it is 
not particularly user friendly if information on a particular company or product  
class is sought. Nor is it frequently updated. ECHO does allow searches by 
Standard Industrial Classification (SIC) and its successor standard, but even the 
new network established by EPA (The Environmental Exchange Network http://
www.exchangenetwork.net/basics/how_it_works.htm ) currently has no planned 
public access.

Often personal inspection of the locations of investigated incidents can 
reveal bits of relevant information or even major insights that are valuable to 
subsequent case development, so it is a rare case where a site visit is unnec-
essary. Case presenters should always be familiar with the scene(s). If your 
agency has the resources and the case is significant, there is a class of scene 
re-creation devices, for example, the total station hardware (surveying tools) 
and software for 3D modeling.4 Law enforcement agencies such as the FBI use 
them to do crime scene re-creation and just did so in the Blackwater/Iraq case.

4. Total Station hardware and software: http://totalstation.org/ e.g., http://www.leica-geosystems.
com/corporate/en/lgs_8276.htm FBI’s Blackwater investigation: NPR Nov 1, 2007—http://www.
npr.org/templates/story/story.php?storyId15835037

2. (Continued)
●	 EPA EnviroMapper®: http://www.epa.gov/enviro/html/em/
●	 EPA Window to My Environment: http://www.epa.gov/enviro/wme/
●	 NASA World Wind: http://www.worldwind.arc.nasa.gov/
 Be sure also to contact local, regional, and state governments, which you can locate here. 

Contact the local government list of state environmental agencies: http://www.epa.gov/epa-
home/state.htm

3. Cutting, Cahoon & Leggette, Enforcement Data: A Tool for Environmental Management, 
36 environmental law reporter 10060-10072 (January 2006), discussing how inter- and intra-
state and sharing ins primitive compared with criminal resources like NCIC (National Crime 
Information Center).
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SAmPLIng

Some water quality investigations focus on recorded information and procedures; 
however, the majority involves sampling. Here, the QA/QC process is essential 
and should be specifically documented. The equipment, calibration, methods, 
handling, and analysis should all be carefully documented through reporting pro-
cedures that comport with your QA/QC methodology. We recommend that the 
required “chain of custody” be documented to criminal law standards whenever 
possible, which means recording every event and having each person who han-
dles the sample indicate their participation on a straightforward form (see dis-
cussion and samples in Appendix A). Naturally, collection and handling should 
occur according to the recommended procedures (such as the APHA Standard 
Methods) and documented in writing and through photos if possible. For exam-
ple, fecal coliform samples should be refrigerated, kept out of the light and tested 
within a specified time period, all of which can easily be documented. In addi-
tion, actual documentation such as calibration records and equipment manuals 
must be readily available. Although water quality investigations typically focus 
on the water column, be aware that significant clues can be uncovered in the ben-
thic materials, where everything from fecal coliform to pharmaceuticals can exist 
for some time and may resurface when the material is disturbed.

WorkIng WIth thE LABorAtory

Laboratory work is often required to identify and quantify pollutants in water 
quality cases. Whether this work is done “in-house” or by a certified exter-
nal laboratory, the entire process must be carefully documented, including of 
course the chain of custody. In all cases, it is wise to retain control (untested) 
samples, if possible. The lab staff will likely prepare a report that can itself 
become evidence, or the technician may also testify. Again, the object is to 
ensure that the credentials of the lab are adequate and available, the results are 
clear, and the results are presented in the context of the written legal standard. 
As noted in the discussion of quantitative analysis above, it is usually helpful if 
the technician or another witness can articulate the reason that the test result is 
significant. Audiences are skeptical of violations within what might appear to 
them to be small percentages of a standard they might not understand. Some 
agencies, for example, will not pursue enforcement unless the standard is 
exceeded by 40%. The audience must see why the numbers mean something, 
especially if there is a public health component to the standard.

tyPES oF EvIdEncE

There are three general classifications of evidence: (1) real evidence including 
most samples, other tangible items, maps, chart models, and even on-site view-
ing of the incident scene; (2) documentary evidence such as documents (permit 
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applications, manifests, discharge records, memos, and other books and records), 
photographs, and electronic documents such as the increasingly important e-mail 
and computer hard-drive evidence; and (3) testimonial evidence, whether in the 
form of percipient (eyewitness) testimony or opinion testimony by either lay or 
expert witnesses (most readers may qualify in the latter category).5

Evidence is also classified according to whether it is direct or circumstantial. 
Direct evidence such as eyewitness testimony establishes a fact. Circumstantial 
evidence requires someone (e.g., judge or jury) to make an inference about what 
happened. An example might be evidence of a visual plume in a water body,  
pollutants in a ditch or soil, and a pipe (particularly with residue of the pollutant)  
upgradient from the soil and water body. In contrast, a stream of the pollutant 
from the pipe flowing across the ground into the water would be a direct evidence. 
Circumstantial evidence may actually be more reliable, as eyewitnesses often 
have difficulty with details. Forensic cases often involve piecing together vari-
ous types of circumstantial evidence. There is also a distinction commonly made 
between physical evidence, such as equipment or chemical results, and biological 
evidence, such as dead fish or evidence that associates a perpetrator, such as hair. 
Finally, reconstructive evidence, such as pieces of shattered equipment found at a 
spill site, can assist in constructing inferences as to what happened (e.g., an explo-
sion) and even when, where, and how it happened. Different rules apply to each 
category, although frequently all types are involved in any given case.

A common pattern might involve a witness who reports (testimonial) a fish kill 
or plume (real and perhaps documentary). The sampling should reveal the nature 
of the pollutant involved (real evidence, although the lab report is documentary 
evidence). If a discharge permit for that material (NPDES permit) is held by an 
upstream entity, the public reports and permits (documentary) can be reviewed 
for compliance. However, some of these records are generated by the potential 
defendant, such as the daily monitoring reports (DMR) required of NPDES permit 
holders. Hence, whenever possible, employees (and former employees) should be 
interviewed to verify accuracy and company practice (testimonial evidence, lead-
ing perhaps to more documentary evidence, such as records and procedure manu-
als), and/or appropriate agency staff should be interviewed (testimonial evidence 
for compliance histories, enforcement cases, and/or other useful information). A 
review of online EPA and other federal and NGO materials and release data for 
the area could demonstrate other potential sources of the material in question.6

5. See, for example, Federal Rules of Evidence, copy available at http://www.law.cornell.edu/rules/
fre/index.html

6. See the citations at note 3 above, and
 Centers for Disease Control and Prevention (CDC): Environmental issues: http://www.cdc.

gov/Environmental/
 Environmental defense, scorecard: http://www.scorecard.org/
 Federal Emergency Management Agency (FEMA) hazard discussions: main page: http://www.

fema.gov/hazard/index.shtm
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Information on the type of business may also reveal sources of chemicals for 
which permits to discharge were not held (e.g., a photo lab on premises with no 
discharge permit for silver), or hazardous materials for which adequate disposal 
records are not available, both of which may indicate a possible malfunction or even 
intentional release (such as burying the classic 55-gallon drums) (Clifford, 1998). 
Moreover, documentary evidence in the form of (1) computer data on production, 
upsets, and breakdowns; (2) internal company memos and e-mails can either sub-
stantiate or refute compliance data; and (3) agency compliance documents, enforce-
ment documents, or permits. More than a few cases involve falsification of or errors 
in self-reporting data. Company procedure manuals may indicate strict QA/QC 
policies, but recently, in an air pollution case, a major oil company was found to 
have failed habitually to follow its own safety and compliance plans, resulting in 
significant environmental impacts and injuries that culminated in criminal pros-
ecution and multimillion dollar penalties (http://yosemite.epa.gov/opa/admpress.
nsf/o/70AFE4F098BEB51F85257562006C2581). Thus initial witness reports and 
sampling may only be the beginning of the inquiry. In “paper cases,” however, care 
must be taken to organize documents, authenticate them, and connect them so that 
an audience (particularly a jury) will not doze off when the file boxes are opened.

Another common fact pattern is usually more difficult: nonpoint sources 
such as storm water or agricultural runoff. A witness may report sedimentation 
or discoloration in receiving waters. Once the constituent pollutants are under-
stood, there still must be a connection forged between the result and the cause. 
Often, this means review of ownership records along possible drainage routes 
(topographic maps and the hall of records—now frequently online, as noted 
above), as well as pollutants likely to be found (EPA or first-responder records). 
In a leaking underground storage tank (UST) scenario, markers in petroleum 
products may provide necessary clues as sophisticated field and laboratory 
analyses. In the case of animal wastes, it may be difficult even to distinguish 
among types of animals, let alone ownership of the particular source, although 
waste characteristics can provide some clues (Cutting et al., 2006). In both 
cases, reviews of construction and operating permits (building records) and a 
careful tracing of the drainage area via mapping involve amassing documentary 
evidence. Still, it may be testimonial evidence that connects the dots. In one 

6. (Continued)
 Fish advisories: from EPA, listed by state: http://www.epa.gov/waterscience/fish/states.htm
 U.S. Environmental Protection Agency home page, with quick index for hazards such as lead, 

indoor air pollution, water pollution http://www.epa.gov/ as well as the “Where you Live Section” 
http://www.epa.gov/epahome/whereyoulive.htm with information such as EnviroMapper and state 
environmental agencies and also the “Window to My Environment mapping tool” http://www.
epa.gov/enviro/wme/ and surf your Watershed http://www.cfpub.epa.gov/surf/locate/index.cfm

 US Geological Survey Office of Groundwater: http://www.water.usgs.gov/ogw/
 US Geological Survey Watershed Information: http://www.water.usgs.gov/wsc/
 National Institute of Health, National Medical Library, Tox Town: information about chemical 

hazards in your area http://www.toxtown.nlm.nih.gov/
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recent North Carolina criminal case, an owner pled to intentional draining of a 
waste lagoon into a creek after interviews with employees revealed that lagoon 
levels mysteriously lowered overnight while employees were away. Multiple 
sources present different problems, and they may yield more than one defend-
ant. In storm water, for example, soil analysis from adjacent parcels revealed 
by building records may be identical, but interviews with neighbors, build-
ing inspectors, employees, and subcontractors (even though they may not be 
friendly witnesses) as well as on-site inspections may reveal which actor caused 
the sedimentation—or that both contributed and are therefore culpable. The 
question then becomes how to apportion liability if there are damages, as well 
as to determine relative fault for enforcement purposes.

LEgAL tooLS to oBtAIn EvIdEncE

As noted, agency personnel may have administrative and search warrant  
powers, and some agencies also have administrative subpoena powers. Agencies 
and private parties always have informal devices such as informational requests, 
which often surprisingly yield useful documentary or testimonial evidence. But 
if informal avenues fail, consult counsel about the techniques available in your 
jurisdiction. In private civil litigation, for example, the powers to examine any 
potential witness and to require production of documentary and real evidence, 
including the right to inspect facilities, are routinely available through the sub-
poena power and depositions. Records and physical evidence can be identified 
and located through written questions, called interrogatories, and then examined 
through requests for production and inspection. We recommend consulting coun-
sel early on if you believe there may be difficulty obtaining evidence you consider 
essential. Of course, counsel must be consulted for the more precise requirements 
of inspection and search warrants. Administrative search warrants require that 
(1) the affiant work for an agency that has extensive regulatory powers, such as a 
water control agency and (2) pursuant to the regulatory plan, access is needed to 
determine compliance at a particular site. A full search warrant typically requires 
clearly presented facts that (1) a crime has been committed and (2) there is rea-
sonable cause to believe that evidence of the crime exists at the location to be 
searched. Typically, the criminal prosecutor should be consulted if a serious crime 
is suspected. In any case, if documents are the target, persistence is the key. More 
than one “smoking gun” has been found at the bottom of the file box or “mis-
filed.” The federal Freedom of Information Act (FOIA) provides a mechanism for 
private parties to obtain public documents. The procedures are generally straight-
forward but may involve some cost. See discussion and samples at Appendix B.

AccESS And Entry

Any time you need to view a scene, you must ask whether you have a legal 
right to be there. If the entity is subject to permit conditions that require entry, 
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 regulatory officials may still need either an inspection warrant or a search war-
rant if entry is refused, so counsel should be consulted if in doubt. Evidence 
may be excluded if it is unlawfully obtained, particularly in criminal cases. 
Deliberate trespassing must be avoided both to ensure that the evidence can 
be used and to protect the investigator from prosecution, so it is imperative to 
know where you are when walking that stream course. Use photographic tools 
(see Section Photography) and your own GPS or other locational devices so 
that you know and can prove where you are, and that you have express permis-
sion to be on that property (even if it is public land). See discussion of sources 
of ownership information in Section Quality Assurance/Quality Control.

WItnESSES

Most scientists and environmental professionals are trained in sampling tech-
niques, but not in interview skills. Yet reporting parties and even neighbors can 
often provide key facts or opinions that can help you focus the inquiry and save 
time and resources. A reporting party may observe discoloration once, but a 
neighbor can simplify the investigation by volunteering that it occurs at inter-
vals and provide other conditions, such as the local factory working overtime 
or an occasional dump truck in the area. Be alert to employees and former 
employees and ask who knows about personnel and where the records are kept. 
Many owe allegiance to the potential defendant, but some find it difficult to 
lie, especially if they have been treated poorly (e.g., the movies A Civil Action 
and Erin Brockovich7). Of course, with these and all witnesses, you must also 
be aware of the potential biases and credibility issues. Employees and former 
employees, or individuals who have had a relationship of some type with the 
potential defendant, are often called “turncoats.” However, many white-collar 
crime prosecutors relate that without such witnesses, connecting the pollution 
to any particular defendant can be difficult.

Even suspected polluters are frequently happy to talk, for example, if the 
investigator presents a relaxed, friendly approach. Be aware, though, that if 
the case may become criminal and the witness is a target of the investigation, 
counsel should be consulted to avoid constitutional issues, such as the Fifth 
Amendment limitation on self-incrimination. We recommend open-ended ques-
tions such as, “What do you think happened?” rather than cross-examining a 
witness, at least at the outset. Sometimes that is not possible, and techniques 
such as “good cop/bad cop” can work wonders, but listening is the key skill in 
any event. Recording testimony, electronically if permission is secured (or not 

7. See A Civil Action (Buena Vista Studios, 1998) (depicting the infamous toxic pollution case in 
Woburn, MA); Erin Brockovich (Universal Pictures, 2000) (depicting the Pacific gas and electric 
water pollution case in California).
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necessary in your jurisdiction) or with notes, is essential. If the witness will 
provide a written statement, it is usually desirable.

A word on expert witnesses, whether you are one or you need to consult 
an expert, prosecutors counsel, that you must be (or find) experts whose time 
is for sale, rather than those whose opinions are for sale. The credentials (and 
limitations) of an expert should be readily at hand and the expert’s track record 
understood (for example, does he or she almost always testify for the defense?). 
The “expert” need not be a professional expert, either, as line employees can be 
experts in company procedures or operation of particular equipment.8 Expert 
witnesses are generally permitted to offer an opinion (often qualified as their 
best professional judgment) as to some relevant issue in the case, such as what 
pollutant might be involved or where the source of the pollutant might be. As 
with all science, there will be conflicting opinions as to methodology, concepts, 
interpretation of data, and conclusions. In jurisdictions that follow the federal 
Rules of Evidence, the judge generally determines whether the expert testi-
mony is sufficiently reliable (the “gatekeeper” approach). Some forums may 
require that the expert view represents the prevailing view in a given field (the 
Frye test), whereas others, such as North Carolina, allow nearly any expert tes-
timony subject to cross-examination and rebuttal and allow the jury (or judge 
if no jury) to weigh conflicting views. It is important to understand what rules 
your forum will follow. It is equally important to understand the nature of the 
expert testimony. Remember to pace yourself when you are a witness, and to 
counsel witnesses that you suggest to testify simply and directly. One practical 
pointer to remember is to take a brief pause before answering when you are 
being cross-examined to allow your counsel time to object.

documEntAry EvIdEncE

Documents can be of direct evidence (of ownership, for example) or circum-
stantial evidence (that an entity knew or should have known of the stand-
ard to which they are held, or knew of a condition that was not reported, for 
example). Documents must be properly categorized and marked from the out-
set to ensure ready access (more than one agency has lost key documents). 
Ownership, permitted activity and standards, internal procedures, maintenance 
and repair records, and internal memos can establish individual facts or pat-
terns and practices of conduct. The hall of records in your jurisdiction (often 
available electronically, above), local and state GIS offices, secretaries of state 
(e.g., interlocking business entities), and other agencies can provide key docu-
ments for all these issues; in spite of this be aware that even agencies are often 

8. There is a great scene in My Cousin Vinny, where the attorney’s girlfriend (Marisa Tomei) takes 
the stand as an expert because she grew up working for her family’s car repair shop and the issue 
had to do with mechanical characteristics of a particular vehicle. (Palo Vista Productions 1992).
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unable to access records easily in other jurisdictions, or even their own agency. 
Electronic records are not yet the norm, but are a critical link in the documentary 
chain. Discovery orders (in civil cases) and search warrants (in criminal cases) 
are typically required to secure the actual hard drive of a suspected defendant’s 
electronic records, although sometimes servers, networks, and even your own 
e-mails can provide key clues as to who was involved when and what they knew. 
Documentary evidence must usually be authenticated, so make sure your sources 
are known and that you can demonstrate the source of all documentation, such 
as certification by the public office that prepared them.

PhotogrAPhy

Photography may be the single best tool available in a forensic situation. 
Photography can show third parties the answers to the critical questions of 
any investigation: “What happened? Where did it happen? How did it happen?  
Who is or might be responsible?” Photography can document the presence of 
witnesses, corroborating evidence, location, sequences of events, the presence 
of the investigators themselves, and their sampling and measurement work. 
Photography at a developing scene can document unexpected events or fea-
tures, so it is wise to take a lot of pictures or run a video camera constantly; 
editing can take out unneeded imagery but can never restore images not pho-
tographed in the first place. Digital imagery may lend itself to doctoring more 
easily than chemical film, but some digital media, such as CD-ROM disks, are 
as secure as chemical film against tampering. Recorded imagery frequently 
preserves details that escaped the observers on the scene, as many crime 
scene surveillance tapes, crash recordings, and other publicly displayed forms 
of forensic photography have demonstrated. Imagery can be extraordinarily 
more persuasive than verbal testimony. Pictures of a fish kill, for example, can 
convey the magnitude of the deaths far better than tabulations of numbers of 
individuals. Cell phones with cameras allow instant transmission of visual evi-
dence, so forensic investigators can transmit imagery to regulators, home base, 
or the news media, however, be aware of the caveats listed below.

Photography poses several inherent challenges to environmental investigators.  
First, the human eye captures imagery quite differently than mechanical lenses 
and chemical or digital media. The human eye is a very sophisticated imag-
ing organ, and its interconnectedness with the optical processing centers of the 
brain endows the whole visual sensory apparatus with remarkable ability to rec-
ognize patterns, detect motion, and react to unusual signals. Cameras, on the 
contrary, have to be used as tools without the intimate sensor–brain connection. 
Photographers, therefore, must give conscious thought to recording imagery 
that establishes the temporal and spatial contexts of a scene. The human eye can 
adapt to and see usefully across over six orders of magnitude of light intensity, 
making it somewhat paradoxically a poor light meter. Cameras are usually much 
more limited in their useful range of lighting, so consideration must be given to 
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that through familiarity with one’s camera and the employment of other light 
sources, avoidance of shadows, etc. Humans tend to conserve film or disk space, 
but this reflex works against the necessity of investigative work. One must be 
prepared to shoot prolifically; a bad shot is better than no shot at all. However, 
it is possible to present imagery that is too “persuasive,” even so graphic as to 
revolt third parties, so one must be careful to show only those images one is 
prepared to defend as necessary to the case. One must also be cautious to avoid 
doing things before the camera (or otherwise) that would hurt a case—evidence  
of improper technique, evidence tampering, trespass, etc. Defense counsel will 
likely be entitled to all images, not just those you want to use. In summary, the 
images ultimately must help tell the story unfolded by investigation. This requires 
the presence of mind in using cameras and preparation beforehand. The obvi-
ous mistakes—dead batteries, no film, dropped camera—can happen to anyone, 
but preparation is again a key. Murphy’s Law is a useful guide here: bring extra 
batteries, an extra camera, and someone else who knows how to use it. In some 
court cases, only camera-dated evidence may be allowed as evidence, so make 
sure this feature is activated on your camera if you can. Note that a camera often 
is the best security device field personnel can have to guard against landowner 
rage or any other hazard.

QuAntItAtIvE rEASonIng

Quantitative analysts are trained to work with numbers and can generally inter-
pret and understand quantitative results with the ease of long experience. Many 
target audiences, however, lack such training and experience. Effective commu-
nication of the significance of results, such as violations of water quality stand-
ards, must employ effective modes of presentation more intuitively. Humans 
receive information in several basic ways. We are primarily visual creatures 
taking in more than two-thirds of our information through visual imagery. The 
old phrase, “a picture is worth a thousand words,” is quite true. For the analyst, 
converting numerical information into pictures, such as graphs, is therefore an 
effective communication mode. Edward Tufte has developed a very sophisti-
cated set of insights into the visual communication of quantitative information. 
Verbal descriptions lie somewhere between abstract numerical symbols and 
imagery in their ease of understanding. Effective forensic presentations com-
bine all three modes of communication, so that a numerical datum representing 
a violation of a given water quality standard, for example, can be illustrated 
graphically as a point lying well above a line corresponding to the standard and 
clearly distinguishable from other data points in the set. Verbal descriptions can 
then explain what the standard represents and how the unusual datum might 
most likely be explained as a violation and not operator error or some other 
trivial result. It is more important that the presenter explains the significance of 
the departure of the violation from the standard in understandable terms, that 
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is, “what is the effect (on fish, human health, etc.) of a turbidity reading that is 
100 times the level of the standard?”

PrESEntAtIon oF FIndIngS

The ultimate test is whether your findings are persuasive. We have several sug-
gestions, but the bottom line is to “Keep It Simple, Stupid (KISS)”. The reality 
is that while scholarly presentations should be at a high level, most newspapers 
are keyed to fifth grade reading level and juries are much the same. We sug-
gest that you avoid patronizing—and anesthetizing—your audience unless you 
know that a highly technical presentation is required. That does not mean that 
you do not cover all the bases: it simply means that once your credentials are 
established, your methodology and findings must be understandable as well as 
technically (and legally) sufficient. You must be able to persuade your target 
audience (1) what you know, (2) how you know what you know, and (3) why it 
is significant.

Preparation is once again the key. Practice your presentation. Have your 
counsel or colleagues question your presentation and practice response con-
vincingly. This will help you anticipate adversity and bolster your presen-
tation. “Walk a mile” in your adversaries’ shoes to understand their position 
and objections. To the extent possible, review their presentation and positions. 
Review your own after testing by your colleagues.

Organize your presentation. Have your documentation and your evidence 
ready. Often it can be useful to have official-looking samples and equipment 
out and visible even when not used so the target audience is curious. Case man-
agement software, or even free, open source programs (such as Free Mind) can 
provide excellent outlining tools.

Models, diagrams, charts, and other real evidence can be immensely helpful 
along with photographs. If, for example, models, charts, or written materials 
such as articles or treatises are to be utilized ensure that they are clearly under-
stood (and understandable to your intended audience) and that they are available  
both in advance for inspection and at any subsequent hearing. The FBI and 
other high-end operations have total station hardware and software available 
to recreate scenes in 3-D such as the Blackwater investigation in Iraq. For most 
investigations, it is still useful to have large-scale presentation boards with the 
scene presented clearly. If samples are to be utilized, it is often useful to have 
them available for the audience to examine. One successful trial attorney even 
placed sample jars that clearly had two substances of different viscosity on the 
counsel table, but never used them during the entire hearing.

If you elect PowerPoint or some other electronic methods to present evi-
dence, make sure your equipment is reliable and your presentation straightfor-
ward (and that it is allowed by the rules of your forum). The current debate about 
the efficacy of these devices suggests that for charts, graphs, and photos/videos 
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they may be useful, but for words and number charts much less so for the rea-
sons stated above.

concLuSIonS

Successful forensic presentation of water quality issues is grounded on good sci-
ence, but depends in part on the art of persuasion. Appearances can be significant, 
so anticipate the ultimate use of your evidence and findings at all stages, and keep 
asking yourself how your presentation will be received.
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Appendix A: chain of custody

Forms and additional discussion can be found at

● EPA: EPA Chain of Custody: http://www.epa.gov/apti/coc/
● City of San Diego: http://www.sandiego.gov/mwwd/pdf/baf/14_appendixd 

_9.pdf
● State of Virginia Division of Consolidated Laboratory Services: http://

www.dgs.virginia.gov/LinkClick.aspx?fileticket2PJopG%2F7t40%3D 
&tabid507

● Johns Manville Company: http://www.jm.com/corporate/labs_services/
Chain_of_Custody.pdf

● State of New Jersey Department of Environmental Protection: http://www.
state.nj.us/dep/srp/guidance/fspm/pdf/chapter10.pdf

Appendix B: Freedom of Information Acts

● Sample FOIA Request from MMS: http://www.mrm.mms.gov/foia/sam-
plelettert.htm

● Your right to federal records Questions and Answers on the FOIA and 
Privacy Act May 2006 general information from GSA: http://www.pueblo.
gsa.gov/cic_text/fed_prog/foia/foia.htm; FOIA Reference Guide, Revised 
May 2006, http://www.usdoj.gov/04foia/04_3.html; Principal FOIA 
Contacts at Federal Agencies, http://www.usdoj.gov/04foia/foiacontacts.htm; 
U.S. Government Manual, 2006-07, http://www.gpoaccess.gov/gmanual/; 
A Citizens Guide on Using the FOIA, http://www.fas.org/sgp/foia/citizen.html

● Reporters committee for freedom of the press
● Letter generator for federal and state government agencies: http://www.rcfp.

org/foialetter/index.php
● FOIA center, MISSOURI school of journalism: http://www.nfoic.org/

states; and http://www.firstamendmentcenter.org//press/information/topic.
aspx?topic  how_to_FOIA&SearchString  sample#request

● The first Amendment Center, offers FOIA resources are available at: 
http://www.firstamendmentcenter.org/Press/information/topic.aspx? 
topic  how_to_FOIA#request
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Regulatory Considerations  
to Ensure Clean and Safe 
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IntroductIon

Federal drinking water regulations are based on risk assessment of human 
health effects and research conducted on source water, treatment technolo-
gies, residuals, and distribution systems. This chapter focuses on the role that 
U.S. Environmental Protection Agency (EPA) research plays in ensuring pure 
drinking water in the United States and throughout the world. The first part of 
this chapter explains EPA’s strategic goals for drinking water, the rule-making  
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process, and applicable drinking water regulations. The second part of this 
chapter highlights EPA human health and drinking water research.

EPA StrAtEGIc GoAlS for “clEAn And SAfE WAtEr”

EPA updates and creates a strategic plan every five years. The current strategic 
plan encompasses the 5-year period from 2006 to 2011. EPA’s strategic goals for 
“clean and safe water” have evolved from focusing on contaminants in water to 
protecting source water and water infrastructure. Objectives include protecting 
human health, protecting water quality, and enhancing science and research. EPA’s 
first objective protects human health by reducing exposure to contaminants in 
drinking water (including protecting source waters), fish and shellfish, and recrea-
tional areas. The second objective protects the quality of rivers, lakes, and streams 
on a watershed basis and protects coastal and ocean waters. The third objective 
enhances science and research by conducting leading-edge, sound scientific stud-
ies to support the protection of human health through the reduction of human 
exposure to contaminants in drinking water, fish and shellfish, and recreational 
waters and to support the protection of aquatic ecosystems, specifically the quality 
of rivers, lakes, and streams, and coastal and ocean waters (USEPA, 2006a).

The strategic plan targets the improvement of drinking water quality in 
community water systems (CWSs) serving 6% of the U.S. population (2002) 
that do not meet all applicable health-based drinking water standards. EPA 
plans to accomplish these goals through effective treatment and source water 
protection and improvements in regulatory monitoring and reporting.

EPA’s Human Health Research Strategy improves the scientific foundation 
of human health risk assessment and enables evaluation of public health out-
comes from risk management decisions. This strategy develops a multidiscipli-
nary program with linkages among exposure, dose, effect, and risk assessment 
methods. Human health effect decisions are based on harmonizing risk assess-
ment approaches to predict aggregate and cumulative risk (exposure to mixture 
of pollutants from multiple sources) and to protect susceptible subpopulations 
(USEPA, 2003a). More information on implementation of this strategy is pro-
vided in the section on Human Health Research.

EPA’s National Risk Management Research Laboratory (NRMRL) com-
pleted a strategic plan (USEPA, 2006b) in September 2006 that focuses on the 
following research areas for clean and safe water:

l Integrated watershed management
l Water quality restoration and protection
l Nutrient trading
l Source water protection
l Water infrastructure
l Regulated and unregulated drinking water contaminants
l Water distribution
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More details on these issues are provided in the section on Drinking Water 
Research.

Since the terrorist attacks of September 11, 2001, the United States has been 
faced with potential threats to its water systems including drinking water dis-
tribution systems. In September 2002, the EPA prepared a Strategic Plan for 
Homeland Security (USEPA, 2002a). The goals include four key areas:

1.  Critical infrastructure protection
2.  Preparedness, response, and recovery
3.  Communication and information
4.  Protection of EPA personnel and infrastructure

EPA’s strategic plan also lists emerging issues that can affect EPA goals 
for clean and safe water, decaying water infrastructure and population growth, 
water scarcity, nanotechnology, remote sensing technologies, climate change, 
pharmaceuticals in wastewater, and renewable energy (USEPA, 2006a).

drInkInG WAtEr rEGulAtIonS

History

EPA was created in 1970 to protect human health and the environment (air, 
water, and land). A variety of Federal research, monitoring, standard-setting, 
and enforcement activities were consolidated to form the U.S. EPA. For more 
than 35 years, EPA has been working to improve water quality and ensure pure 
drinking water for the American people.

After the creation of EPA, two major regulations were enacted that have 
had a great impact on drinking water in the United States. The Clean Water 
Act (CWA) of 1972 prohibits releases of toxic amounts of pollutants into U.S. 
waters and provides protection and propagation for fish, shellfish, and wildlife 
and recreation in and on the water. The Safe Drinking Water Act (SDWA) of 
1974 protects public health by regulating the nation’s drinking water supplies. 
Figure 1 provides a timeline of drinking water acts and rules created after the 
enactment of the CWA and SDWA.

the rule-making Process

A description of the rule-making process provides insight into why EPA regula-
tions are necessary and how they lead to the protection of human health and the 
environment. The rule-making process requires EPA to follow these nine steps:

1.  Identify potential contaminants

EPA identifies a potential contaminant that adversely affects public health 
and occurs with a frequency at levels that pose a threat. It then monitors certain 
water systems for the presence of the contaminant.
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2.  Perform a cost–benefit analysis

EPA performs a cost–benefit analysis to determine the economic impact 
of regulating the contaminant based on its occurrence and the costs associated 
with applicable treatment technologies and analytical methods.

3.  Obtain input from interested parties

EPA obtains input from interested parties on all aspects and repercussions 
of regulating the contaminant.

4.  Determine a maximum contaminant level goal

EPA determines a maximum contaminant level goal (MCLG) that reflects 
no known or expected health risk associated with the contaminant and allows 
for a margin of safety. The MCLG is based on risk to the most sensitive peo-
ple (infants, children, pregnant women, elderly, and immunocompromised indi-
viduals). The MCLG is often a nonenforceable level set at levels that cannot be 
met with best available technologies (BATs).

Bioterrorism Act
Public Health Security and Bioterrorism Preparedness and Response Act of 2002 

enacted Jun 12, 2002 (PL 107–188)

ACCNSCM 
Arsenic and Clarifications to Compliance and New Source Contaminant Monitoring 

promulgated Jan 22, 2001

Public Notification Rule
promulgated May 4, 2000

SDWA
Safe Drinking Water Act, enacted 1974

‘74 ‘75 ‘76 ‘77 ‘78 ‘79 ‘80 ‘81 ‘82 ‘83 ‘84 ‘85 ‘86 ‘88 ‘89 ‘90 ‘91 ‘92 ‘93 ‘94 ‘95 ‘96 ‘97 ‘98 ‘99 ‘00 ‘01 ‘02 ‘03 ‘04 ‘05 ‘06 ‘07 ‘08 ‘09‘87

Phase I Rule
promulgated July 8, 1987
TTHMR 
Total Trihalomethane Rule
promulgated Nov 29, 1979

TCR 
Total Coliform Rule
promulgated Jun 29, 1989

SWTR 
Surface Water Treatment Rule 
promulgated Jun 29, 1989

Phase V Rule 
promulgated Jul 17, 1992

DBPR1 
Stage 1 Disinfection By-Product Rule 

promulgated Dec 16, 1998

IESWTR 
Interim Enhanced Surface Water Treatment Rule

promulgated Dec 16, 1998

96SDWAA 
Safe Drinking Water Act Amendments of 1996

enacted Aug 6, 1996

86SDWAA 
Safe Drinking Water Act

Amendments of 1986
enacted Jun 16, 1986

ICR 
Information Collection Rule

promulgated May 14, 1996; effective Jun 18, 1996

LCR 
Lead and Copper Rule
promulgated Jun 7, 1991

NIPDWR
National Interim Primary Drinking Water Regulations
enacted between 1975 and 1976

Phase II and IIB Rule 
promulgated Jan 30 and Jul 1, 1991

Consumer Confidence Rule 
promulgated Aug 19, 1998

LT2ESWTR
Long-Term 2 Enhanced Surface Water Treatment Rule 

promulgated Jan 6, 2006

LT1ESWTR
Long-Term 1 Enhanced Surface Water Treatment Rule 

promulgated Jan 14, 2002

RDWR
Radon in

Drinking Water Rule
scheduled for
promulgation

GWR 
Ground Water Rule 

promulgated Nov 8, 2006

DBPR2 
Stage 2 Disinfection 

By-Product Rule 
promulgated Jan 4, 2006

fIGurE 1  Timeline of federal drinking water acts and rules (USEPA, 2005b).
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5.  Specify a maximum contaminant level

EPA specifies a maximum contaminant level (MCL) or an enforceable 
standard. The MCL is the maximum permissible level of the contaminant deliv-
ered to the consumer from a public water system (PWS).

6.  Set a required treatment technique

EPA sets a required treatment technique that specifies a way to treat water to 
remove the contaminant in the absence of an economically or technically fea-
sible treatment technology, or when there is no reliable or economic method to 
detect contaminants at very low levels. For instance, the Surface Water Treatment 
Rule (SWTR) specifies filtration and disinfection as a treatment technique.

7.  Provide grants to implement individual state drinking water programs

States are authorized to grant variances from standards for a PWS serving up 
to 3,300 people. However, the PWS must install EPA-approved variance tech-
nologies. EPA can approve variances to systems serving 3,301 to 10,000 people. 
However, no variances are allowed for microbial contaminants and all variances 
must ensure no unreasonable risk to public health. Exemptions may be granted 
to allow extra time to seek compliance options or financial assistance. However, 
exempt water systems must comply after the exemption period expires.

EPA provides grants to implement state drinking water programs. The 
Drinking Water State Revolving Fund (DWSRF) serves as a financial mecha-
nism to assist communities with implementation of regulatory standards. The 
DWSRF provides capital for infrastructure and management improvements, 
source water assessment and protection, and training. The DWSRF provides 
assistance to drinking water systems including financial assistance for purchase 
of alternative low-cost water treatment systems protective of public health.

8.  Enforce water system safety standards with state regulators

EPA and state primacy agencies enforce water system safety standards, issue 
administrative orders, take legal actions, and fine utilities that do not comply 
with regulations. These actions are designed to increase water system compli-
ance and water system operator certification.

9.  Require disclosure of public information

Finally, EPA requires disclosure of public information. Water suppliers must 
notify consumers quickly when there is a serious problem with water qual-
ity. Annual consumer confidence reports must be provided to water customers 
describing the source and quality of their tap water to document compliance with 
drinking water safety standards.

clean Water Act

The CWA eliminates releases of toxic amounts of pollutants into waters of the 
United States for protection and propagation of fish, shellfish, and wildlife, and 



chapter  |  7 Regulatory Considerations to Ensure Clean and Safe Drinking152
recreation in and on the water. The CWA reduces direct pollutant discharges 
into waterways, finances municipal wastewater treatment facilities, manages 
polluted runoff, and restores and maintains the integrity of the nation’s waters.

The CWA regulates water pollution from 56 industrial categories and 
enforces pretreatment requirements for industrial users contributing wastewater 
to publicly owned treatment works. Some of the major programs resulting from 
the CWA include the national pollutant discharge elimination system (NPDES) 
program, the total maximum daily load (TMDL) program, and the state water 
pollution control revolving fund.

Safe drinking Water Act

The SDWA protects public health by regulating the nation’s drinking water sup-
plies. The SDWA provides a framework for developing drinking water standards 
that include health-based goals for the implementation of technically achievable 
and enforceable standards. In cases where PWSs cannot comply with MCL 
standards, EPA allows the use of alternative treatment techniques. Enforceable 
requirements under the SDWA include the National Primary Drinking Water 
Regulations (USEPA, 2003b). These regulations apply to PWSs with at least 
15 connections or 25 persons at least 60 days per year. Ensuring water qual-
ity in private wells is typically the responsibility of the homeowner. However, 
some states do set standards for private wells. The National Secondary Drinking 
Water Regulations are nonenforceable guidelines for contaminants under the 
SDWA. These secondary contaminants may cause cosmetic (such as skin and 
tooth discoloration) or aesthetic effects (such as taste or odor). States may adopt 
and enforce these standards as state regulations.

contaminant candidate list

The SDWA Amendments of 1996 establishes a list of known or anticipated 
contaminants that occur in PWSs, which is known as the contaminant candi-
date list (CCL). The CCL is revisited periodically to prioritize contaminants for 
additional research and data gathering. The National Contaminant Occurrence 
Database assists EPA with the development of regulations for monitoring cer-
tain unregulated contaminants. With significant input from the scientific com-
munity and other interested parties, EPA determines whether or not a regulation 
for a CCL contaminant is appropriate based on projected adverse health effects, 
the extent of occurrence in drinking water, and whether the regulation of a CCL 
contaminant reduces risks to health.

drinking Water compliance Issues

Many rules have been written and are now being enforced since the enactment 
of the SDWA in 1974. Several of the regulations that directly impact water 
quality and purity are summarized in the following paragraphs.
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Arsenic Rule
The Arsenic Rule changed the arsenic MCL from 50 to 10 g/L. All CWSs and 
nontransient, noncommunity water systems (NTNCWSs) were required to reduce 
exposure to arsenic in drinking water by January 23, 2006. The Arsenic Rule is 
designed to improve public health by reducing the number of fatal and nonfatal 
bladder and lung cancers. The Arsenic Rule also requires monitoring of new sys-
tems and new drinking water sources and clarifies the procedures for determining 
compliance with MCLs for inorganic chemicals (IOCs), synthetic organic com-
pounds (SOCs), and volatile organic compounds (VOCs) (USEPA, 2001a).

Disinfectants/Disinfection By-product Rules
The Stage 1 and Stage 2 Disinfectants/Disinfection By-product (D/DBP) Rules 
reduce the total trihalomethane (TTHM) MCL to 0.080 mg/L and the haloace-
tic acids 5 (HAA5) MCL to 0.060 mg/L. The Stage 1 D/DBP Rule established 
an MCL of 0.010 mg/L for bromate for plants that use ozone and an MCL of 
1.0 mg/L for chlorite for plants that use chlorine dioxide. The Stage 1 D/DBP 
Rule also regulates maximum residual disinfectant levels (MRDLs) for chlorine 
and chloramine (4.0 mg/L) and chlorine dioxide (0.8 mg/L). Surface water and 
groundwater systems under the direct influence of surface water were required 
to comply with the Stage 1 D/DBP Rule by January 1, 2004.

The Stage 2 D/DBP Rule reduces the potential risk of adverse health effects 
by monitoring for DBPs throughout the distribution systems. The rule applies 
to CWSs and NTNCWSs that either add a primary or residual disinfectant 
other than ultraviolet (UV) light or deliver water that has been treated with a 
primary or residual disinfectant other than UV light. Owners must begin com-
plying with the rule requirement to determine compliance with the operational 
evaluation levels for TTHMs and HAA5s between January 2013 and July 2014 
depending on the population served by their system (USEPA, 2001b).

Groundwater Rule
The Groundwater Rule (GWR) specifies the appropriate use of disinfection in 
groundwater systems. The GWR reduces the risk of exposure to fecal contami-
nation in groundwater sources used by PWSs. The GWR is expected to reduce 
the average number of viral illnesses by 23%. The GWR requires periodic 
sanitary surveys; source water monitoring for Escherichia coli (E. coli), entero-
cocci, or coliphage; corrective actions for any system with significant deficien-
cies or source water fecal contamination; and compliance monitoring to ensure 
that the treatment technology reliably achieves 99.99% (4-log) inactivation 
or removal of viruses. The GWR was promulgated in October 2006 (USEPA,  
2006c).

Lead and Copper Rule
The Lead and Copper Rule (LCR) establishes action levels of 0.015 mg/L for 
lead and 1.3 mg/L for copper based on 90th percentile level of tap water samples.  
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The LCR is designed to reduce damage to brain, red blood cells, and kidneys 
caused by exposure to lead and to reduce stomach and intestinal distress, liver 
or kidney damage, and complications of Wilson’s disease caused by exposure 
to copper. EPA estimates that approximately 20% of human exposure to lead is 
linked to drinking water. If action levels are exceeded, other requirements may 
be triggered including water quality parameter monitoring, corrosion control 
treatment, source water monitoring/treatment, public education, and lead serv-
ice line replacement. All CWSs and NTNCWSs are required to comply with 
the LCR (USEPA, 2004a).

Surface Water Treatment Rules
The Long-Term 1 (LT1ESWTR) and Long-Term 2 (LT2ESWTR) Enhanced 
Surface Water Treatment Rules strengthen filtration requirements and pro-
vide protection against disinfection-resistant microbial pathogens such as 
Cryptosporidium in drinking water. The LT1ESWTR requires a minimum 2-log 
removal (99%) of Cryptosporidium for PWSs serving less than 10,000 people 
using surface water or groundwater under the influence of surface water. It also 
establishes individual filter turbidity monitoring to minimize poor performance.

The LT2ESWTR controls microbial contaminants by targeting systems with 
elevated Cryptosporidium risk. Systems must monitor their source water and 
calculate an average Cryptosporidium concentration to determine if their system 
requires additional treatment. The LT2ESWTR sets log removal or inactivation 
requirements for Cryptosporidium based on the treatment technologies employed 
by the PWS. Owners must install and operate additional treatment technolo-
gies based on the removal capabilities of their existing system and their average 
Cryptosporidium concentration between March 31, 2012, and September 30, 
2014, depending on the population served by their system (USEPA, 2006d).

Radionuclides Rule
EPA has updated its standards for radionuclides in drinking water. The 
Radionuclides Rule retains existing MCLs for beta–photon emitters (4 mrem/
year), gross alpha particles (15 pCi/L), and combined radium 226/228 (5 pCi/L) 
and reduces radioactive exposure by establishing an MCL for uranium of 30 g/L.  
The Radionuclides Rule is designed to improve public health by reducing toxic 
kidney effects and the risk of cancer. All PWSs must have completed initial 
monitoring for regulated radionuclides excluding the beta particle and photon 
emitters by December 31, 2007 (USEPA, 2001c).

Total Coliform Rule
The Total Coliform Rule (TCR) controls total coliform bacteria including 
fecal coliforms and E. coli in all PWSs. The TCR minimizes fecal pathogens 
in drinking water by establishing an MCL based on the presence or absence 
of total coliforms. The TCR reduces the risk of illness from disease causing 
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organisms associated with animal waste or sewage by testing for fecal colif-
orms or E. coli. It requires collection of samples at sites that are representa-
tive of water quality throughout the distribution system. It provides a schedule 
for routine monitoring frequencies based on the population served by the PWS 
and requires sanitary surveys for systems collecting less than five samples per 
month (USEPA, 2001d).

HumAn HEAltH rESEArcH

Human health research drives human health risk assessment by provid-
ing methods, models, tools, and data that enable evaluation and protection of  
public health. EPA focuses on problem-driven health risk issues made  
public while managing source water and drinking water systems throughout the 
United States.

EPA establishes human health criterion for pollutants in water by deter-
mining the highest concentration that is not expected to pose a significant risk 
to human health. EPA evaluates the potential hazard of a pollutant to human 
health using toxicological studies based on scientifically sound test designs, 
exposure conditions, and measured endpoints.

EPA’s Office of Water provides information to the public on health effects 
of specific chemicals in drinking water through Criteria and Health Advisory 
(HA) documents. Criteria documents provide a comprehensive summary of 
toxicological and exposure data for the regulation of a specific contaminant. 
HA documents provide information on health effects of drinking water con-
taminants that are not regulated and are likely to be without adverse effects on 
health and aesthetics. In addition, the HA summarizes information on available 
analytical methods and treatment techniques for the contaminant. HA docu-
ments for contaminants are subject to change as more research information 
becomes available (USEPA, 2001e). More information on specific contami-
nants is available at the EPA’s Water Science home page (USEPA, 2006e).

toxicokinetics

EPA published Health Effects Test Guidelines (1996) designed to minimize 
variations in toxicokinetic testing procedures (USEPA, 1996). Toxicokinetic 
tests determine the bioavailability of pollutants (test substances) after dermal 
or oral treatment, ascertain whether the metabolites of the pollutant are simi-
lar after dermal and oral administration, and examine the effects of a multiple-
dosing regimen on the metabolism of the pollutant after oral administration. 
Absorption toxicokinetics refers to the rate and extent of absorption of the pol-
lutant, metabolism, and excretion rates of the test substance after absorption. 
The tests document the distribution of toxicokinetic effects in the body and if 
there are signs of bioaccumulation.
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Health Effects data

Human Studies
Human exposure studies provide valuable health effects data on specific con-
taminants. Data on human health effects of a pollutant are found in available 
literature on epidemiology studies and case reports. Short-term exposure data 
and human symptoms are found in records on accidental exposure to toxic pol-
lutants. Long-term exposure data are derived from exposure to workers dur-
ing the production or long-term use of a chemical. Human reproductive and 
development effects are obtained from studies of neighborhoods in close prox-
imity to contaminated groundwater. Data on carcinogenicity can be uncovered 
by searching hospital records and cancer registration files. However, exposure–
dose information is often hard to document in these cases (USEPA, 2004b).

Animal Studies
Contaminants are evaluated in short-term and long-term exposure studies with 
mammals (rats, mice, guinea pigs, rabbits, and dogs). Studies on health effects 
in several species of animals assess the acute, chronic, and subchronic toxicity of 
chemicals. Acute studies are conducted by introducing a chemical via mouth (oral) 
or skin (dermal), or by injection into blood veins, muscles, or abdominal cavity 
(intraperitoneal). Studies on the acute effects of a chemical on lungs (inhalation), 
eyes (ocular toxicity), and the nervous system (neurotoxicity) are also common.

Subchronic and chronic toxicity and oncogenicity studies provide data 
defining the toxicity and carcinogenic potential of a contaminant. Single- and 
multigenerational studies assess the potential effects on reproductive and devel-
opmental indices. Genetic toxicology studies determine whether or not a chem-
ical induces chromosomal aberrations or DNA damage and repair. Chronic 
studies determine if a chemical affects mortality, food consumption, food effi-
ciency, hematology, clinical chemistry, or urinalysis parameters. In cancer stud-
ies, animals are treated with various dose levels of a contaminant to determine 
treatment-related increases in tumor incidence (USEPA, 2004b).

Quantification of toxicological Effects

HA documents provide guidance values based on noncancer health effects for 
1-day, 10-day, longer-term (up to 7 years), and lifetime exposures. However, 
lifetime exposure values are not recommended for known or probable human 
carcinogens (USEPA, 2001e).

Evaluation of carcinogenic Potential

Determination of the carcinogenic potential of a contaminant focuses on epi-
demiological studies on humans and animals found in available literature. In 
March 2005, EPA issued “Final Guidelines for Carcinogen Risk Assessment” 
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(USEPA, 2005a) that uses a narrative approach to describe the potential of a 
contaminant to cause cancer in humans using weight of evidence descriptors:

l Carcinogenic to humans (H)
l Likely to be carcinogenic to humans (L)
l Likely to be carcinogenic above a specified dose but not likely to be carci-

nogenic below that dose because a key event in tumor formation does not 
occur below that dose (L/N)

l Suggestive evidence of carcinogenic potential (S)
l Inadequate information to assess carcinogenic potential (I)
l Not likely to be carcinogenic to humans (N)

Information on human health guidelines for risk assessment other than can-
cer (neurotoxicity, reproductive toxicity, exposure assessment, developmental 
toxicity, mutagenicity, and chemical mixtures) is available at EPA’s National 
Center for Environmental Assessment (NCEA) Web site. NCEA has pre-
pared and maintains the Integrated Risk Information System (IRIS) that can 
be reached from the IRIS home page (USEPA, 2005a). IRIS is an electronic 
database that provides descriptive and quantitative information on both cancer 
and noncancer human health effects that may result from exposure to various 
contaminants in the environment.

risk Assessment

Risk assessment combines estimates of environmental exposure with known 
adverse effects of exposure to determine an overall estimate of the potential 
public health risk.

Risk assessment provides a process of determining how best to protect pub-
lic health (e.g., determine allowable levels of contamination in drinking water). 
The risk assessment process follows four basic steps:

1.  Hazard identification
2.  Dose–response assessment
3.  Exposure assessment including sensitive populations
4.  Risk characterization

In hazard identification, available toxicokinetic and health effects data are 
examined to identify health problems associated with a contaminant. Exposure 
studies are reviewed to determine the amount and length of contaminant expo-
sure that will cause harm (CA EPA, 2001). Human and animal studies are eval-
uated to determine the likelihood that the toxic effects of a contaminant will 
cause health injury or disease in humans.

In dose–response assessment, hazards are evaluated to determine the 
amount of contaminant required to cause varying degrees of toxic injury or 
disease. Dose–response relationships vary with the conditions of exposure and 
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the concentration of the contaminant. Quantification of dose–response relation-
ships of toxic contaminants is critical to estimating risk to human health.

In exposure assessment, scientists consider the nature and size of the 
exposed population to determine the amount, duration, and pattern of exposure 
to a contaminant. Humans may be exposed differently to contaminant doses 
because of differences in human behavior, physiology, and metabolism that 
are accounted for when estimating actual human exposure. The evaluation may 
examine past, present, and future exposures to a wide range of contaminant con-
centrations in the general population as well as sensitive populations (infants, 
children, pregnant women, elderly, and immunocompromised individuals).

Risk characterization estimates the risk of health effects in an exposed pop-
ulation by describing risks to humans in terms of the extent and severity of 
probable harm. By weighing the uncertainty and scientific judgments proposed 
in the first three steps, scientists determine the likelihood that individuals or 
populations will experience any toxic health effects associated with a contami-
nant. The risk assessment process is designed to come up with the most accu-
rate estimate of risk to human health possible.

A staff paper entitled “An Examination of EPA Risk Assessment Principles 
and Practices” describes how risk assessment is conducted at EPA (USEPA, 
2004c). EPA continues to focus on particular risk assessment issues in discus-
sions with EPA’s Science Advisory Board, consultative groups, professional 
societies, states, nongovernmental organizations, tribal groups, and other inter-
ested parties. More emphasis is being placed on cumulative risk assessment to 
evaluate and estimate the potential human risks associated with multichemical 
and multipathway exposures to contaminants (FR, 2002).

drInkInG WAtEr rESEArcH

EPA’s National Risk Management Research Laboratory (NRMRL) is respon-
sible for managing drinking water research within the Water Supply and Water 
Resources Division (WSWRD) located in Cincinnati, Ohio, and Edison, New 
Jersey. Drinking water research within WSWRD serves several purposes:

l Provides relevant risk management research for the control of contaminants 
in drinking water that pose a threat to human health

l Develops approaches and tools for characterization and restoration of 
impaired water bodies primarily in urban areas

l Supports EPA rule-making and policy development for clean and safe water 
(USEPA, 2006a)

l Lends technical support to the water industry in the United States and 
around the globe on issues related to waterborne disease and water quality

l Works cooperatively with governmental and nongovernmental organiza-
tions to respond to waterborne disease outbreaks
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l Protects PWSs from intentional hazards
l Delivers research product results to public water utilities and their 

consumers
l Collaborates on multidisciplinary inter/intraagency research projects in sup-

port of the design, development, testing, and evaluation of environmental 
protection technologies

EPA collaborates with multidisciplinary research strategy groups comprised 
of a wide variety of governmental and nongovernmental constituents to assist 
with the planning and implementation of drinking water research. Drinking 
water research results strengthen risk assessment resulting in directed improve-
ment of drinking water quality and human health.

risk management

To provide relevant risk management research, EPA utilizes the “Drinking 
Water Contaminant Management Framework” (Figure 2) to identify research 
needs. Analysis determines risk management options that can be incorporated 
to control a contaminant or suite of contaminants in drinking water that pose 
a threat to human health. EPA focuses on four broad research areas (USEPA, 
2005b) that include source water management, treatment, distribution systems 
(USEPA, 2003c), and residuals management.

Source Water management

Source water protection and management can be divided into four categories: 
water quality criteria, source water assessments, preventative measures to 
address sources of contamination, and contingency planning. EPA source water 
protection and management research focuses on urban watershed management 
and source water assessment and protection programs.

Treatment

Source 
management

Distribution
system

Schmelling and Gutierrez, 2002

Management 
strategies

Residuals
management

fIGurE 2  Drinking water contaminant management framework.
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Research Questions
A range of scientific issues exist within each of these categories. Some of the 
most important questions include (USEPA, 2003d):

l How adequately do the Ambient Water Quality Criteria that address the 
major drinking water contaminants protect public health?

l What improved techniques are needed to better define source water charac-
teristics and sources of contamination (e.g., natural, anthropogenic)?

l What are the fate and transport characteristics of certain types of contami-
nants in surface water and groundwater?

l How effective are candidate protection measures (i.e., best management 
practices [BMPs]) on improving the quality of the source water?

l Can contaminants be eliminated through pollution prevention or alterna-
tive approaches (e.g., isolation of zones in the subsurface, specific siting 
choices)?

l What are the impacts of sudden increases in source water contaminant con-
centrations on drinking water treatment performance?

l What early warning and monitoring systems should be developed to alert 
utility operators of contaminant incursions at the source so that corrective 
actions might be employed?

Urban Watershed Management
The CWA requires states to make a list of surface water bodies that are polluted 
and identify major causes of impairment such as fecal contamination, sedi-
ments, nutrients, toxics, and flow. States must also prioritize the water bodies 
on the list and develop TMDLs to improve the water quality.

Research studies on microbial source tracking (MST) assist in water quality 
evaluations and TMDL-related activities (USEPA, 2005c). MST has been used 
to help identify nonpoint sources responsible for fecal pollution in watersheds, 
and MST tools are being applied in the development of TMDLs.

Research studies on the characterization and management of stormwater, 
combined sewer overflows (CSO), and sanitary sewer overflows (SSO) provide 
states with information on which to base development of TMDL’s and restora-
tion actions. Urban watershed management research is transitioning from CSO/
SSO treatment technology to urban/urban fringe watershed management and 
will eventually incorporate urban watersheds in mixed-use watersheds.

Research studies on the design and effectiveness of urban BMPs allow 
states to evaluate and recommend solutions on structural BMP placement and 
effectiveness and integration of nonstructural BMPs. These studies are looking 
at what BMPs to deploy, how many are required, and where they are needed to 
determine how these decisions will impact water quality.

Developing models of urban watershed management practices (e.g., wet 
weather flow models) provide regulators with intelligent decision-making tools. 
The outputs from these models determine the effect of watershed management 
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actions on water quality. The outcome from implementation of these research 
study findings will improve water quality in urban and mixed-use watersheds.

Source Water Assessment and Protection Programs
The 1996 Amendments to the SDWA (Section 1453) reinforces source water 
protection, requiring each state to develop and implement a source water assess-
ment program (SWAP). A source water assessment delineates the land area that 
most directly contributes raw water to the drinking water supply and assesses 
potential sources of contamination. The information gathered is used to deter-
mine how susceptible the PWS is to contamination threats. Water treatment 
costs are reduced by prioritizing ways to protect and minimize contamination 
of ground and surface water supplies. States and PWSs are required to make a 
summary of assessment results available to the public.

Once a SWAP is completed, the results are used to develop and implement 
a source water protection (SWP) program. Sanitary surveys are also performed 
to inspect all components of a PWS from source to tap. “State Source Water 
Assessment and Protection Programs Guidance” (USEPA, 1997) provides 
implementation guidance for state SWAP and SWP programs.

treatment technologies

Drinking water research at EPA focuses on a wide variety of treatment technol-
ogies that safely and economically treat drinking water. Research studies test 
and evaluate filtration and disinfection technologies for the removal of proto-
zoa, bacteria, and viruses for compliance with the SDWA and subsequent regu-
lations (e.g., LT2ESWTR, Stage 2 D/DBP Rule).

Research Questions
Can existing processes be modified to meet new treatment goals?
How can research address treatment of multiple contaminants?
What emerging and innovative technologies need to be developed?
What are the costs associated with water treatment processes?
Should research focus on low-cost treatment technologies rather than  

“cutting-edge” technologies, which tend to be more expensive?

Best Available Technologies
By definition, the MCL is set as close to MCLG as feasible using the best avail-
able treatment technology, treatment technique, or other means (e.g., evaluating 
treatment efficiency under field conditions) by taking cost into consideration.

State primacy agencies are responsible for applying BATs to comply 
with EPA’s primary drinking water MCL standards. For instance, the director 
of Ohio EPA has identified BATs for the removal of organic, inorganic, and 
microbial contaminants from drinking water under Chapter 3745-81 of the 
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Ohio Administrative Code. Chapter 3745-81 constitutes the primary drinking 
water rules for Ohio PWSs (OH EPA, 2008).

Using Ohio as an example, BATs for primary drinking water MCLs vary by 
inorganic contaminant and encompass 15 filtration, corrosion control, adsorp-
tion, ion exchange (IX), and disinfection technologies. The MCLs apply to all 
community and nontransient noncommunity PWSs. BATs for organic contami-
nant MCLs also vary, but rely on the removal capabilities of granular activated 
carbon and packed tower aeration technologies. For microbial contaminants, 
the BAT for achieving compliance with the MCL for total coliforms is based 
on development and implementation of source water assessment and protection 
programs, disinfection for groundwater systems, filtration and disinfection for 
surface water systems, maintenance of a disinfectant residual, and proper main-
tenance of water distribution systems (USEPA, 2002b). The BATs for contami-
nants evolve through research and development of treatment technologies and as 
emerging and innovative treatment technologies become commercially available.

Conventional Treatment
The primary goal of conventional filtration is to remove particulates from drink-
ing water. Conventional treatment is typically used in municipal treatment plants 
and consists of the addition of coagulant chemicals, flash mixing, coagulation–
flocculation, sedimentation, and filtration. After conventional treatment, drink-
ing water is disinfected prior to the water distribution system. A majority of 
the drinking water in the United States follows this treatment regimen. Direct 
filtration includes coagulation and filtration without sedimentation. Advances 
in membrane filtration technology and the disinfection by-product regulations 
are altering the traditional treatment processes that make up conventional treat-
ment, but the treatment concepts remain the same.

Alternative Treatment Technologies
Many of the PWSs cannot afford the infrastructure and costs associated with 
conventional treatment. Alternative treatment technologies can serve as viable 
options to produce safe drinking water and provide protection to surface water 
and groundwater supplies. With limited budgets and without the resources 
required to deal with complex equipment or everchanging regulatory require-
ments, factory built, skid mounted, remotely controlled treatment plants become 
potential alternatives. Pre-engineered package plants offer low construction and 
operating costs, simple operation, low maintenance, and adaptability to part-time 
operation. Package plants can be purchased and retrofitted as pretreatment, treat-
ment, and post-treatment processes.

Treatability of Water Supplies
Surface water is typically more difficult to purify than groundwater. The abil-
ity to treat surface water varies with its type (spring water, snowmelt, glacial 
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water, lake water, river water), the time of year (seasonal, temperature effects), 
and many other factors that impact water quality characteristics. Groundwater is 
typically considered clean because of natural filtration underground or may be 
relatively clean when it is under the influence of surface water. However, nat-
urally occurring inorganic contaminants and runoff containing animal wastes 
can negatively impact the water quality characteristics of both groundwater and 
surface water.

Types of Treatment Processes and Removal Capabilities
Many drinking water treatment technologies are designed and built to be con-
taminant specific for the removal of a recalcitrant compound such as arsenic or 
perchlorate. To simplify this discussion, treatment technologies are categorized 
as physical (filtration), biological (disinfection), and chemical (sorption).

Physical Treatment (Filtration)
With technological advances in membrane materials and cleaning processes, 
membranes are capable of producing drinking water with higher purity at higher 
flux rates and lower pressures than they were in the past. Research on reverse 
osmosis, nano-, ultra-, and microfiltration units continues to focus on membrane 
integrity and bacteria and virus removal capability. Rapid sand, radial flow 
garnet, and multimedia filters provide pretreatment options for particulate and 
turbidity removal. Low-cost filtration alternatives include disposable bag and car-
tridge microfilters for use in small communities. Reductions in filter pore size to 
0.01 m have made ceramic filters effective for the removal of virus-sized parti-
cles without the addition of chemicals.

Biological Treatment (Disinfection)
Disinfection is the process used to purify water by destroying or inactivating 
microbial pathogens. Many forms of chlorine are used as drinking water disin-
fectants in the United States. Some treatment plants are using ozone, ultravio-
let irradiation, and other disinfectants followed by the addition of chlorine as a 
disinfectant residual. The effectiveness of the disinfectants in killing microor-
ganisms (i.e., biocidal efficiency) varies with the type of microorganism and the 
water quality conditions (such as pH).

Chlorine and Disinfection By-products

The chlorine dosage and free residual chlorine are critical performance parame-
ters.The optimum amount of disinfecting agent is required to achieve appropriate 
disinfection and minimize DBP formation. The MCL for total trihalomethanes 
is 0.080 ppb and for haloacetic acids it is 0.060 ppb. In some cases, this might 
result in a change to an alternative preoxidant or disinfectant, use of membranes, 
or elimination of the use of free chlorine (Pollack et al., 1999).
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On-Site Chlorine Generators

On-site chlorine generators remove the transport and operating hazards associ-
ated with chlorine gas or liquid (sodium hypochlorite or calcium hypochlorite) 
systems. Salt is used to produce sodium hypochlorous acid for the disinfection 
of microorganisms in drinking water. EPA conducts studies that evaluate on-
site brine-based chlorine generators and compares them to each other and to 
liquid bleach. Brine concentration levels are critical for proper operation. The 
accumulation of salt residue requires maintenance of system tanks and piping.

Ozonation and Disinfection By-products

Ozone is an extremely effective oxidizing agent. However, it dissipates quickly 
in drinking water leaving treated water unprotected in the distribution system. 
Some form of chlorine is typically added after ozone treatment to provide a 
disinfectant residual. Ozone also reacts with bromide (if present in the source 
water), leading to the formation of carcinogenic DBPs that include bromate, 
bromoform, and dibromoacetic acid.

UV Irradiation

The germicidal effects of UV light are well known. The use of UV disinfection 
has increased dramatically following research on inactivation of Cryptosporidium. 
UV disinfection processes do not use chemicals but are most effective in waters 
with low turbidity and color. Some form of chlorine is typically added after UV 
disinfection to provide a disinfectant residual and protect against viruses (high 
UV doses are needed to kill viruses).

Advanced Oxidation Process for Organic Removal

EPA continues to evaluate advanced oxidation processes for the reduction of 
organics from drinking water. Several combinations of oxidants (UV, ozone, 
hydrogen peroxide) have been studied for the destruction of Methyl Tertiary 
Butyl Ether (MTBE) in groundwater. The combination of UV and ozone oxi-
dizes the MTBE instantaneously. Several by-products are generated as a result 
of MTBE treatment, including tertiary butyl formate, butane, methyl acetate, 
acetone, and acetaldehyde (Graham et al., 2004).

Sorption Technologies (Chemical Treatment)
Sorption is the common term used for both absorption and adsorption. 
Absorption is the process of integration of one substance into another substance. 
Adsorption is the process of physical adherence or bonding of one substance to 
the surface of another substance. Sorption mechanisms are generally categorized 
as physical adsorption, chemisorption, or electrostatic adsorption. Common 
sorption technologies include ion exchange (IX), activated alumina (AA), iron-
based media, and granular activated carbon (GAC) (USEPA, 2000).
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Ion Exchange

The IX is a physical/chemical process in which ions held electrostatically on the 
surface of a solid phase are exchanged for ions of similar charge in a solution 
(i.e., drinking water). The solid is typically a synthetic IX resin, which is used to 
preferentially remove particular contaminants of concern. IX is commonly used 
in drinking water treatment for softening (i.e., removal of calcium, magnesium, 
and other cations in exchange of sodium), as well as removing nitrate, arsenate, 
chromate, and selenate from municipal water. Because of its higher treatment 
cost compared to conventional treatment technologies, IX application is limited.

Activated Alumina

The AA adsorption is a physical/chemical process by which ions in solution are 
removed by the available adsorption sites on an oxide surface. AA is porous and 
highly adsorptive. It filters various contaminants including fluoride, arsenic, and 
selenium. The alumina can be regenerated. When all available adsorption sites 
are occupied, the AA media is typically regenerated with a strong base such as 
sodium hydroxide. Competition for adsorption sites by other ions such as phos-
phate, silicate, sulfate and fluoride may limit the use of AA.

Powdered Activated Carbon/Granular Activated Carbon

Activated carbon is produced by exposing carbon to very high temperatures 
increasing the surface area of internal pores. Powdered activated carbon (PAC) 
and GAC remove organic contaminants through adsorption, primarily a physi-
cal process in which dissolved contaminants adhere to the porous surface of the 
carbon particles. PAC is good for taste and odor control and is added directly 
to raw water and removed by settling in sedimentation basins. After saturation, 
activated carbon is typically regenerated for reuse (NDWC, 1997).

Lime Softening

Lime softening is suitable for treating groundwater. Either hydrated lime 
(Ca(OH)2) or quicklime (CaO) may be used in the softening process. Hydrated 
lime is generally used more in smaller plants because it stores better and does 
not require slaking (producing a chemical change in lime by combining it with 
water) equipment. On the contrary, quicklime costs less per ton of available cal-
cium oxide and is thus more economical for use in large plants. Softened water 
has high causticity and scale-formation potential. Recarbonation with carbon 
dioxide is employed to reduce pH and mitigate scaling of downstream processes 
and pipelines (NDWC, 1998b).

Point-of-Use/Point-of-Entry Applications
As a final barrier before consumption, properly designed and operated point-of-use 
(POU)/point-of-entry (POE) treatment systems are capable of providing clean and 
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safe drinking water at the consumer’s tap. Since the tragic events of September 11, 
2001, POU/POE treatment devices have gained importance for protection against 
intentional or accidental contamination of drinking water distribution systems.

EPA is testing and evaluating the capabilities of a wide variety of devices 
incorporating adsorption, filtration, and disinfection technologies. POU/POE 
research studies are being conducted on reverse osmosis, nano-, ultra-, and 
microfiltration units for the removal of particulates and parasitic cysts (Giardia 
and Cryptosporidium), adsorptive media cartridges for the removal of IOCs 
such as arsenic, and brominated and chlorinated resins for the disinfection of 
microbial pathogens.

Water Reuse
Water supplies from conventional surface water and groundwater resources are 
struggling to meet future drinking water demands. Increases in population, water 
usage, droughts, and water shortages are causing many communities in arid and 
semi-arid locations in the United States to turn to water reuse as a water supply 
alternative. There are numerous opportunities for water reuse applications includ-
ing urban, industrial, agricultural, environmental and recreational reuse, ground-
water recharge, and augmentation of potable supplies. More information on these 
applications is available in EPA’s Guidelines for Water Reuse (USEPA, 2004d).

Advances in water reuse technologies have improved treated water quality. 
Membrane bioreactors, biological nutrient removal processes, microfiltration, 
ozonation, and UV irradiation have enhanced removal and inactivation of micro-
bial pathogens. EPA is currently conducting studies on endocrine-disrupting  
compounds and pharmaceuticals and personal care products to identify new 
technologies for the treatment of recalcitrant compounds. The key to ensuring 
safe water from reuse applications is to set high standards of reliability at water 
reclamation plants. Many states have incorporated procedures and practices 
into their reuse rules and guidelines to enhance reliability.

Water reuse treatment technologies for small communities can be categorized 
as systems with chemical and physical agents, mechanical, aquatic, and terres-
trial treatment systems. Various types of chemical and physical agents (chlorine, 
ultraviolet irradiation, ozone, peroxide, and permanganate) have been used to 
oxidize wastewater. Mechanical treatment systems include oxidation ditches, 
extended aeration systems, sequencing batch reactors, trickling filters, and mem-
brane processes. Aquatic treatment systems include constructed wetlands, aqua-
cultural treatment systems, and sand filters. Terrestrial treatment systems use 
rapid infiltration and slow-rate overland flow/subsurface infiltration methods.

residuals management

Research Questions

l What quantities of waste residuals are being generated?
l What are the transport/disposal options?
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l Are there methods to eliminate/reduce the waste?
l Is the material mobile in the environment? Can we immobilize it?
l What can be done with radioactive waste residuals?
l What are the characteristics of waste produced from new treatment 

processes?
l What are the regulatory issues facing management of waste residuals in the 

future?

There are currently no regulations or standards from the EPA that specifi-
cally cover water treatment plant residuals. Depending on the residuals’ com-
position and the method of disposal, general regulations governing the disposal 
of solid and liquid wastes determine the fate of these materials.

Residuals’ transport, treatment, and disposal can be a significant cost to 
communities. Developing new techniques for the disposal of waste residuals, 
including on-site land application, can minimize transport and disposal costs.

Types of Waste Residuals
Liquid residuals from water treatment operations include brines, caustics, filter 
backwash, sedimentation basin wash water, and solutions used for recharging 
solid media (NDWC, 1998a). Solid residuals can include sludge, schmutzdecke 
(biological surface layer in slow sand filtration units), and spent treatment media. 
The majority of liquid waste residuals generated by PWSs are most likely dis-
posed of on-site (land application) or by sanitary sewer. Solid waste residuals are 
disposed of on-site (land application) or are transported for disposal in munici-
pal landfills. Radioactive residuals create disposal issues in some states. Some 
PWSs generate technologically enhanced naturally occurring radioactive materi-
als (TENORM). TENORM residuals are both solid and liquid and may contain 
nonexempt levels of radioactive material.

Liquid Residuals
A significant source of liquid residuals is filter backwash. In 2001, EPA pub-
lished the final version of the Filter Backwash Recycling Rule (FBRR). The 
primary goal of the FBRR is to minimize consumer’s exposure to microbial 
contaminants (e.g., Cryptosporidium) during cleaning and backwashing opera-
tions. The FBRR, implemented on June 8, 2004, requires backwash water, 
thickener supernatant, or dewatering liquids to be processed through PWS con-
ventional or direct filtration units or through an alternate recycle location as 
approved by the state and/or local agencies.

Liquid waste residuals may be disposed of by direct/indirect discharge, 
underground injection, and land disposal.

Direct Discharge of Liquids

PWSs opting to discharge liquid residuals such as filter backwash and sedi-
mentation basin wash water to U.S. waters must obtain a National Pollutant 
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Discharge Elimination System (NPDES) permit (40 CFR Section 122). Currently, 
EPA does not have technology-based effluent limits for water treatment plants. 
In this situation, discharge permits are usually based on best professional judg-
ment and water quality-based effluent limits. Individual states conduct discharge 
permitting.

TMDL rules apply to PWS liquid residuals. TMDL requirements are devel-
oped and approved for the receiving water body. If a TMDL is not developed, 
the PWS must certify that the treatment and control methods employed are 
most appropriate for the reduction of pollutants generated by the PWS.

Indirect Discharge of Liquids

PWSs also discharge liquid residuals to sanitary sewers (i.e., “down the drain”). 
Indirect discharge does not require an NPDES permit, but a pretreatment pro-
gram may have to be implemented by the operator. EPA has developed pre-
treatment guidance and regulations for industrial discharges to water treatment 
plants (see Effluent Guidelines cited in 40 CFR Section 403). Several states 
(e.g., Ohio) require that significant industrial users discharging to a Publicly 
Owned Treatment Works (POTW) obtain a permit for discharge.

Land Disposal of Liquids

Liquid residuals generated by PWSs that are reused through land application 
and are not classified as hazardous wastes are typically regulated by the state. 
Liquid residuals classified as hazardous wastes are subject to comprehensive 
generator, transport, storage, treatment, and land disposal restrictions defined 
in Resource Conservation and Recovery Act (RCRA) regulations. Some PWS 
liquid residuals are discharged to lagoons or evaporation ponds. In these cases, 
the SDWA and RCRA impose requirements for nonhazardous wastes to protect 
surface water and groundwater supplies.

Solid Residuals
PWS solid residuals (e.g., sludge, schmutzdecke, and spent treatment media) are 
classified as RCRA hazardous or nonhazardous wastes (40 CFR Sections 261.21 
to 261.24) based on their ignitability, corrosivity, reactivity, and/or toxicity. 
Toxicity is assessed by the toxicity characteristic leaching procedure (TCLP). If 
contaminant concentrations in the TCLP leachate are in excess of those listed in 
the Land Disposal Restrictions (RCRA 40 CFR 268.40), the solid waste residual is 
classified as hazardous and must be disposed in an RCRA Subtitle C class landfill. 
Transport and disposal costs are considerably higher for hazardous waste residuals 
than for nonhazardous waste residuals sent to municipal solid waste landfills.

Radioactive Residuals
Low-level radioactive waste (LLRW) landfills are an option for PWS residuals 
with radionuclide concentrations deemed to be unacceptable for disposal at a 
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solid or hazardous waste landfill. LLRW landfills are licensed by the Nuclear 
Regulatory Commission (NRC) or by a state under agreement with NRC, and 
guidelines for disposal of radioactive sludge and solids are more stringent than 
those in a solid waste landfill. More information is available in an EPA guid-
ance document entitled “A Regulators’ Guide to Management of Radioactive 
Residuals from Drinking Water Treatment Technologies” (USEPA, 2005d).

distribution System Integrity

Research Questions
l What is the fate of specific contaminants in the distribution system?
l What are appropriate methods for controlling the contaminant?
l Does control of this contaminant affect existing distribution system 

chemistry/microbiology?
l How do changes in water chemistry affect sorption/desorption of 

contaminants?
l What models need to be developed and maintained for water distribution 

systems?
l What are the interrelations between biofilms and contaminants?

EPA research indicates that there is a different level of risk associated with 
the various distribution system infrastructure components. The relative risk 
of pathogens entering a distribution system can be summarized as follows 
(USEPA, 2002b):

l High risk—treatment breakthrough, intrusion, cross-connections, main 
repair/break

l Medium risk—uncovered water storage facilities
l Low risk—new main installation, covered water storage facilities, growth 

and resuspension, purposeful contamination

Proper operation and maintenance (O&M) of distribution systems plays 
a key role in ensuring that safe drinking water is provided to the consumers. 
More information is available in an EPA document entitled “Water Distribution 
Systems Analysis: Field Studies, Modeling and Management, A Reference 
Guide for Utilities” (USEPA, 2005e). PWS operators need to adequately under-
stand and address the following three categorical issues facing the distribution 
system infrastructure components:

1.  Infrastructure issues (repair and rehabilitation)
2.  Operational issues (e.g., biofilm growth/disinfectant by-product formation, 

nitrification, and finished water aging)
3.  Contamination events (e.g., cross-connections, permeation/leaching, and 

intrusion/infiltration)
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Infrastructure Issues
The American Society of Civil Engineers (ASCE) rates the nation’s drinking 
water infrastructure at D (A through F scale). The report card states that the 
nation’s 54,000 drinking water systems face an annual shortfall of $11 billion 
needed to replace facilities that are nearing the end of their useful life and to 
comply with federal water regulations (ASCE, 2005). The American Water 
Works Association (AWWA) white paper “New or Repaired Water Mains” 
(USEPA, 2002c) indicates that the installation and/or repair of water mains 
provides a potential route for direct contamination of the distribution system. 
Contamination can occur before, during, or after construction/repair activities.

Operational Issues
PWS operators must operate their distribution system to minimize the deterio-
ration of water quality delivered to the consumer after it leaves the treatment 
plant. The water quality in the distribution systems can deteriorate substan-
tially because of excessive growth of biofilm, DBP formation, nitrification, and 
improper storage of finished water. PWSs must be aware of these issues and 
optimally operate their system to control both biofilms and DBPs, prevent nitri-
fication, and minimize detention times that result in excessive water age.

Corrosion, Scaling, and Metal Mobility
Inorganic contaminants such as lead, arsenic, antimony, and radium may exist in 
public water supplies in trace amounts at the entry points to the water distribution 
system. The accumulation and rerelease of these contaminants in concentrated 
amounts, which may not be detected by current monitoring practices, may result 
in elevated levels at our taps. Recent research has confirmed that corrosion depos-
its and scale on the inside of the distribution system piping and storage facili-
ties can serve as reservoirs where trace contaminants accumulate. Concentrated 
amounts of these contaminants can be rereleased into the water supply because 
of changes in water chemistry or mixing of waters at concentrations exceeding 
their MCL.

Contamination Events
Distribution systems are vulnerable to external contamination events such as 
cross-connections, permeation/leaching, and intrusions/infiltrations. They con-
tain locations where nonpotable water can be accidentally cross-connected to 
potable sources. These cross-connections can provide a pathway for backflow 
of nonpotable water into potable sources.

The infrastructure and appurtenances of distribution system, including pip-
ing, linings, fixtures, and solders, can react with the water supply as well as the 
external environment. Permeation of piping materials and nonmetallic joints 
and leaching (dissolution of metals, solids, and chemicals) can result in the 



Craig L. Patterson and Roy C. Haught 171
degradation of the distributed water. Leaching from cement linings can occur 
in soft, aggressive, poorly buffered waters (USEPA, 2002d).

Pressure surges in water distribution systems damage pipes, fittings, and 
valves, causing leaks and shortening the life of the system. Mitigation tech-
niques include the maintenance of an effective disinfectant residual throughout 
the distribution system, leak control, redesign of air relief venting, installation 
of hydropneumatic tanks, and more rigorous application of existing engineering 
standards. It was found that fecal indicators and culturable human viruses were 
present in the soil and water exterior to the distribution system pipes making it 
possible for these microorganisms to infiltrate/intrude into the distribution sys-
tem (LeChevallier et al., 2003).

Leak Detection
EPA leak detection studies provide valuable data on how to characterize a 
water system’s performance and condition. A pipeline test apparatus in Edison, 
New Jersey, has been used to evaluate leak detection and location devices and 
procedures.

Hydraulic and Water Quality Models
EPA develops hydraulic and water quality models to simulate conditions in 
water distribution systems. For instance, EPANET software models water dis-
tribution piping systems. EPANET performs extended-period simulation of 
the hydraulic and water quality behavior within pressurized pipe networks and 
assists in exposure assessment. Pipe networks consist of pipes, nodes (pipe junc-
tions), pumps, valves, and storage tanks or reservoirs. EPANET tracks the flow 
of water in each pipe, the pressure at each node, the height of the water in each 
tank, and the concentration of a chemical species throughout the network to 
simulate and trace chemical species, water age, and the source of contamination.

Water Quality monitoring Systems

Research Questions
l What is the current status of water quality monitor usage?
l What types of SCADA systems are most suitable to PWSs?
l What parameters are monitored and is there room for improvement?
l Is the monitoring system going to be used for security or water quality?
l What are the O&M issues for on-line monitoring systems?

SCADA Systems
Supervisory control and data acquisition (SCADA) systems consist of three key 
components: monitoring/control device(s) (e.g., a sensor/analyzer that meas-
ures and reports the desired parameter, a variable frequency drive pump whose 
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speed can be controlled remotely), data transmission equipment/media (e.g., 
phone, wire, and radio), and data collection and processing unit (typically a 
central computer that analyzes the reported parameter value and programmati-
cally decides what controls are warranted based on the reported value).

The application of SCADA to operate, monitor, and control water systems 
from a central location can reduce violations of MCLs as well as monitoring/
reporting violations. The expected results from an appropriately designed and 
successfully deployed SCADA system are as follows:

l Enhanced security and control
l Improved water quality
l Regulatory compliance
l Reduced overall maintenance costs

Constant remote monitoring of the water quality has the potential to pro-
vide cost savings in time and travel for O&M. It has been determined that 
remote telemetry can support regulatory reporting guidelines by providing real-
time continuous monitoring of the water quality and reporting the information 
electronically.

Long-term real-time remote monitoring provides data to significantly 
enhance treatment system operation and reduce system downtime. Real-time 
remote monitoring has the following advantages (Clark et al., 2004):

l Leads to improved customer satisfaction, improved consumer relations, and 
other health benefits

l Satisfies regulatory recordkeeping and reporting requirements
l Reduces labor costs (associated with time and travel) for small system 

operators
l Provides the capability to instantly alert operators of undesirable water 

quality and/or other changes in treatment system(s)
l Reduces downtime and increases repair efficiency through remote 

troubleshooting
l Identifies monitored parameter trends and adjust operating parameters 

accordingly
l Provides an attractive alternative to fixed sampling and O&M schedules

monitoring Equipment

In general, monitors can be categorized by the types of parameters (contami-
nants, agents, characteristics) that the monitor measures. For establishing water 
quality, monitors measure one or more parameters that represent physical, 
chemical, and/or biological characteristics of the system.

Physical Monitors
Physical monitors measure physical characteristics of the water such as flow, 
velocity, water level, pressure, and other intrinsic physical characteristics of 
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water. Examples of intrinsic physical characteristics include turbidity, color, 
conductivity, hardness, alkalinity, radioactivity, temperature, and oxidation–
reduction potential. In general, physical monitors tend to be relatively inexpen-
sive, quite durable, and readily available.

Chemical Monitors

Chemical monitors detect and measure inorganic or organic chemicals that may 
be present in the water. A specific technology or multiple technologies must be 
properly selected for a particular chemical or group of chemicals. Examples of 
chemical monitors include chlorine analyzer, nitrate sensor, total organic car-
bon (TOC) analyzer, and many others. Typically, the same general type of tech-
nology may be available for either automated online monitoring capability or 
manual grab sample analysis.

Biological Monitors

Biological monitors (biomonitors) include biosensors and biosentinels. 
Biosensors detect the presence of biological species of concern, such as some 
forms of algae or pathogens. The general operating principles of biosensors 
may include photometry, enzymatic, and/or some form of biochemical reaction. 
Biosentinels use biological organisms as sentinels to determine the likely pres-
ence of toxicity in a water sample. Most biosentinels operate by observing the 
behavior of selected organisms such as fish, mussels, daphnia, and algae. When 
the sentinel organism senses the presence of toxic contaminant(s), the organism 
reacts in some manner.

Data Transmission
Depending upon availability, cost, user preference, and the relative location of 
the sensors to the data acquisition system, the communication media for data 
transmission can be either wired (e.g., direct, phone line) or wireless (e.g., 
radio, cellular). Typically, direct wire and phone line (including cellular) com-
munication media are the most inexpensive.

Remote Monitoring and Control Systems
Most treatment systems/technologies can be equipped with sensors and operat-
ing devices that can be monitored from remote locations. Remote monitoring 
and control technology improves monitoring/reporting and reduces O&M costs.

Online remote monitoring devices are fairly complex devices that are 
designed to automatically measure, record, and display specific physical, chem-
ical, or biological parameters.

Contamination Warning Systems
EPA is developing monitoring systems that measure standard water quality param-
eters such as TOC, pH, turbidity, conductivity, chlorine, oxidation–reduction  
potential, and temperature. A database repository is being developed based on 
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bench-and-pilot-scale experiments that reveal how these traditional parameters, 
if monitored online, can serve as triggers for contamination events.

Homeland Security/Emergency response

Research Questions
l Are information sources adequate for PWSs?
l Can information dissemination be improved through collaboration with 

other governmental and nongovernmental organizations?
l Are emergency response procedures/protocol adequate?

Under Presidential Decision Directive (PDD) 63-Protecting America’s Critical 
Infrastructures, issued in May 1998, EPA was designated as the lead agency for 
the water supply sector. The Public Health Security and Bioterrorism Preparedness 
and Response Act (Bioterrorism Act), passed in June 2002 (P.L. 107–188), pro-
vided EPA the mandate to work in water security. Homeland Security Presidential 
Directives (HSPDs) guide the agency’s research and technical support activities to 
protect the nation’s water and wastewater as follows:

l HSPD-7—Critical Infrastructure Identification, Prioritization, and Protection
l HSPD-8—National Preparedness
l HSPD-9—Defense of United States Agriculture and Food
l HSPD-10—Biodefense for the 21st Century

EPA’s Office of Research and Development (ORD) officially established the 
National Homeland Security Research Center (NHSRC) in February 2003. To 
meet the responsibilities of their directives, EPA’s Office of Water established 
the Water Protection Task Force, which was formally organized as the Water 
Security Division (WSD) in August 2003. WSWRD provides technical support 
and complements NHSRC research by conducting bench-, pilot-, and field-
scale research.

The Bioterrorism Act amended the SDWA and requires all public water sup-
pliers serving populations 3,300 to complete vulnerability assessments (VAs) 
and to develop or modify emergency response plans. VAs identify potential 
threats, assess the critical assets of the system, evaluate the likelihood and conse-
quences of an attack, and develop a prioritized set of system upgrades to increase 
security.

Threats and Risks to the Water Supply
The risk of contamination using chemical, biological, and/or radiological sub-
stances with subsequent consequences must be understood by PWS adminis-
trators and operators to provide appropriate security, employ suitable detection 
systems, and develop strategies to deal with contamination events.
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Disinfection in Distribution Systems
Disinfection ensures that dangerous microbial contaminants are inactivated 
before they can enter the distribution system. Chlorine gas, hypochlorite, chlorine 
dioxide, and chloramines are very effective disinfectants because residual con-
centrations can be maintained in the water distribution system. Some European 
countries use ozone and chlorine dioxide as oxidizing agents for primary disin-
fection prior to the addition of chlorine or chlorine dioxide for residual disin-
fection. The Netherlands identifies ozone as the primary disinfectant, as well as 
common use of chlorine dioxide, but typically uses no chlorine or other disin-
fectant residual in the distribution system (Connell, 1998).

Alternative Drinking Water Supplies in the Event of an Incident
In the event of a contamination incident, PWSs may need to utilize an alternate 
source of water. This need may arise because of drought, contamination of the 
primary source, or failure at the source (e.g., a dam). Use of an alternate source 
of water can be complex and requires advance approval by the state agencies. In 
many cases it may be more economical and practical to contract with a neighbor-
ing water supplier and form a partnership for sharing raw and/or finished water 
during emergencies.

EPA’s environmental technology verification (ETV) program verifies moni-
toring and treatment technologies relevant to U.S. drinking water supplies. 
ETV’s Drinking Water Systems Center, operated by NSF International, con-
ducts studies on mobile package drinking water treatment systems that could be 
used for emergency water supplies for short-term treatment of compromised tap 
water or as permanent installations in small communities.

Response Protocol Toolbox
EPA released the “Interim Final Response Protocol Toolbox: Planning for and 
Responding to Contamination Threats to Drinking Water Systems” in December 
2003 (USEPA, 2003e). The DHS developed a document entitled “National 
Strategy for the Physical Protection of Critical Infrastructures and Key Assets” 
(DHS, 2003).

rESEArcH PrIorItIES

current research Priorities

EPA drinking water research is currently focused on arsenic, CCL chemicals 
and microbes, distribution systems, including lead–copper and homeland secu-
rity issues. To improve on water quality, EPA is investigating the effectiveness 
and optimum placement of structural BMPs, modeling of wet weather flow, 
determining the effect of management actions on water quality, and MST.
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future research Priorities

EPA is in the process of developing an approach to better evaluate new con-
taminant control goals in context of all control goals. Water quantity issues (e.g., 
sustainability, reuse) must be addressed more fully within context of agency 
responsibilities. To improve on water quality, EPA is incorporating urban water-
sheds into mixed-use watersheds, addressing issues of scale, focusing on water-
shed microbial communities, and addressing nonstructural BMP issues.

SummAry And concluSIonS

EPA has a national drinking water and water-quality research program whose 
mission is important to EPA policy and regulatory development. The program 
has a long history and is relevant as much today as it was 30 years ago. The 
challenges facing drinking water treatment systems are numerous as described 
in this chapter. Research at EPA directs resources to the most pressing issues 
that apply to as many PWSs as possible. The sheer number of PWSs and the 
degrees to which they vary make this a difficult task. Future research must be 
adaptable to upcoming challenges. While searching for breakthroughs in the lat-
est technologies, future work must consider energy efficiency, ways to alleviate 
water shortages, and affordable technologies that meet the regulatory considera-
tions of the CWA and SDWA.
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INTRODUCTION

The United Nations has declared 2008 to be the year of sanitation, recognizing 
the urgency of resolving threats to public health posed by contaminated drink-
ing water and poor sewage treatment practices. Microbiological hazards in water 
supplies are among the most serious hazards facing developing nations, in par-
ticular. Diarrheal diseases caused by contaminated drinking water and poor sani-
tation practices kill an estimated 1.6 million children each year, making this the 
third leading cause of death among children under 15 years in less well devel-
oped countries (Cohen, 2008). However, even developed countries with modern 
sanitation and water supply systems are vulnerable as outbreaks of cryptosporid-
iosis in the United States and infections with pathogenic Escherichia coli O157:
H7 strains exemplify (MacKenzie et al., 1994; MMWR, 1996).

The United States Environmental Protection Agency (U.S. EPA) has devel-
oped a short list of microbiological hazards for which testing protocols are 
to be implemented in municipal water supply systems (EPA, 2008a–c). As of 
2008, EPA has promulgated three such candidate contaminant lists (CCLs) of 
microbes. The original inclusive list (universe) was based on earlier surveys, 
including that of Taylor et al. (2001), who listed 1,415 microbial agents then 
known to infect humans. Others have been added and the lists include bacteria, 
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viruses, prions, rickettsias, helminths, fungi, and protozoans. Clearly, testing 
for all such agents is impossible and unwarranted, so a shorter list is desirable. 
U.S. EPA conducted two levels of screening, based on the best available scien-
tific characteristics, and identified 29 hazardous organisms for further consid-
eration, from which 11 have been identified for the most recent CCL: two viral 
agents, seven bacterial agents, and two protozoans (EPA, 2008c) (Table 1).

Viral agents can cause a wide array of diseases of which many are diffi-
cult to treat. Among them, the caliciviruses include the noroviruses, which are 
responsible for a large proportion of viral gastroenteritis outbreaks, particu-
larly in confined settings, such as institutions and cruise ships (Lang, 2003). 
Infection is usually by the fecal–oral route or direct contact. Hepatitis A virus 
is one of the several hepatitis-causing viruses, but unlike the “serum hepatitis” 
forms (B and C), it is most frequently contracted through exposure to contami-
nated foods, particularly fecally contaminated shellfish and uncooked vegeta-
bles (Lappalainen et al., 2001).

Bacterial agents include species causing a wide array of diseases, 
many quite dangerous. Campylobacter jejuni is responsible for significant  

TABLE 1 Characteristics of Microbial Pathogens Included in EPA’s Candidate 
Contaminant List 3 (Data from EPA, 2008c)

Pathogen US WBDO1 DW detects2 Mortality risk3 Serious 
sequelae4

Viruses
 Caliciviruses Multiple Yes No No
 Hepatitis A virus Multiple Yes Yes Yes

Bacteria
 Campylobacter jejuni Multiple Yes Rare Yes

 Escherichia coli  
 O157

Multiple Yes Rare Yes

 Helicobacter pylori None Yes 0.1% Yes

 Legionella  
 pneumophila

Multiple Yes Yes Yes

 Salmonella enterica Multiple Yes Rare Yes

 Shigella sonnei Multiple Yes Rare Yes

 Vibrio cholerae Multiple Yes Rare Rare

Protozoans
 Entamoeba histolytica Multiple Yes 0.1% Yes
 Naegleria fowleri 1 Yes High High

1Incidence of water-borne disease outbreaks in the United States.
2Detection in drinking water supplies in the United States.
3Risk of death from primary infection.
4Risk of serious complications, including hospitalization and other conditions.
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proportions of bacterial gastroenteritis cases and is often contracted through 
unsanitary handling of poultry products (Peyrat et al., 2008). The O157:
H7 strain of E. coli harbors a plasmid that codes for the synthesis of Shiga-
toxin; other strains of E. coli are known to produce this toxin, but the O157:
H7 strain is most well studied. Infections occur from consumption of contami-
nated beef products and, according to some reports, from contaminated drink-
ing water as well (Mead and Griffin, 1998). Helicobacter pylori is a bacterium 
now known to account for as much as 90% of gastric ulcers and a significant 
portion of stomach cancers, contracted through the fecal–oral route in contami-
nated foods and drinking water (Kandulski et al., 2008). Legionella pneumophila 
causes “Legionnaire’s disease,” a serious form of pneumonia contracted through 
inhalation of water droplets contaminated with this bacterium, frequently in air-
conditioning or other water-handling systems (Simmons et al., 2008). Salmonella 
enterica includes many strains of enteric disease-causing bacteria including 
Salmonella typhi, the causative agent of typhoid fever. Salmonellosis is con-
tracted from animal sources and products, including poultry and hoofed ani-
mals, but recently in the United States through contaminated fresh produce as 
well (D’Aoust, 1994; Rabsch et al., 2001). Shigella sonnei is one of the group 
of Shigella spp., closely related to E. coli, that cause a severe form of gastro-
enteritis termed shigellosis, contracted primarily through the fecal–oral route 
(Ekdahl and Andersson, 2005). Vibrio cholerae is widespread in estuarine and 
coastal waters and is hosted by crustacean zooplankton. Only certain strains 
cause cholera, perhaps the most severe and deadly form of gastroenteritis, 
notably the El Tor strain, responsible for the most recent (and ongoing) cholera 
pandemic (Sack et al., 2004). Cholera is contracted through the fecal–oral route 
of transmission. Cholera outbreaks are often tied to water pollution or other 
nutrient loading events that stimulate algal blooms and subsequent blooms of 
herbivorous zooplankton that naturally host the cholera vibrio.

Protozoan agents are particularly problematic in that medications effective 
in treating infections caused by them are rare. Entamoeba histolytica causes a 
form of amoebic dysentery, usually contracted through the fecal–oral route in 
contaminated drinking water (Gopal Rao and Padma, 1971). Naegleria fowleri 
is one of the several protozoans capable of infecting humans through exposure 
to contaminated waters while swimming, and causing infections of the central 
nervous system, relatively rare but usually fatal (Schuster and Visvesvara, 2004).

Most of the organisms selected for the short list infect humans via fecal 
contamination of drinking water or by unsanitary food handling, but other life 
modes, routes of exposure or infection, and mechanisms of morbidity and mor-
tality are represented among the “universal” lists. Some opportunistic patho-
gens or parasites can occur naturally in the environment independently of fecal 
contamination, such as Klebsiella pneumoniae (APHA, 1998). Moreover, some 
types of water-borne organisms responsible for very high profile outbreaks 
of human disease or other harmful outcomes are not included in the most 
recent, short CCL, e.g., the protozoan, Cryptosporidium parva, helminth and  
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nematode parasites, harmful algal bloom (HAB) species, or fungal pathogens 
and parasites.

QUANTIFICATION METHODS

Risk of disease from water-borne pathogens and parasites is almost always a 
function of received dose. Some pathogens can cause disease at very low doses, 
e.g., Shigella sp. (Bagamboula et al., 2002), but others require much higher 
doses to yield a thriving infection. Consequently, the concentration of water-
borne disease-causing organisms in the medium is an important measure of risk. 
Quantification methods range from direct counts to various culture-based (fil-
tration and/or fermentation) approaches (usually used with bacterial agents) to 
far more sophisticated molecular techniques, including quantitative polymerase 
chain reaction (q-PCR) methods, e.g., newer techniques for C. parva, a protozoan 
(Fontaine and Guillot, 2002). Although detailed descriptions of these methods 
are available from standard method manuals, e.g., APHA (2005) and published 
literature, brief description of some of the different approaches is given here.

Direct count methods typically target larger, distinctive, or manipulable 
pathogens. For example, the EPA-approved standard method for the quantifica-
tion of C. parva involves filtration of large volumes of water, staining with a 
fluorescent-tagged antibody, and microscopy to distinguish C. parva from other 
closely related forms that cross-react in the staining procedure (EPA, 1999). 
Suspended material can interfere with the filtration step, the fluorescent-tagged 
antibody is relatively expensive to use routinely, and a skilled microscopist 
must still distinguish C. parva from other nontarget organisms. Consequently, 
these techniques have somewhat limited applicability and utility.

Culture-based approaches include fermentation tube, colorimetric, and 
 filtration–incubation methods. Some bacterial pathogens or indicators of their 
presence produce gas by fermenting certain substrates. Gas production in con-
junction with serial dilution techniques can yield quantitative estimates of spe-
cific bacterial concentrations. For example, the standard most probable number 
(MPN) technique for coliform bacteria utilizes their ability to ferment lactose, 
using the appearance of gas bubbles in a dilution series to yield estimates of 
original concentration. Colorimetric methods employ the differential abilities of 
bacteria to metabolize colored substrates or yield colored products as an identi-
fication tool and for quantification. Commercial colorimetric assays have been 
developed as presence/absence tests for rapid evaluations and, in combination 
with dilution techniques, as modified MPN assays as well.

Filtration–incubation methods are similar to the fermentation tube meth-
ods, but rely on a combination of appropriately labile substrates and metabolic 
inhibitors to select for the bacteria of interest on membrane filters incubated 
over a mix of these bacteria. For example, the MFC method for coliform bac-
teria allows direct counts of colony-forming units (CFU) in a volume of water 
passed through the filter (APHA, 1998). All culture-based approaches have the 
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common drawbacks that some samples will exhibit colony overgrowth, mak-
ing accurate counts difficult, and that many species of bacteria cannot be cul-
tured at all (by some estimates 99% of all field organisms), and even many 
individual cells of “culturable” species may be damaged and unable to grow in 
culture. Moreover, culture-based methods for some of the culturable but highly 
pathogenic bacteria, e.g., Shigella sp., pose an elevated risk to laboratory per-
sonnel and require extra care.

Molecular methods have been developed for the identification of microbial 
contaminants, and they offer significant promise for circumventing the issues 
of detection, identification, and viability vs. culturability. Rapid DNA and RNA 
extraction protocols, application of polymerase chain reaction (PCR) tech-
niques to amplify even rare genomes, and development of species- and even 
clone-specific primers for the identification allow far more sophisticated analy-
sis of the microbial assemblages present in a sample than was possible using 
traditional microbiological methods. It must be conceded that these methods 
still require relatively sophisticated laboratory procedures and are not gener-
ally suited for routine monitoring. However, these approaches and the insights 
offered by them have allowed development of commercially available kits for 
the detection and quantification of some number of important pathogens; e.g., 
kits for L. pneumophila, Salmonella, Shigella, and V. cholerae are available 
from Fisher Scientific Co. However, many of these molecular methods are not 
yet certified as standard protocols for water-quality assessments.

MICROBIAL CONTAMINATION INDICATORS

The challenges inherent in quantifying even a short list of microbial threats to 
human health include difficulties with handling and culturing target organisms, 
and the risk of exposing field and laboratory personnel to dangerous pathogens. 
Consequently, indicator organisms that are not themselves pathogenic or that 
can be handled with little risk, and whose presence correlates with the pres-
ence of one or more pathogen types are frequently quantified. The most widely 
used methods for monitoring or predicting the presence of potential pathogens 
in aquatic environments are based on cultivation and enumeration of the fecal 
coliform group (including E. coli specifically), the fecal enterococcus group 
(including the fecal streptococcus subgroup), and Clostridium perfringens 
(APHA, 1998). The coliform and enterococcus groups confer the advantage 
for monitoring work of being unable to form resting spores, so that their pres-
ence is the evidence of recent contamination. C. perfringens has a resting stage, 
however, which makes it more useful as a historical indicator of contamination.

Use of fecal microbial indicators of microbial contamination entails sev-
eral qualifying conditions. First, these indicators denote the risk of fecal con-
tamination, the major, but not exclusive, source of microbial contamination. 
Some pathogens derive from other sources, i.e., Legionella, whereas others can 
occur in the environment without a direct human source of contamination, e.g., 
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Klebsiella and V. cholerae. Second, significant positive correlation between 
concentrations of these indicators and actual health effects must be established. 
In the case of fecal coliforms and enterococcus, correlations between these and 
the incidences of gastroenteritis above background levels have been established 
by epidemiological studies. Subsequently standards for water uses have been 
established, e.g., geometric means of 200 and 33 CFU per 100 ml of water 
for fecal coliforms and enterococcus, respectively, for human body contact in 
salt water (EPA, 2003). Third, fecal contamination indicators can derive from 
multiple sources, including wild and domestic animals, so evaluation of risk to 
humans and remediation of contamination can be complicated. Source identifi-
cation is obviously critical to remediation efforts. This consideration has led to 
attempts to devise microbial source tracking (MST) techniques.

MICROBIAL SOURCE TRACKING

The aim of MST is to identify sources, both species (humans vs. animals) and 
location. Although human sources may be most dangerous in terms of pathogen 
compatibility and transmissibility, animal sources can yield unusual pathogens. 
Some animals are natural reservoirs for certain pathogens, e.g., waterfowl that 
host influenza viruses (Suarez, 2000). It is important to recognize that MST 
methods may fail to identify a specific source of fecal microbial contamination, 
but may allow some sources to be ruled out, which may be almost as useful in 
taking preventative measures to protect public health.

MST methods may be broadly categorized as library-dependent or library-
independent and molecular or nonmolecular techniques (McCorquodale et al., 
1996; Sargeant, 1999; Bernstein et al., 2002) (Table 2). Library-dependent 
techniques require sampling and characterization of as many likely microbial 
contamination source types as possible to develop a “library” of sources and 
characteristics, against which unknowns can be compared. Library development 
is preliminarily necessary to unknown source tracking efforts, and studies have 
shown that libraries can be site- or region-specific. Larger libraries tend to be 
more powerful, but require more effort and time, which may be necessary in set-
tings with many candidate sources (Wiggins et al., 1999). Library-independent 
methods rely on characteristics of different microbial contamination sources 
that are considered to be more reliable indicators, although some such distinc-
tions, e.g., the ratios of fecal coliform and fecal streptococcus, have proven less 
useful than proposed (Brion and Lingireddy, 1999; Sankararamakrishnan and 
Guo, 2005). Nonmolecular techniques include physiological markers, such as 
antibiotic resistance patterns (Hagedorn et al., 1999), and host-specific indica-
tors (Mandaville, 2002).

Molecular techniques, which have become significantly more powerful and 
accessible, have focused on identification of bacteria and viruses that associate 
with specific host organisms (Sargeant, 1999). The discovery and refinement of 
“genetic markers” of target organisms allow discrimination among sources of 



Lawrence B. Cahoon and Bongkeun Song 187
pathogens or indicators, as well as more recently quantification of these micro-
bial contamination sources (Bernstein et al., 2002; Meays et al., 2004). Typical 
coliform or enterococcus counting methods are not able to identify the source 
of fecal contamination (Field et al., 2003; Scott et al., 2002). In addition, fecal 
coliforms can survive and grow after they are released into the receiving water 
(Desmarais et al., 2002; Solo-Gabriele et al., 2000). This raises the question of 
the method’s accuracy (Scott et al., 2002; Simpson et al., 2002). Alternatively, 
molecular methods based on nucleic acid detection have been widely used for 
current MST protocols. Most molecular methods are based on PCR, which 
determines the presence or absence of target organisms by detecting specific 
pathogenic genes or small-subunit ribosomal RNA (rRNA) genes. Various 
molecular methods have been developed to detect E. coli (Bej et al., 1990, 
1991; Franks et al., 1998), Salmonella spp. (Fukushima et al., 2002; Lofstrom 
et al., 2004; Malorny et al., 2003), Shigella spp. (Fukushima et al., 2002; 
Horman et al., 2004), Campylobacter spp. (Lubeck et al., 2003a,b), Legionella 
(Wellinghausen et al., 2001), and Vibrio vulnificus (Panicker et al., 2004) in 
water samples. Among these microorganisms, the Bacteroides–Prevotella group, 
which are not members of the coliform group, was proposed as an alternative 
fecal pollution indicator as the members of this group are highly abundant in the 
feces of warm-blooded animals (Daly et al., 2001; Hold et al., 2002; Leser et al., 
2002). They also have host species- or group-specific distributions (Bernhard 
and Field 2000a,b; Simpson et al., 2004). PCR methods with primers targeting 
host-specific Bacteroides–Prevotella 16S rRNA genes have been developed to 
distinguish fecal pollution sources between human and other animals (Bernhard 
and Field, 2000a; Dick et al., 2005a,b; Dick and Field, 2004; Matsuki et al., 2002; 

TABLE 2 Classification of MST Methods

Non-molecular methods Library dependent Antibiotic resistance patterns; carbon 
source profiling

Library independent Fecal bacteria ratios; host-specific 
indicators; F coliphage serotyping; 
enterotoxin biomarkers

Molecular methods Library dependent Polymerase chain reaction; pulsed 
field gel electrophoresis; ribotyping, 
randomly amplified polymorphic 
DNA

Library independent Bacteriophage indicators; virus 
indicators; molecular host-specific 
indicators; bacterial endemism and 
cospeciation; terminal restriction 
fragment length polymorphism; 
amplified fragment length 
polymorphism
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Seurinck et al., 2004; Simpson et al., 2002; Okabe et al., 2007). In addition, ter-
minal restriction fragment length polymorphism (T-RFLP) and length heteroge-
neity PCR have been developed to track the source of Bacteroides–Prevotella 
groups as fecal contaminants (Bernhard and Field, 2000a,b; Boehm et al., 2003). 
T-RFLP is a molecular technique to examine microbial community structures 
by comparing DNA fingerprint profiles. The profiles are generated by digesting 
fluorescent labeled PCR-amplicons of a target gene using one or more restric-
tion enzymes. The T-RFLP profiles of the Bacteroides–Prevotella 16S rRNA 
genes were used to identify the sources of microbial contaminations in coastal 
water (Bernhard and Field, 2000a). In addition, amplified fragment length poly-
morphism (AFLP) and enterobacterial repetitive intergenic consensus polymer-
ase chain reaction (ERIC-PCR) were used to determine different host-specific 
E. coli strains (Guan et al., 2002; Leung et al., 2004; Parveen et al., 1999).

Real-time PCR techniques have been adopted to quantify the numbers of 
host-specific Bacteroides–Prevotella groups, which were interpreted as micro-
bial contaminants from different fecal resources such as human, cow, and pig 
(Okabe et al., 2007; Santoro and Boehm, 2007; Shanks et al., 2008). The q-PCR 
techniques combine the power of oligonucleotide probe hybridization with PCR 
amplification and provide a sensitive and streamlined alternative to membrane-
based probe hybridization approaches for estimating gene abundance (Heid 
et al., 1996). The q-PCR assays use two different methods depending on how 
they determine the increase of PCR products. In the SYBR green assay, PCR 
product formation is quantitatively monitored by determining the increase 
in fluorescence after binding a fluorescent DNA stain (SYBR green) to the 
amplicon (Higuchi et al., 1991), whereas the TaqMan probe assay determines 
the increase of PCR products by the release of a fluorescent moiety from spe-
cific oligonucleotide probes bound to the amplicon. TaqMan probes consist of 
a short oligonucleotide, which is labeled with a fluorescent chromophore and 
a quencher at the 5 and 3 ends, respectively. During template elongation, the 
probe is cleaved by the 5→3 exonuclease activity of Taq DNA polymerase, 
which releases the 5-linked dye from the 3-linked quencher, resulting in an 
increase in fluorescence with product formation. Both SYBR green and TaqMan 
probe assays were developed to quantify the Bacteroides–Prevotella groups 
from different hosts (Okabe et al., 2007; Santoro and Boehm, 2007; Shanks 
et al., 2008). Various q-PCR protocols have been developed to detect and enu-
merate other bacteria including Staphylococcus aureus (Hein et al., 2001), 
Listeria monocytogenes (Novga et al., 2000), E. coli (Huijsdens et al., 2002), 
and Bifidobacterium group (Malinen et al., 2003; Matsuki et al., 2004). Thus, 
molecular detection methods have provided specific detection of selected organ-
isms as well as genetic indices to track the source of microbial contaminants 
in various environmental samples. Improved access to faster sequencing capa-
bilities and development of primers have promoted wider use of these genetic 
detection approaches, but definitive attribution of particular indicator bacteria in 
a field sample to particular sources still requires caution and supporting data.
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SAMPLING ISSUES

Assessment of microbiological threats to water quality is complicated by sev-
eral considerations in addition to those described earlier. Almost all monitor-
ing protocols are necessarily designed to be executed quickly, with relatively 
large numbers of samples, and by personnel with moderate levels of training. 
For most issues having to do with drinking water supplies, these protocols are 
generally sufficient. However, experience and published research have shown 
that water-quality hazards can occur outside the bounds of conventional sam-
pling schemes and protocols, particularly when microbial contaminants grow or 
at least persist in aquatic habitats other than the water column.

Biofilms in water supply systems and sediment-associated pathogen popu-
lations in surface waters pose special hazards as potential sources of contami-
nation and challenges for sampling. Biofilms are aggregates of bacteria and 
associated microbes that attach to solid surfaces or at the water surface (Preston, 
2003) using excreted polysaccharides that form a complex matrix. Biofilms form 
when dissolved organic materials adsorb to otherwise clean surfaces, providing a 
substrate to attract and adsorb microbial cells, whose proliferation subsequently 
develops a mature biofilm. Flow past surfaces provide dissolved substrates that 
support microbial metabolism. Biofilms provide protection from many sources 
of mortality, including chlorination (Hallam et al., 2001), as well as mechanical 
resistance to disruption and suspension. However, microbial population growth 
can sustain steady release of microbes from biofilms, thus constituting a con-
tamination source separate from and in addition to the usual suspected sources.

Biofilms have been implicated in the occurrence and persistence of many 
CCL-listed pathogens in both natural and man-made aquatic systems. Biofilm 
formation has been thought to be important in the survival and dispersal of many 
pathogenic bacteria in aquatic systems (Hallam et al., 2001; Hall-Stoodley and 
Stoodley, 2005), including V. cholerae (Reidl and Klose, 2002), H. pylori (Park 
et al., 2001), L. pneumophila and S. typhimurium (Armon et al., 1997). Fecal 
coliform bacteria have been found living in biofilms in corals offshore Florida, 
several kilometers from likely sources (Lipp et al., 2002). Legionella has been 
found in high percentages of surface films studied in aquatic ecosystems, and 
frequently cooccurs with important protozoan pathogens, such as Naegleria sp. 
and Acanthamoeba sp. (Declerck et al., 2007). These and other protozoans have 
also been found to be associated with bacterial biofilms formed in dental rinse 
units (Barbeau and Buhler, 2001). The ubiquitous nature, rapid formation, and 
microbe-friendly environments offered by biofilms therefore make them impor-
tant, but poorly quantified reservoirs of human water-borne pathogens.

Sediments accumulate microbes in both viable and resting-stage forms (Van 
Donsel and Geldreich, 1971; Grimes, 1980; Sawyer, 1980; O’Malley et al., 1982; 
Izzo et al., 1983; Valiela et al., 1991; Doyle et al., 1992; Sawyer et al., 1998; 
Palmer, 2000; Lipp et al., 2001; Whitman and Nevers, 2003). Although bacte-
rial cells and other very small microbes sink slowly at best, particle scavenging, 
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floc formation, adsorption, deposition by turbulent flows, and filtration through 
sediments by oscillating flows can all drive recruitment of microbes to sediments 
(Rusch and Huettel, 2000; Fries and Trowbridge, 2003). As with biofilms, accu-
mulation of organic matter, substrate supply by continuous flow, and protection 
from mortality sources can all act to support dense populations of microbes. 
Studies of sediment-associated fecal coliform and enterococcus bacteria yield 
estimates of concentrations in sediments an order of magnitude or greater than 
in the overlying water column (Lewis et al., 1986; Buckley et al., 1998; Obiri-
Danso and Jones, 1999). Disturbance of sediments by humans, animals, or phys-
ical processes can subsequently resuspend microbial contaminants in the water 
column, constituting an apparently fresh source of contamination (Pettibone 
et al., 1996; Crabill et al., 1999; Baudart et al., 2000; An et al., 2002). One 
caveat must be advanced, however, there are very few data relating concentra-
tions of the indicator bacteria to actual pathogen concentrations in sediments, so 
interpretation of indicator bacteria concentration data must be cautious when risk 
assessments are performed. Consequently, there are no standards yet established 
for sediment-associated fecal indicators, a topic that requires further research.

Sampling of biofilms and sediments is not yet standardized to the degree 
that water column sampling protocols have achieved, although methods have 
been developed more or less ad hoc by researchers. Development of standard 
sampling protocols must consider replicable sampling tools and techniques, 
statistically sound evaluation of the relationships between indicators and 
microbes of direct interest, and applicability of more sophisticated molecular 
tools to these sampling protocols.

CONCLUSIONS

Water-borne microbial pathogens pose significant health threats to humans, 
and challenges for investigators and water- quality managers. A variety of tools 
have been developed for estimating and identifying microbial sources of water- 
quality impairment, but significant improvements in the utility and specificity 
of these tools remain to be developed. The ecology itself of water-borne patho-
gens poses additional basic sampling challenges.
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The hydrological cycle describes the path of a water droplet from the time it falls 
to the ground until it evaporates and returns to our atmosphere (Purdue University, 
2008). The difference in density between moist air and dry air allows moist air to 
rise through the troposphere until it reaches buoyant equilibrium. Microscopic par-
ticles of water suspended in our gaseous atmosphere bind to other particles called 
cloud condensation nuclei, attract water molecules to form clusters, and eventu-
ally form precipitation. Water precipitation includes rain, snow, sleet, and hail. 
When the cluster falls during a precipitation event, it collides with other atmos-
pheric aerosols and removes them from the air. This process, called scavenging,  
is one way that inorganic compounds enter the water supply.

When rain hits Earth, some soaks into the ground and becomes available for 
plants. Some percolates through the soil to the groundwater table. Rainwater also 
flows overland as runoff into streams, rivers, lakes, and even the ocean. Fresh 
surface water includes flowing water such as streams and rivers and still water 
such as ponds. Water in the ocean contains ionic species; therefore, it is called 
salt water. Groundwater refers to all the water hidden in the ground. It may con-
tribute to soil moisture or may be flowing through an aquifer. Artesian wells tap 
into groundwater trapped between two impermeable layers. Unconfined aquifers 
flow through deposits of rock, pebbles, sand, and other types of porous media. 
Humans and other animals consume both surface water and ground water.

The focus of this chapter is inorganic substances in surface water that must 
be monitored to ensure that it is suitable for drinking, i.e., it is potable (see later). 
In the United States, potable water, regardless of its source, must be cleaner than 
the maximum contaminant levels (MCLs) mandated by local, state (USEPA, 2008 
“Local”), and federal guidelines (USEPA, 2008 “National”) to protect human 
health. The United States Environmental Protection Agency (USEPA) not only 
enforces the guidelines but also is required to help communities establish wastewa-
ter treatment facilities to ensure compliance (USEPA, 2008 “Municipal”). These 
regulations specify the allowable concentration of microorganisms, disinfectants, 
and disinfection by-products (see Chapters 8 and 12), inorganic chemicals (dis-
cussed in this chapter), organic chemicals (see throughout), and radionuclides (see 
Chapter 10). Secondary contaminants (USEPA, 2008 “Secondary”) such as iron 
and sulfur affect the smell, taste, or color of the water but do not cause illness. 
Some chemicals, such as the gasoline oxygenate methyl-t-butyl ether (MTBE), 
that are suspected to cause harm have not been included in the regulations 
(USEPA, 2008 “Unregulated”). Organic compounds in wastewater originate from 
sewerage, industrial processes, and the decomposition of living things. Inorganic 
compounds in wastewater originate from natural and anthropogenic sources.

TeChNIQUes UseD TO IDeNTIfy AND QUANTIfy INORgANIC 
CONsTITUeNTs IN WATeR

Surface water and groundwater contain many different contaminants. This chap-
ter considers inorganic species that must be removed during the purification  
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 process. Some inorganic constituents, such as sulfur dioxide and mercury chlo-
ride, enter the air, and eventually the water cycle, during the fossil fuel combus-
tion process. Nutrients, gases, and inorganic nonmetallic and metallic constituents 
in surface water originate in industrial processes, fertilizers, and natural mineral 
deposits. Chlorides leach from rocks and soils. The hydrogenion (pH) concentra-
tion affects the dissociation of minerals and the biological availability of these 
and other inorganic chemicals.

Table 1 shows the average freshwater concentrations of various inorganic 
compounds, the MCL in drinking water and the instruments which can detect 
them (Smith et al., 1987). Both the speciation and the concentration of an ele-
ment determine whether that chemical is beneficial or toxic. For example, free 
metal ions, which are toxic to aquatic species, form nontoxic complexes with 
water. Some elements such as chromium (Cr3) are necessary nutrients for all 

TABLE 1 Chemical Species in River Water

Base 
element

Species Freshwater 
concentration

Biological 
nutrient

Priority 
pollutant

MCL 
(mg/L)

Instrument 
to detect

Hydrogen H 7.8 pH meter

Lithium Li Trace AAS

Beryllium BeOH Trace 2.000 AAS

Carbon HCO3
 2.7 TOC

Nitrogen NO3
 

NH4


4.5 10.000 IC, UV-Vis

Oxygen O2 3.5

Fluorine F 5.3 4.000 IC

Sodium Na 3.1 Yes AAS

Manganese Mg2 3.3 Yes AAS

Aluminum Al(OH)3 6.0 AAS

Silicon H4SiO4 4.5 AAS

Phosphorus HPO4
2 5.4 IC, UV-Vis

Sulfur SO4
2 3.4 IC

Chlorine Cl 3.4 IC, UV-Vis

Potassium K 4.1 Yes AAS, ICP-OES

Calcium Ca2 3.0 Yes AAS

Chromium Cr6,3 6.7 Yes Yes 0.100 AAS

(Continued)
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biological organisms; yet hexavalent chromium is a carcinogenic priority pol-
lutant (Crites and Tchobanoglous, 1998). The MCL for nitrate is 10.0 mg/L, 
whereas that for nitrite is only 1.0 mg/L. The MCL for arsenic has been low-
ered to 0.01 mg/L, according to the Federal Register 68(57), 14501-145, March 
25, 2003. Some communities add fluoride to their drinking water to protect 
teeth from decay; however, the MCL for fluoride is 4.0 mg/L. The United States 
Department of Agriculture recommends 70 mg Selenium (Se) per day.  A dose 
of 800 mg Se/day has toxic effects. Thus, Se is both a biological nutrient and a 
priority pollutant.

Clearly, the regulation and monitoring of chemical species in drinking 
water is essential to protect public health. Municipal drinking water treatment 
facilities monitor the contaminants listed in Table1, where MCL is the level 
permitted by the USEPA. The agency has also set maximum contaminant level 

TABLE 1 (Continued)

Base 
element

Species Freshwater 
concentration

Biological 
nutrient

Priority 
pollutant

MCL 
(mg/L)

Instrument 
to detect

Manganese Mn4,2 6.4 Yes AAS

Iron Fe3,2 6.0 Yes AAS, UV-Vis

Cobalt Co2 Trace Yes AAS

Nickel Ni2 7.3 Yes AAS

Copper Cu2, 7.0 Yes AAS

Zinc Zn2 6.6 Yes AAS

Arsenic HAsO4
2 7.9 Yes 0.010 AAS, ICP-OES

Selenium SeO3
2 8.6 Yes Yes 0.050 AAS

Bromine Br 5.9 IC

Strontium Sr2 Trace AAS

Cadmium Cd2 8.1 0.005 AAS, ICP-OES

Tin Sn2 Trace AAS

Iodine I, IO3
 Trace IC

Cesium Cs Trace AAS

Barium Ba2 6.0 Yes 2.000 AAS, ICP-OES

Mercury Hg(OH)2 8.0 Yes 0.002 AAS

Lead Pb2, Pb 7.7 Yes 0.015 AAS, ICP-OES
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goals (MCLG) for many substances, reflecting the concentration of a substance 
for which there is no known adverse health effect.

Under the provisions of the Clean Water Act, the USEPA has developed 
water quality standards and provides training for state and tribal entities. 
The Water Quality Standards Handbook: Second Edition (EPA-823-B-94-
005) issued in August 1994 and updated in part in June 2007 is available in 
its entirety on the EPA Web site (http://www.epa.gov/waterscience/standards/ 
handbook/index.html). A complete list of USEPA analytical methods approved 
for drinking water compliance monitoring is available at http://www.epa.gov/
safewater/methods/pdfs/methods/methods_inorganic.pdf. The USEPA has staff 
available to assist local agencies with wastewater treatment facilities and proce-
dures. For more information, visit http://www.epa.gov/safewater/smallsystems/
index.html.

The following sections describe instruments used to identify various chemi-
cal species in water. The manufacturer may specify a QC/QA protocol for the 
instrument. These procedures ensure that the instrument functions as intended.  
All instruments are to be calibrated prior to use. Analyzer drift is to be checked 
during the analysis using industry standard samples and blanks. Most proce-
dures also specify the minumum number of specimens, typically three or more, 
which are required to establish the representative levels of a substance in a 
sample. The use of these standards, procedures and protocols is essential.

Atomic Absorption spectrophotometry

Atomic absorption spectrophotometry (AAS) is used to quantify elements 
based on the amount of light that they absorb. The analysis requires destruction 
of the sample, usually through acid digestion. For flame atomization, the result-
ing solution is nebulized to form fine droplets that are sprayed into the flame. 
For graphite furnace atomization, a small volume (50 L) is placed in a small 
carbon tube that is heated by the passage of an electric current. In both cases, a 
complex series of physical and chemical processes occur to produce free gase-
ous atoms in the light path of the spectrometer. The amount of light absorbed is 
proportional to the concentration of the element in the solution. Flame AAS has 
detection limits at the parts-per-million level. Elements identified in Figure 1 
can be determined by AAS (Sorial, 2005).

The Basics of AAS
Every element absorbs and emits a unique set of wavelengths of light. The spec-
trometer contains a hollow cathode lamp that emits light at the wavelength of 
interest. The light is directed through the gaseous vapor of the element where the 
atoms absorb energy from the incident light beam. A monochromator filters the 
incident light so that a narrow range of wavelengths pass through to the detector 
that measures the unabsorbed light and light emitted by the hot atoms. The light 
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source emission is modulated and the detector electronics are locked in to this 
frequency so that only changes in the light intensity of the source are monitored. 
This provides a measure of the concentration of the gaseous metal vapor.

Absorption and Emission of Light

By definition, an atom at its ground state has its electrons in their lowest energy 
orbital configuration. When an atom is excited, an electron moves into a higher 
energy orbital. Light can excite atoms. Electrons may release light at a longer 
wavelength if they return to the ground state in more than one step. The dif-
ference between the ground and excited states is called the energy gap (E). 
The frequency () equals the speed of light (c) divided by the wavelength () 
Plank’s constant (h) is used to relate energy to frequency. E  h  hc/

The Lambert–Beer law describes transmittance (T) as the relationship 
between light that travels parallel to an aerosol without being absorbed (I) to 
the incident light (I0), which is the light emitted by the source (Hinds, 1999). 
Thus, transmittance is defined as the ratio of the transmitted intensity (I) to the 
incident intensity (I0), T  I/I0.

Relating Absorbed Light to Concentration: Beer’s Law

Absorbance (A) of a sample is related to concentration as follows:
A  log T, where T is the transmittance. (T  I/I0 as previously explained.)
A  εbc, where ε is an experimentally determined constant for each species 

and instrument.
The length the light travels through the sample (about 10 cm for flame atomi-

zation) is given by b, and c is the concentration of the substance in the original 
solution. Each time the instrument is used, it must be calibrated against known 
standards. The slope obtained from plotting absorbance vs. concentration is εb.
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Cold Vapor Atomic Absorption Spectrometry
Mercury is one of the few elements that has a monatomic vapor pressure at room 
temperature that is sufficiently high to allow determination by AAS at this “cold” 
temperature. Chemical reduction of mercury ions in solution with stannous chlo-
ride or sodium borohydride converts the species of interest to a mercury vapor. 
An aerator separates the gaseous atoms into the gas stream that passes through 
the optical cell. There are hundreds of applications for this technology in many 
different fields. For example, the USEPA has promulgated several cold vapor 
AAS (CVAAS) procedures to detect mercury in fish.

Flame Atomic Absorption Spectrometry
Flame atomic absorption spectrometry (FAAS) is used to analyze solutions 
containing dissolved metallic salts. A nebulizer generates an aerosol that mixes 
with an oxidant gas such as air and fuel such as acetylene.

Consider a solution of NaCl. The nebulization step creates an aerosol con-
taining ionic species Na and Cl. The heat from the flame evaporates the 
water, creating a salt NaCl. Additional heat melts the salt. Further heating 
vaporizes the NaCl liquid, and the resulting gaseous NaCl molecules decom-
pose creating Na0 and Cl0. Light from a sodium hollow cathode lamp excites 
the sodium atoms and is absorbed. Flame AAS can measure many elements at 
the single-digit ppm (mg/L) level.

gas Chromatography

Gas chromatography (GC) separates volatile sample components based on their 
relative affinities for two phases. One of these is the mobile phase, a gas, and 
the other, the stationary phase, is the coating on the column through which the 
mobile phase is passing. GC can be used to identify halogenated pesticides and 
organomercuric compounds in drinking water, but it is not suitable for ionic 
species or salts. Typically, for the analysis of waters, the analytes are extracted 
into a suitable solvent before injection into the chromatograph. One microliter 
of a solution containing the chemical compounds of interest is heated to 300°C 
in the injection port, causing the solution to become a gas as it enters the col-
umn. The sample travels through the column in an inert gas. Helium, which 
is both inert and highly diffusive, is often used. The column coating adsorbs 
the sample compounds. The affinity of each compound in the sample for the 
column coating and chemical volatility determine its residence time inside the 
column and the choice of column. More information on chromatography is 
available at http://www.chromatography-online.org/resources.html.

Gas Chromatography-Mass Spectrometry
There are several detector devices available for GC, and the mass spectrom-
eter is probably the most widely used. The typical configuration is electron 
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impact ionization with a quadrupole mass analyzer, though other configura-
tions have recently been introduced. As a mass spectrum of a compound is a 
unique fingerprint, qualitative analysis is possible by matching the spectrum of 
an unknown compound with those of authentic compounds stored in a library 
in the computer’s memory. An example of the typical GC-MS combination is 
the Agilent 6840 series gas chromatograph, and the Agilent 5973 network mass 
selective detector shown in Figure 2.

high Performance Liquid Chromatography

High performance liquid chromatography (HPLC) is used to separate the com-
ponents in a sample solution based on their relative affinities for the liquid 
mobile phase and the solid stationary phase. Separated components are quanti-
fied by measurement in a flow-through detector mounted as close to the exit of 
the column as possible. Mass spectrometry, although more difficult to interface 
with LC than with GC, can be used for qualitative analysis. Each substance 
produces a unique pattern of peaks.

Basic Hardware
A typical HPLC system contains a solvent reservoir, a pump, an injector, a col-
umn, a detector, and a waste reservoir. A high-pressure pump pushes the solvent 

fIgURe 2  GC-MS equipment.
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into the system at pressures of 2,000–6,000 psi. The injector delivers a small 
volume (20 L) of the sample solution as a discrete plug, which then mixes 
with the solvent and travels through the column. Compounds in the sample are  
partitioned between the column and the solvent and are eventually washed into 
the detector flow cell where concentration is measured.

Ion Chromatography

A special type of HPLC in which the separation is predominantly by ion-
exchange is known as ion chromatography (IC). IC technology involves 
introducing a sample into an eluent stream via a sample loop or syringe and 
pumping that stream through a guard column and separator column. Analytes 
are detected, using a conductivity detector, and a suppressor is utilized to lower 
eluent background conductivity. The order in which ions are retained and elute 
from the column are dependent upon their respective charges and sizes. This 
instrument can detect cations such as lithium, sodium, ammonium, potassium, 
calcium, and magnesium at the parts-per-billion (ppb) level. Anions in drinking 
water including bromide, chloride, fluoride, nitrate, nitrite, ortho-phosphate-P,  
sulfate, disinfection by-products including bromate, bromide, chlorite, and 
chlorate can also be detected.  Various detectors may be used with IC, though 
those based on conductivity for the quantification of anions are probably the 
most widely used. Dionex Corporation recommends IC to identify “Oxyhalides 
and Bromate, Perchlorate, Haloacetic Acids, Selenium and Arsenic, Hexavalent 
Chromium, Cyanide and Metal Cyanides, Pesticides and Herbicides, Phenols, 
Ammonia and Amines, Metals, and Organic Acids” (http://www1.dionex.
com/en-us/Environmental/Water_Analysis/lp40893.html) Lachat Instruments 
recommends IC for the analysis of brackish waters. (http://www.lachatinstru-
ments.com/applications/AppsSearch.asp).

Inductively Coupled Plasma-Optical emission spectrometry

Inductively coupled plasma-optical emission spectrometry (ICP-OES) is a 
spectrophotometric technique that can be used to quantify contaminants in 
drinking water. ICP-OES is capable of analyzing many elements simultane-
ously using multiple wavelengths and calibration ranges. An ICP-OES system 
consists of a sample introduction system, an excitation source, a spectrometer, 
and a detection system. The ICP energy source is a pulsed alternating radio-
frequency magnetic field that interacts with electrons seeded into a carrier gas 
such as argon, causing them to move in circular paths with sufficient kinetic 
energy to cause collsional ionization. The sample is introduced into the instru-
ment using an autosampler and peristaltic pump. The peristaltic pump has three 
channels that allow for the mixing of the sample stream with standards or ioni-
zation suppressants. The combined sample moves into a nebulizer where it is 
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mixed with gaseous argon to form an aerosol. The aerosol mixture moves into 
the spray chamber and ultimately through a plasma stream at approximately 
6,000 K. As the aerosol evaporates and vaporizes, molecules dissociate into 
atoms. Electrons associated with the atoms are excited to higher energy levels 
and their subsequent return to the ground state produces photons, which are 
measured by the spectrometer using a charge-coupled device.

The instrument manufacturer can provide a general analytical method for 
the instrument when it is installed for aqueous analyses. ICP-OES has been 
used to quantify antimony, arsenic, barium, cadmium, chromium, lead, and 
selenium with detection limits in the range of 0.2–100 ppb.

Uv–vis Absorption spectroscopy

UV–Vis absorption spectroscopy measures the attenuation of a beam of light 
as it passes through a sample. Each substance absorbs radiation at different 
wavelengths. The concentration of an analyte in a solution can be determined 
by measuring the absorbance at some particular wavelength and applying  
Beer’s law.

A  εbc
where A: measured absorbance
b: path length
ε: wavelength-dependent molar absorptivity
c: analyte concentration
The major instrumental components of the UV–Vis spectrophotometer are 

as follows:

1.  Source of light (UV or visible range)
2.  Monochromator i.e., wavelength selector
3.  Sample container
4.  Detector and signal readout

Flow Injection Analysis
Flow injection analysis (FIA) is a technique used for the addition of reagents 
to sample solution. A small volume of sample (100 L) is injected into a carrier 
stream flowing in a narrow bore (0.8 mm i.d.) nonwettable tubing and merged 
with reagent solution at a confluence point. After flowing through a reaction 
coil (100 cm), the product is measured in a flow-through cell. Automated, serial 
sampling reduces the amount of time required in the laboratory to perform 
various spectrophotometric determinations. Flow injection instruments with 
either a UV–Vis or a Vis–NIR spectrophotometer detector can be used to detect 
ammonia, chloride, iron, nitrate, nitrite, and phosphate according to USEPA 
promulgated methods.
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MeThODs TO IDeNTIfy TyPICAL INORgANIC  
COMPOUNDs IN WATeR

USEPA maintains an extensive listing of promulgated methods and applica-
tions. This section is arranged by chemical species of interest. More methods 
are available at http://www.epa.gov/safewater/mdbp/implement.html

Arsenic

Technologies and costs for the removal of arsenic from drinking water 10-17-
2000 arsenic in drinking water (http://www.epa.gov/safewater/arsenic/pdfs/
techcosts.pdf).

Arsenic mitigation strategies (http://www.epa.gov/safewater/arsenic/pdfs/
arsenic_training_2002/train5-mitigation.pdf).

Copper

Revised guidance manual for selecting lead and copper control strategies: pro-
vides guidance for selecting lead and copper control strategies (http://www.epa.
gov/safewater/lcrmr/pdfs/guidance_lcmr_control_stratageis_revised.pdf).

Disinfection By-products

The disinfection by-products are TTHM/HAAS, chlorite, chlorine dioxide, and 
bromate.

Stage 1 disinfectants and disinfection by-products rule: Laboratory quick ref-
erence guide (EPA 816-F-02-021) (http://www.epa.gov/safewater/publicoutreach/ 
quickreferenceguides.html).

Method 317.0: Determination of inorganic oxyhalide disinfection by-products 
in drinking water uses ion chromatography with the addition of a postcolumn 
reagent for trace bromate analysis: This method is used to quantify inorganic 
oxyhalide disinfection by-products (http://www.epa.gov/safewater/methods/
pdfs/met317rev2.pdf).

Method 326.0: Revision 1.0 June 2002-EPA document # EPA 815-R-03-
00702-06-2003: The concentration of bromate, bromide, chlorate, and chlo-
rides can by determined by IC (http://www.epa.gov/safewater/methods/pdfs/ 
met326_0.pdf).

fluoride

Determination of inorganic anions in drinking water by IC: the presence of 
fluoride can be determined by IC (http://www.epa.gov/safewater/methods/pdfs/
met300.pdf).
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Iron

Arsenic removal from drinking water by iron removal plants EPA 600/R-
00/086/Risk Management Research/Risk Management Research/USEPA: Iron 
can be used to remove arsenic from drinking water (http://www.epa.gov/nrmrl/
pubs/600r00086/600r00086.htm).

Lead

Revised guidance manual for selecting lead and copper control strategies: the 
USEPA procedure for lead and copper control strategies (http://www.epa.gov/
safewater/lcrmr/pdfs/guidance_lcmr_control_stratageis_revised.pdf).

Manganese

Drinking water health advisory for manganese communicates health risks and 
avoidance strategies for communities with manganese in their drinking water 
(http://www.epa.gov/safewater/ccl/pdfs/reg_determine1/support_cc1_magnese_
dwreport.pdf).

Mercury

USEPA removal of chemical contaminants in drinking water EcoWater Systems 
Incorporated ERO-R450E drinking water treatment system—environmental 
technology verification report: this report describes the use of the EcoWater 
Systems Incorporated ERO-R450E drinking water treatment system (http://
www.epa.gov/etv/pubs/600r05122.pdf).

USEPA removal of chemical contaminants in drinking water Kinetico Inc. 
Pall/Kinetico Purefecta drinking water treatment system—environmental tech-
nology verification report: Pall/Kinetico Purefecta POU is a drinking water 
treatment system (http://www.epa.gov/etv/pubs/600r05108.pdf).

USEPA environmental technology verification report removal of chemi-
cal contaminants in drinking water Watts Premier Inc., WP-4 V drinking water 
treatment system: the Watts Premier WP-4 V POU drinking water treatment 
system removes mercury, cesium, cadmium, and other elements (http://www.
epa.gov/etv/pubs/600r06005.pdf).

USEPA ETV removal of chemical and microbial contaminants in drink-
ing water Watts Premier, Inc. M-2400 point-of-entry reverse osmosis drinking 
water treatment system: the Water Watts reverse osmosis system removes mer-
cury (http://www.epa.gov/etv/pubs/600r06101.pdf).

Nitrate

G:MSEMwtp73.PDF02-08-1999 final report—photo-assisted electron transfer 
reactions of application to mine wastewater cleanup: nitrate and cyanide mine 
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waste technology program activity iv, project 3: this procedure can be used to 
clean wastewaters from mining operations (http://www.epa.gov/hardrockmining/ 
a4/a4p3.pdf[PDF]).

sodium

Contaminant candidate list regulatory determination support document for 
sodium: sodium is not regulated as a contaminant (http://www.epa.gov/safewater/ 
ccl/pdfs/reg_determine1/support_cc1_sodium_cc1regdet.pdf).

sulfate

Data quality control methods manual: it gives consumer advice concerning the 
tolerable levels of sulfate in drinking water (http://www.epa.gov/safewater/ccl/
pdfs/reg_determine1/support_cc1_sulfate_dwreport.pdf).

LONg-TeRM MONITORINg NeTWORk fOR ATMOsPheRIC 
DePOsITION

The National Atmospheric Deposition Program/National Trends Network 
(NADP/NTN) is a nationwide network of sites that has collect wet deposition 
samples since 1978 to provide a long-term monitoring system for atmospheric 
deposition. The network includes over 250 sites located throughout the United 
States. Weekly wet deposition samples sent to the Central Analytical Laboratory 
(CAL) located at the Illinois State Water Survey are analyzed for pH, conduct-
ance, sodium, potassium, calcium, magnesium, ammonium, orthophosphate, 
sulfate, nitrate, and chloride. Samples are filtered through 0.45 m polyethersul-
fone filters prior to analysis. Once samples are filtered, they are analyzed by IC 
for sulfate, nitrate, and chloride; by ICP-OES for sodium, potassium, calcium, 
and magnesium; and by FIA for ammonium and orthophosphate.

The quality of the data is extremely important. A quality assurance (QA) 
plan contains basic guidelines (Rothert et al., 2002) for data quality. Standard 
operating procedures (SOPs) are followed for each instrument and each analy-
sis. Bias and interference from reagent solutions is critical; thus only deionized 
(DI) water with a specific resistance of 18.0 megohms cm or better can be used 
to prepare reagents and standards and check solutions. DI water is also used for 
all supply cleaning and rinsing procedures. New calibration curves are prepared 
daily. The calibration is verified with two in-house prepared quality check (QC) 
solutions. All calibration curves must produce r2  0.999. QC solutions are 
prepared annually by a QA chemist. These solutions, along with a low stand-
ard and a high standard, are used throughout the analytical run to verify data. 
All data must be bracketed by two QC samples falling within acceptable lim-
its, which are analyzed before and after every 12 samples. If QC checks fail, 
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the samples are reanalyzed. Blank samples are analyzed at the beginning and 
end of analyses to detect background contamination and instrument drift. In 
addition to standard checks, the QA chemist submits samples that are “blind” 
to the analyst (i.e., the concentration and the sample type are unknown to the 
analyst).

Chloride, nitrate, and sulfate are measured on an IC following the methods 
adapted from those developed by the instrument manufacturer, Dionex™. The 
instruments in use by the NADP utilize a potassium hydroxide (KOH) eluent 
generator, which generates a 35 mM KOH eluent solution. Samples are intro-
duced into the system via an autosampler into a 25 L sample loop and then onto 
the AG-18/AS18 guard and separator columns. Both systems utilize the ASRS  
(ULTRA II—4 mm) suppressors. The instruments are calibrated from 0.025 to 
1.5 ppm for chloride, and from 0.050 to 6.000 ppm for nitrate and sulfate.

Background conductivity and column back pressure readings are recorded 
and monitored daily. As the columns and eluent generators age, both readings 
will increase. These readings help the analyst determine when changes are 
required to achieve the optimal conditions for analyses. During the data review, 
the analyst checks each chromatogram to verify that all analytes present have 
been marked for detection and quantified.

Interferences result from impurities in reagents or contamination of DI 
water. Impurities produce unidentified peaks that may overlap with the peaks 
of interest. Retention times are verified by standards either externally or inter-
nally. As the columns age, shifts occur in retention time or more impurities 
may be eluted from the column.

Sodium, potassium, calcium, and magnesium are determined on a Varian 
Vista Pro ICP-OES. The sample is introduced into the instrument, using an 
autosampler and peristaltic pump. The peristaltic pump has three channels that 
allow for the mixing of the sample stream with standards or ionization suppres-
sants. The instrument is calibrated from 0 to 10.0 ppm for calcium and sodium 
and from 0 to 2.0 ppm for potassium and magnesium. Yttrium is used as an 
internal standard and cesium is used for ionization suppression. The instrument 
is calibrated at the beginning of each day and analysis of samples starts when 
QC solutions are verified to be good. In addition to QCs, the analyst can moni-
tor percent relative standard deviations (% RSD) produced from triplicate read-
ings for each sample. Increasing % RSDs indicate that there is a problem in the 
sample introduction system, which is comprised of the pump, tubing, nebulizer, 
and spray chamber. The internal standard is monitored throughout the analytical 
run and helps the analyst determine if instrument drift is occurring. Should the 
instrument drift, the analyst will verify that quality control solutions are good, 
then recalibrate the instrument and check quality control solutions again for veri-
fication. Routine maintenance is required to keep optimum operating conditions. 
Stretched or smashed pump tubing must be replaced. The torch and spray cham-
ber are cleaned weekly. Water levels in the chiller are checked daily. The water in 
the chiller is changed periodically and the filters are cleaned.
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Interferences that occur can be of the chemical, physical, or spectral nature. 
The high temperature of the plasma eliminates chemical interferences. Physical 
interferences are due to matrix differences and ionization effects. There are also 
spectral interferences resulting from overlaps of analytical lines. These can be 
avoided by selecting an alternate wavelength.

Ammonium and orthophosphate are analyzed using automated colorimetric 
methods. These automated methods involve introducing a specific volume of 
sample into a carrier stream onto a manifold set up with mixing coils. Reagents 
are added to the mixing coils, and they combine with the sample and react to 
produce a compound that can be detected colorimetrically. Methods for a vast 
array of analytes are provided by the instrument manufacturer. The instrument 
used for the wet deposition analysis is a Lachat FIA instrument, and the meth-
ods are 10-107-06-1B for ammonia and 10-115-01-1B for orthophosphate. 
The methods provide information necessary to analyze samples by FIA. These 
methods include parameters to set up the instrument to achieve the published 
detection limits for the specified analytical ranges. The instrument manufac-
turer provides reagent recipes and their recommended shelf life.

Prepared reagents are degassed for a minimum of 30 min, then transferred to 
polyethylene bottles, placed inline, and allowed to flow through the instrument 
manifold. The analyst monitors the baseline for a minimum of 20 min. The two 
methods (ammonia and orthophosphate) are run simultaneously using differ-
ent manifolds for each method. The instrument is equipped with sample loops 
on each manifold. The timing is adjusted so that each sample loop is filled and 
rinsed before the sample is injected into the manifold. The analyst monitors the 
analytical run and checks all spectra to ensure that there are no air spikes. He/
She marks samples with computed results that exceed the highest calibration 
standard. The worksheet can be modified before the run has been completed. 
This gives the analyst flexibility and allows for dilutions to be completed on 
the same day as the original sample is analyzed. Interferences are specific and 
documented in each method provided by Lachat.

CONCLUsIONs

Inorganic compounds in wastewater originate from natural and anthropogenic 
sources. They can be monitored satisfactorily by various instrumentation tech-
niques described in this chapter.
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RADIOACTIVE COMPOUNDS AND RADIOACTIVITY

Unique among all the contaminants that adversely affect surface and water 
quality, radioactive compounds pose a double threat from both toxicity and 
damaging radiation. The extreme energy potential of many of these materials 
makes them both useful and toxic. The unique properties of radioactive mate-
rials make them invaluable for medical, weapons, and energy applications. 
However, mining, production, use, and disposal of these compounds provide 
potential pathways for their release into the environment, posing a risk to both 
humans and wildlife. This chapter discusses the sources, uses, and regulation 
of radioactive compounds in the United States, biogeochemical processes that 
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control mobility in the environment, examples of radionuclide contamination, 
and current work related to contaminated site remediation.

Radioactive Decay

A radionuclide is an unstable element that emits high energy radiation from the 
atomic nucleus. Energy is released from the nucleus as it relaxes into a more sta-
ble state in the form of ionizing radiation, capable of stripping at least one elec-
tron from another atom or molecule. This emission is coupled to a change in the 
atomic number, due to the nature of the radiation emitted. The original element is 
referred to as the parent nuclide, and the decay product is called a daughter nuclide. 
Daughter nuclides can also be radioactive and continue to decay according to a 
well-established sequence. An example of an important radioactive decay sequence 
is presented in Figure 1, showing the daughter products of uranium-238 decay.

There are three types of ionizing radiation resulting from decay of radio-
active elements. Alpha () particles consist of two protons and two neutrons; 
this is equivalent to a nucleus of a helium atom (He2). Beta () particles are 
electrons or positrons emitted from the nucleus during the decay of a neutron. 

Element and
atomic number

Uranium (U) 
92

U-238 
4.5 × 109 years

U-234 
2.5 × 105 years

Pa-234 
1.2 min

Uranium-238 decay series
with radionuclide half-lives

α α

α

α

α

α α α

β

β

β

β

β

β

Th-234 
24.1 days

Th-230 
7.7 × 104 years

Ra-226 
1600 years

Rn-222 
3.8 days

Po-218 
3.05 min

Pb-214 
26.8 min

Pb-210 
22 years

Bi-214 
19.8 min

Bi-210 
5 days

Pb-206
stable

Po-210 
138 days

Po-214 
165 µs

Protactinium (Pa) 
91

Thorium (Th) 
90

Actinium (Ac) 
89

Radium (Ra) 
88

Francium (Fr) 
87

Radon (Rn) 
86

Astatine (At) 
85

Polonium (Po) 
84

Bismuth (Bi)
83

Lead (Pb)
82

α = He2+ particle
β = electron, positron

γ-ray emitters not marked

FIGURE 1 Diagram of uranium-238 decay series. The atomic number is determined by the 
number of protons in the nucleus, and the isotope is named by the atomic weight. Unstable nuclei 
release the instability by emitting alpha, beta, and/or gamma radiation from the nucleus of the 
atom. Because of the uranium-238 decay sequence, many of the elements shown here co-occur in 
contaminated areas with uranium as daughter nuclides of the dominant uranium isotope (based on 
Abdelouas, 2006; Focazio et al., 1998, and references therein).
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In this type of decay, the atomic mass does not change, but the atomic number 
increases by one. Gamma () radiation consists of photons with extremely high 
energy and the shortest wavelength in the electromagnetic spectrum. This type 
of radiation comes from transitions that occur within atomic nuclei and is often 
coupled to the emission of alpha or beta particles.

The SI unit of radioactive decay is the becquerel (Bq), which is defined 
as one decay per second. Because the Bq is a very small unit of radioactivity, 
another common unit is the curie (Ci), equal to 3.7  1010 Bq. Natural water 
samples are often reported in picocuries, which is equivalent to 2.22 radioactive 
disintegrations per minute (Focazio et al., 1998). The frequency of radioactive 
decay can vary from fractions of a second to millions of years. The accepted 
measure of the rate of radioactive decay is an isotopic half life, defined as the 
amount of time taken for a given quantity of radioactive material to decay to 
half of its original amount. Although it is not possible to determine exactly 
when a particular atom will decay, half life is a probabilistic and reliable meas-
ure of decay for a given quantity of radioactive material.

For the purpose of this chapter, the above discussion of radioactive decay is 
sufficient. However, radionuclide physics and decay is a complex and well-studied  
subject with many excellent texts and articles available for those wishing to delve 
into more detail.

Exposure to Radiation

Alpha, beta, and gamma radiation have very different routes of exposure and 
effects on tissue. All ionizing radiations can be mutagenic and exposure increases 
the risk of cancer (WHO, 2005; EPA, 2003). Alpha particles are highly ionizing 
but have very low tissue penetration; an alpha particle cannot penetrate the upper 
layers of the skin. However, if an alpha-emitting source is ingested, the health 
effects can be severe as alpha particles are the most damaging form of radia-
tion. Beta particles are less damaging but have greater penetration than alpha 
particles, and can cause DNA mutation and cell damage. The effects of this type 
of radiation have been harnessed for medical radiation therapy to kill cancerous 
cells. Gamma radiation is very penetrating and can cause severe cell damage and 
mutagenesis even when the source is not taken internally. As a result, gamma 
emitters should be well-shielded to prevent direct tissue exposure. Sealed gamma 
sources are often used for the sterilization of medical and scientific equipment as 
well as food products. Several examples of environmentally relevant alpha, beta, 
and gamma emitters are given in Table 1.

Exposure to radiation is often measured as a dose, or the amount of radia-
tion exposure to a human body over a given amount of time. Although there 
are several units of radiation dose, the most commonly used unit is a rem, 
which takes into account the amount of radiation absorbed by the body and 
the biological effect. This directly incorporates the effects of different types of 
particles emitted by radionuclide decay. The Environmental Protection Agency 
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 2007; EPA, 1996, 2007; NRC, 2004,  

e Applications Radiation 
Type

n capture 
tonium

Smoke detectors,  
industrial gauges

,

c ray  
n with N2, 
r weapons 

Radiocarbon dating,  
medical tracer



 product

n activation 
s

 product

Industrial gauges, well 
logging, therapeutic  
nuclear medicine

–

–

, 

, 

, 

 product Radiotherapy, sterilization, 
radiography, -ray source

, 

c ray 
on in upper 
phere,  
 product

Soluble in water as  
tritiated water (HTO), 
tracer, groundwater 
dating

Weak 
TABLE 1 Properties and Sources of Environmentally Relevant Radionuclides (ANL,
2006, 2007a,b; Tso et al., 1964)

Element Number of Isotopes Environmentally 
Important 
Radioisotopes

Naturally 
Occurring

Half-life Sourc

Americium 
(Am)

16, all radioactive 241Am No 432.7 years Neutro
by plu

Carbon (C) 3, 12C, 13C are stable 14C Yes 5,700 years Cosmi
reactio
nuclea
testing

Cesium (Cs) 39, only  
133Cs is stable

137Cs

134Cs

135Cs

Yes

No

No

30.17 years

2 years

2.3 million 
years

Fission

Neutro
of 133C

Fission

Cobalt (Co) 59, 22 are radioactive 60Co No 5.27 years Fission

Hydrogen  
(H)

3, one is  
radioactive

3H (tritium) Yes 12.3 years Cosmi
collisi
atmos
fission
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TABLE 1 (Continued)

Element Number of Isotopes Environmentally 
Important 
Radioisotopes

Naturally 
Occurring

Half-life Source Applications Radiation 
Type

product

product

product
product

Radiometric dating

Thyroid treatment, drug 
metabolisms
Medical imaging
Immunotherapy

, weak 


, weak 
, weak 
, weak 

product 
, fission 

t

– 

ion with 
s

ion with 
s

ion with 
s

Heat (energy)

Nuclear weapons

–







cay, fission 
t

Power source for satellites, 
found in tobacco from 
fallout



y

y

y

–

Luminescent dials, 
radiography, found in 
tobacco from fallout

–



, 



(Continued)
Iodine (I) 37, only 127I is stable 129I

131I

123I
124I

No

No

No
No

15.7 million 
years
8.02 days

13.2 hours
4.18 days

Fission 

Fission 

Fission 
Fission 

Neptunium (Np) 17, all radioactive 237Np No 2.14 million 
years

Decay 
of 241Am
produc

Plutonium (Pu) 15, all radioactive 238Pu

239Pu

240Pu

No

No

No

87.7 years

24,100 years

6,560 years

U react
neutron

U react
neutron

U react
neutron

Polonium (Po) 33, all radioactive 210Po Yes 138.38 days 238U de
produc

Radium (Ra) 25, all radioactive 224Ra

226Ra

228Ra

Yes

Yes

Yes

3.7 days

5.76 years

3.66 years

Th deca

U deca

Th deca
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Applications Radiation 
Type

226Ra Nuclear medicine 

eries, 
actors

Lantern mantles, chemical 
catalyst, ceramics, welding 
rods

, 

oduct, Radiological tracer for 
medical use, power  
source (heat)



oduct Medical applications 
(metastable form,  
Tc  99 m, half-ife  6 h)

, 

ineral 

ineral 

ineral 

Shielding, bullets,  
missiles, weights, yellow 
color in ceramic glaze

Nuclear reactors,  
weapons

–

, 

, 

, 
TABLE 1 (Continued)

Element Number of Isotopes Environmentally 
Important 
Radioisotopes

Naturally 
Occurring

Half-life Source

Radon (Rn) 34, all radioactive 222Rn Yes 3.8 days Decay of 

Thorium (Th) 27, all radioactive 232Th Yes 14 billion 
years

U decay s
nuclear re

Strontium (Sr) 16, 84Sr, 86Sr, 87Sr,  
88Sr are stable

90Sr No 29.1 years Fission pr
fallout

Technetium (Tc) 22, all radioactive 99Tc No 212,000 
years

Fission pr

Uranium (U) 6, all radioactive 238U

235U

234U

Yes

Yes

Yes

4.47 billion 
years

700 million 
years

246,000  
years

Natural m
ores

Natural m
ores

Natural m
ores
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(EPA) sets an annual dose limit for radiation exposure through drinking water 
sources and calculates the maximum contaminant concentration allowable for 
a particular radionuclide (see Section Radioactive Compounds in Water). The 
average background radiation dose is approximately 300 mrem per person, pri-
marily from naturally occurring cosmic and terrestrial sources of radiation and 
routine medical procedures.

Radionuclide Toxicity and Metabolism

Many radioactive elements are primarily dangerous because of the release of ion-
izing radiation during the decay process. However, a number of radioactive met-
als exhibit toxicity similar to nonradioactive metals. For example, exposure to 
elevated concentrations of uranium through drinking water causes increased risk 
of kidney failure and reproductive organ damage (WHO, 2005, and references 
therein). The toxicity and radioactive damage to tissues due to exposure to a par-
ticular element is dependent on the radiological and chemical activity of the ele-
ment, the biodistribution, and the metabolic removal of the element by the body. 
Many radioactive elements are more dangerous when inhaled than when ingested 
through drinking contaminated water because the body can eliminate the com-
pound more readily through the digestive tract, liver, and kidneys. However, 
some elements target particular organs when ingested because of their chemical 
behavior. For example, strontium-90 accumulates in bone because of its chemi-
cal similarity to calcium, whereas the radioisotopes of iodine are concentrated in 
the thyroid gland along with stable isotopes of iodine (ANL, 2007).

PRIMARY RADIOACTIVE CONTAMINANTS: SOURCES, USES, 
AND DISPOSAL

While there are thousands of naturally occurring and synthetic (anthropogenic) 
radionuclides, this section discusses some of the most commonly encountered radi-
onuclides in the environment. Many radionuclides are naturally occurring in min-
erals and rocks, but the fallout from nuclear weapons testing and waste generated 
from weapons and energy production is a significant source of contamination to 
the environment. Mill tailings—the waste products generated during the extraction 
of naturally occurring radioactive elements from mineral ores—generally have rel-
atively low radionuclide concentrations. However, mill tailings can easily serve as 
a source of contamination to surface water and groundwater because they are often 
extensive and can be in direct hydrologic contact with rivers, lakes, and groundwa-
ter. Radioactive waste generated by human activity is categorized as either high- 
or low-level waste, depending on the origin and use of the material. High-level 
waste is primarily spent uranium fuel from nuclear power reactors. Low-level 
waste is essentially waste from any source other than spent nuclear fuel (SNF).  
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Low-level waste can have radiation levels that range from only slightly above nat-
ural abundance to very radioactive, depending on the source material (NRC 2007).

Nuclear Reactors

Nuclear power plants and other reactors utilize fuel rods containing uranium-
235, which is only slightly radioactive. The three uranium isotopes must be 
separated in a process called enrichment before uranium-235 can be used as 
fuel, since the natural abundance of uranium-235 is only 0.72% (Table 1). The 
leftover uranium is primarily uranium-238, referred to as depleted uranium. 
When uranium-235 is irradiated with neutrons, the uranium atoms split through 
a process called fission, releasing more neutrons, atoms with smaller atomic 
numbers, and large amounts of heat. The heat is harnessed to create electricity, 
similar to conventional fossil fuel power plants. During fission, some uranium-
235 atoms capture neutrons to form heavier radioactive elements (transuranic 
elements) such as plutonium. The by-products of fission are highly radioactive 
and often long lived (e.g., cesium-137, strontium-90, and plutonium; Table 1) 
and are the primary reason that spent fuel is significantly more hazardous than 
the original unreacted fuel rod (NRC, 2007).

Long-term disposal of SNF is the subject of intense research. There are 
many ways to sequester the radionuclides in SNF, including nuclear waste 
glasses (vitrification), ceramics, and advanced storage cask technology. 
Discussion of these technologies and the related research of SNF sequestration 
are beyond the scope of this chapter. However, the stability of these materials 
has significant consequences for the success of long-term storage of SNF at a 
permanent disposal facility by keeping long-lived radionuclides out of acces-
sible water resources for thousands of years.

Medical Applications

Radionuclides are used in medical applications for diagnostic procedures 
(imaging) and therapeutic treatments of diseased tissue such as cancer. For 
diagnostic tests, a small amount of radioactive material, such as technetium-
99m (metastable form, see Table 1) or iodine, is taken internally to image a 
particular organ. Therapeutic uses of radioisotopes include external exposure 
by utilizing a focused external cobalt-60 gamma ray source, the placement of 
removable radiation sources in or near a tumor, and ingestion of high dosages 
of radioactive materials to target a particular organ (e.g., iodine for thyroid dis-
ease). Medical facilities also utilize sealed radioactive sources for imaging and 
sterilization devices (NRC, 2004).

Mill Tailings

The extraction of useful quantities of radionuclides requires the processing of 
enormous amounts of mineral ores, resulting in large quantities of mill tailings.  
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Mill tailings do not have high enough concentrations to be economically valu-
able, but contain enough residual material to contaminate surrounding surface 
water and groundwater resources. The most commonly mined radioactive 
element is uranium, and the milling of uranium ore is a significant source 
of environmental contamination. There are three types of processes used for 
uranium mining: open pit mining, underground mining, and in situ leaching. 
Tailings are produced during open pit and underground mining, and can con-
tain low but measurable amounts of uranium and other radioactive elements that 
co-occur in the mineral ore phase such as radium and radon. In situ leaching 
involves injecting either sulfuric acid or a strong alkali solution, depending on 
the geology, into a subsurface ore body. Uranium is directly extracted into the 
injectate and pumped out of the ground for processing. Although in situ leach 
mining does not produce mine tailings, there is still potential for groundwater 
contamination.

Historically, uranium mining was most commonly performed with open 
pit or underground techniques, resulting in large quantities of mine tailings 
that were often in contact with surface water and groundwater. The United 
States government has invested billions of dollars in remediating uranium mill 
tailings-impacted sites by removing the tailings to lined and capped disposal 
locations. Nevertheless, there is still a legacy of uranium and other metal con-
tamination in groundwater because of uranium mill tailings. As a result, there 
continues to be an extensive research into groundwater remediation technolo-
gies for sites contaminated by uranium mill tailings (Section Remediation of 
Uranium Contamination). Because of the variable geology and ore composi-
tion, the groundwater contamination from mill tailings varies appreciably 
between sites. The processes used to extract uranium from the ore also var-
ied from site to site and can impact the current aquifer conditions. Radioactive 
compounds of concern at mill tailings sites are primarily uranium, radium, 
and radon, although other radioactive elements can be present as well. 
Nonradioactive elements that can co-occur in uranium mill tailings are arsenic, 
selenium, cadmium, chromium, mercury, molybdenum, lead, and vanadium. 
In addition, sulfide minerals are commonly associated with uranium ores  
and can lead to acid drainage when in contact with water (Abdelouas, 2006; 
NRC, 2006b).

Radon Emissions from Soil Minerals and Groundwater

Radon is a naturally occurring decay product of radium (Figure 1). Because 
of its electronic structure, it is a heavy noble gas and is relatively nonreactive. 
However, it poses a large threat to human health through inhalation because 
it is very stable in the gaseous form and tends to accumulate indoors. The pri-
mary route of exposure is radon emissions from soil, but it can also dissolve 
in groundwater. When the groundwater is brought to the surface for human  
consumption, the radon will degas into the atmosphere. This is mainly a concern 
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for privately-owned well users who use the groundwater with minimal treatment 
and may be exposed to radon as it degasses from the water while bathing.

RADIOACTIVE COMPOUNDS IN WATER

Regulation of Radioactive Wastes and Water Standards

Radionuclides are ubiquitous in naturally occurring rocks and soils. In addi-
tion, traces of radionuclides have been dispersed worldwide as fallout from the 
detonation of nuclear weapons. Exposure to a background level of radiation 
from natural sources and fallout via drinking water and soil contact is normal 
and has been incorporated into the Nuclear Regulatory Commission (NRC) and 
EPA calculations of radiation exposure risk. Contaminated water has radiation 
levels above the normal acceptable background amount of radiation.

The responsibility for proper handling, use, and storage of radioactive mate-
rials bridges a large number of federal, state, and local agencies. The NRC is 
responsible for regulation of storage and disposal of all commercially generated 
waste as well as long-term storage of high-level waste from the Department of 
Energy (DOE). The NRC also sets dose limits for different radioactive com-
pounds for the general public, radiation workers, and medical personnel (NRC, 
2007). The DOE is responsible for developing technologies and storage facili-
ties for waste generated by DOE activities (primarily high-level waste), and must 
be licensed by the NRC. The EPA is responsible for water standards outside the 
boundaries of NRC and DOE sites, which includes drinking water standards. 
The DOE is responsible for safe handling of radioactive materials at produc-
tion facilities supplying military weapons or energy applications as well as dis-
posal of transuranic wastes from military activity, but the Department of Defense 
(DOD) internally regulates the use of radioactive materials during active military 
application. The Department of Transportation (DOT) regulates the transporta-
tion of all radioactive wastes with standards set by the NRC. The Department of 
Interior (DOI) provides scientific support for DOE disposal programs through 
the U.S. Geological Survey (USGS). The Bureau of Land Management (BLM) 
manages certain sites for the DOE. Food and Drug Administration (FDA) over-
sees approval for safe use of radiopharmaceuticals. Licensing and medical use of 
radioactive compounds is overseen by the NRC (NRC 2004, 2006a,b, 2007).

High-Level Waste
Because the decay of high-level waste is extremely slow and the waste will 
pose a human health threat for hundreds of thousands of years, long-term stor-
age is necessary. Currently, there are no permanent locations approved for high-
level waste disposal in the United States, and high-level waste is being stored 
in numerous temporary storage facilities around the country. However, Yucca 
Mountain, Nevada, is being explored as permanent disposal site for commercial 
(nonmilitary) high-level nuclear waste.
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Low-level Waste
For elements with short half-lives and nonradioactive daughter products, waste 
can be “treated” by allowing it to decay and then disposing of the daughter 
products as regular hazardous waste. Otherwise, it must be taken to low-level 
waste disposal sites regulated by the NRC.

Mill Tailings
Congress enacted the Uranium Mill Tailings Radiation Control Act (UMTRCA) 
in 1978 to remediate the sites of uranium mill tailings. The DOE is responsible 
for the remediation of sites where uranium was used for the weapons program, 
regardless of the current ownership of the land. Remediation must be evaluated by 
the NRC and meet EPA standards. The first phase is to physically move the tail-
ings into a lined repository and clear the site so that no radiation hazard is present 
at the surface. Phase 2 requires determination and implementation of remedial 
action for groundwater clean up. The EPA has set groundwater concentration lim-
its for elements and other contaminants commonly found in mill tailings (Table 2). 
For some elements, these limits are higher than drinking water standards.

Drinking water standards are summarized in Table 3. Maximum contaminant 
levels (MCLs) take into consideration the available treatment technologies as well 
as the health effects of exposure to a particular contaminant. MCLs are enforce-
able standards, and all drinking water supplies are required to comply with these 
standards. Only uranium has an MCL that includes chemical toxicity in addition 
to radiation dose. Gamma emitters are not regulated separately because gamma 
radiation co-occurs with either alpha or beta particles. Public health goals are 
nonenforceable concentration thresholds below which ingestion holds no health 
risk (EPA, 2003). For all radionuclides, the public health goals are zero.

Standard iron or aluminum coagulation, anion exchange, and reverse osmo-
sis are all effective technologies for removing radionuclides, especially ura-
nium, from water during conventional municipal water treatment (WHO, 2005, 
and references therein).

Analysis of Radioactive Compounds in Water

Screening of water samples for radioactive elements can be achieved with a 
gross alpha and beta measurement. This method counts the total amount of alpha 
or beta particles emitted from a sample over a specific period of time. Although 
these measurements are not useful for determining the composition of the sample 
and radiation dose, and can be impaired by various interferences, a gross alpha 
and beta screen can semiquantitatively indicate whether further testing is neces-
sary for a particular water sample. This measurement is sometimes performed 
with a dried sample, which can yield artificially low results if the dominant radi-
onuclides are volatile (e.g., iodine, radon, tritium, and carbon-14).

Alpha spectrometers, gamma spectrometers, and liquid scintillation counters 
for beta emitters are commonly used for quantifying concentrations of different 
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TABLE 2 NRC and EPA Limits for Uranium Mill Tailings—Impacted Groundwater 
(EPA, 2003; NRC, 2008)

Contaminant Groundwater Limit Drinking Water Standard

Ra (226  228) 0.185 Bq/L (5 pCi/L) 5 pCi/L

U (234  238) 1.11 Bq/L (equivalent to 
0.044 mg U/L)

0.03 mg/L

 particles/photons – 4 mrem/year*

Gross  activity 0.555 Bq/L (15 pCi/L) 15 pCi/L

Ag 0.05 mg/L –

As 0.05 mg/L 0.01 mg/L

Ba 1.0 mg/L 2.0 mg/L

Cd 0.01 mg/L 0.005 mg/L

Cr 0.05 mg/L 0.1 mg/L

Hg 0.002 mg/L 0.002 mg/L

Mo 0.1 mg/L –

Pb 0.05 mg/L 0.015 mg/L

Se 0.01 mg/L 0.05 mg/L

NO3
 10 mg/L as N 10 mg/L as N

Endrin 0.0002 mg/L 0.002 mg/L

Lindane 0.004 mg/L 0.0002 mg/L

Methoxychlor 0.1 mg/L 0.04 mg/L

Toxaphene 0.005 mg/L 0.003 mg/L

2,4-D (2,4-
dicholorphenoxyacetic acid)

0.1 mg/L 0.07 mg/L

*No further analysis needed if gross beta emission is less than 50 pCi/L and if the concentrations 
of tritium and strontium-90 are less than 20,000 and 8 pCi/L, respectively. If gross beta activity 
exceeds 50 pCi/L, then all major radioactive contaminants must be quantified and the overall dose 
should not exceed 4 mrem/year.

radionuclides depending on the type of particle and energy emitted. The decay 
of a radionuclide results in a particle emission with a specific energy signature 
that can be used as a “fingerprint” for the parent isotope. By counting the par-
ticles emitted from a sample at specified energy levels, the concentration of 
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various radionuclides can be calculated. Detectors for alpha and gamma spec-
trometry operate on the general principle that incoming radiation ionizes the 
atoms in the detector, which can be measured as a voltage proportional to the 
energy of the original radiation particle. There are several types of detectors, and 
selection of the appropriate system depends on the concentration range, number 
of radionuclides, and matrix, and self-absorption effects. Multichannel instru-
ments have the capability of measuring several energies simultaneously, allow-
ing for the detection of several elements at the same time. Liquid scintillation 
counting is very useful for low-energy beta emitters, such as tritium and carbon-
14, but can be used for other beta emitters as well. The water sample is mixed 
with an organic liquid scintillator, resulting in light emission, which can be 
measured with a photomultiplier tube. Hand-held Geiger–Mueller counters are 
generally not sensitive enough to be useful for environmental water samples.

When the concentrations of target radionuclides are too low for direct count-
ing, several approaches can be taken. Some analytes can be measured with an 
alternate instrumental method with lower detection limits, such as inductively 
coupled plasma mass spectrometry (ICP-MS). Alternately, a chemical precipi-
tation method can be used to purify and concentrate a known amount of sample 
into a solid pellet that can be counted as described earlier. Several elements can 
be precipitated in this manner, such as Cs (as Cs2PtCl6), I (as PdI2), Ra (in a 
Ba-Ra sulfate), and Sr (as SrCO3), although these precipitation methods can be 
susceptible to interferences.

Uranium can be measured using an ICP-MS or a Kinetic Phosphorescence 
Analyzer (KPA, Chemcheck Instruments, WA). Multiple analytes can be simul-
taneously measured on an ICP-MS, whereas the KPA is specific to uranium. 
Both instruments have very low detection limits (1 ppb). Uranium can also be 

TABLE 3 EPA Limits for Radionuclides in Drinking Water (EPA, 2003; NRC, 
2006a).

Contaminant Type Maximum Contaminant 
Level

Public Health Goal

Alpha particle emitters 15 pCi/L Zero

Beta particle emitters 4 mrem/year Zero

Radium-226 and Radium-228 
(combined)

5 pCi/L Zero

Uranium (sum of all three 
isotopes)

30 g/L Zero

Tritium 20,000 pCi/L (equivalent 
to 4 mrem/year)

Zero
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calculated by measuring the decay of thorium-234 (decay product of uranium-
238, Figure 1) by gamma spectrometry or directly by alpha spectrometry.

A useful guide to analysis of radionuclides is included in Standard Methods for 
the Examination of Water and Wastewater, which provides standardized chemical 
and instrumental methods, as well as interference information (Eaton and Franson, 
2005). It is important to note that all laboratories handling radioactive compounds 
must be licensed by the NRC and have appropriate safety precautions specific to 
radionuclides to avoid contamination of laboratory equipment and personnel.

Examples of Radionuclide Contamination in Groundwater

The extent of contamination by a particular radionuclide depends on the bio-
geochemical processes that affect mobility in aqueous solution at environmen-
tally relevant conditions as well as the physical characteristics of the aquifer 
soil and fluid flow. As uranium is the most widespread radionuclide contami-
nant in groundwater, Sections Biogeochemical Processes Controlling Uranium 
Fate and Transport and Remediation of Uranium Contamination will focus on 
uranium biogeochemistry and remediation technology. However, other radio-
nuclides also pose a threat to drinking water resources, and several exam-
ples will be briefly discussed later and in Section Biogeochemistry of Other 
Radionuclides.

There is a legacy of contamination associated with the production of weap-
ons at four major DOE sites (Hanford, WA; Savannah River, GA; Oak Ridge 
National Laboratory, TN; and Idaho National Laboratory, ID) and other 
processing facilities such as Rocky Flats, Colorado. There has been a substan-
tial amount of research at each of these sites because the extent of contamina-
tion is large and complex. For example, the vadose zone and aquifer sediment 
at the Hanford site have been contaminated with cesium-137, strontium-90, and 
uranium, along with other toxic metals below processing ponds and buried waste 
tanks (e.g.,  Liu et al., 2003, 2006; McKinley et al., 2006; Arai et al., 2007, and 
references therein). The Hanford site sits along the edge of the Columbia River, 
posing a threat to both groundwater and surface water quality. In addition to 
treating the radioactive waste repositories, significant progress has been made 
in remediating contaminated groundwater, but the complexity and extent of 
contamination is extensive. Ongoing research at Hanford is currently develop-
ing novel treatment mechanisms for immobilizing radionuclide contamination. 
Drinking water sources in the areas surrounding the Hanford site are monitored 
carefully for contamination.

There have been several reported incidents of accidental release of tritium 
into groundwater from commercial nuclear power plants. Tritium is a by-product 
of boron irradiation, which is used to control the fission reaction in nuclear 
power plants. Although the measured impact on drinking water supply was 
very low, these incidents point to the importance of controlled disposal of all 
by-products of fission reactors (NRC, 2006a).
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Several studies have found naturally occurring deposits of uranium, radium, 
and radon affecting drinking water and public supply wells. In the Kirkwood–
Cohansey aquifer in southern New Jersey, elevated concentrations of radium 
were found near agricultural areas. Use of lime and fertilizers in the fields 
altered the groundwater chemistry by lowering the pH to less than 5, increas-
ing the mobility of radium into the groundwater (Szabo and DePaul, 1998; 
Hirsch et al., 2008). In the San Joaquin Valley, California, uranium concentrations 
exceeding the MCL have been measured in public supply wells, partly because 
of the influx of higher dissolved oxygen from increased well pumping (Burow  
et al., 2005). The EPA and the USGS did a reconnaissance survey of radium 
isotopes, polonium-210, and lead-210 in groundwater used for drinking water 
in 27 states in areas suspected of having elevated radium concentrations 
(Focazio et al., 1998). Out of 99 samples, 21% exceeded the MCL for radium. 
Although this report does not provide information on the population exposed, 
it does indicate that naturally occurring radioisotopes can be found in drinking 
water supplies under favorable geochemical conditions.

BIOGEOCHEMICAL PROCESSES CONTROLLING URANIUM 
FATE AND TRANSPORT

Because of the reliance on uranium as a reactant in the nuclear fuel cycle and 
weapons manufacture, uranium-contaminated water and soil is one of the 
most important and widespread challenges facing environmental radionuclide 
science. Uranium mobility is controlled by a complex network of chemical, 
biological, and physical processes in an aquifer system (Figure 2). The later 
discussion will focus on key chemical and biological processes, but it is impor-
tant to note that the mobility of uranium is also affected by the physical charac-
teristics of the soil, such as aquifer hydraulic conductivity and lithology.

Advection, dispersion,
and diffusion

Adsorption on to Fe, Mn (oxy)hydroxides,
silicates, clays, biosurfaces (bacteria biofilms)

Reduction by metal- 
reducing bacteria,

Fe(II), and/or sulfide

Precipitation of insoluble
U(IV) phases

U(VI)

Aqueous complexation
(e.g., UO2(CO3)34-, Ca2UO2(CO3)3)

FIGURE 2 Important chemical, biological, and physical processes in uranium(VI) bioremediation.
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Uranium (U) can exist in four oxidation states (III, IV, V, and VI), 
although only U(VI) and U(IV) occur widely in the environment. Under oxic 
conditions, U(VI) forms a large number of aqueous (oxo)anionic complexes and 
can be very mobile in groundwater. Common U(VI) species at circumneutral 
pH can inlcude the uranyl ion (UO2

2), hydroxide species (e.g., UO2(OH)2
0), 

carbonate species (e.g., UO2(CO3)3
4), ternary metal-carbonate species (e.g., 

Ca2UO2(CO3)3
0), and other minor species with nitrate, chloride, sulfate, and 

phosphate, depending on the aqueous geochemical conditions (pH, alkalin-
ity, etc.) (Guillaumont et al., 2003; Dong and Brooks, 2006). Uranium(VI) 
also forms inner-sphere adsorption complexes with iron and manganese 
(oxy)hydroxides, silicates, and clays (e.g., Barnett et al., 2002; Waite et al., 1994; 
Payne et al., 1996; Krepelová et al., 2006). Adsorption depends on pH and the 
presence of aqueous species such as carbonate and calcium (Fox et al., 2006). 
Because groundwater is often rich in carbonate and calcium, the carbonate and 
ternary complexes are often dominant, lowering U(VI) adsorption to mineral 
surfaces and making U(VI) very mobile in oxic groundwater. Precipitation with 
carbonate and phosphate minerals (e.g., autunite, Ca(UO2)2(PO4)2·nH2O) can 
sequester U(VI) in the solid phase under specific but environmentally relevant 
conditions (Abdelouas et al., 1998). Under the conditions of most oxic aquifers, 
however, U(VI) tends to be quite mobile because of the strong aqueous carbon-
ate complexation. When U(VI) is reduced to U(IV), a highly insoluble precipi-
tate forms, often as UO2. Even in the presence of carbonate and calcium, U(IV) 
remains relatively immobile (Guillaumont et al., 2003). Thus, the mobility of 
uranium is affected strongly by the processes controlling U oxidation state and 
the redox conditions in the aquifer (e.g., van Hullebusch et al., 2005).

Uranium(VI) Reduction

There are both abiotic (chemical) and biotic (microbial) pathways for U(VI) 
reduction to insoluble U(IV). Aqueous ferrous iron (Fe2) is a weak reductant 
of U(VI), but adsorbed Fe(II) and ferrous iron-bearing minerals are effective at 
reducing adsorbed U(VI) (Liger et al., 1999; Jeon et al., 2005). Iron(II) adsorbed 
to the surface of Fe oxides, clays, and natural mixtures as well as mixed Fe(II)–
Fe(III) phases such as green rust and magnetite (pH 5) have been shown to reduce 
U(VI) to U(IV) (O’Loughlin et al., 2003; Missana et al., 2003; Scott et al., 2005; 
and Dodge et al., 2002). Sulfide mineral surfaces also partially reduce adsorbed 
U(VI) to form mixed U(IV)–U(VI) solid phases (Wersin et al., 1994).

Biotic reduction of U(VI) can be carried out by various commonly occurring 
dissimilatory metal-reducing and sulfate-reducing groundwater bacteria includ-
ing Geobacter, Shewanella, and Desulfovibrio species (Lovley et al., 1991; 
Gorby and Lovley, 1992; Lovley and Phillips, 1992; Fredrickson et al., 2000; 
Marshall et al., 2006). The rate of microbial U(VI) reduction may be limited by 
complexation with Ca and carbonate (Brooks et al., 2003). Conversely, natu-
ral organic matter (NOM) may act as an electron donor and/or electron shuttle, 
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enhancing the microbial reduction of U(VI) (Gu and Chen, 2003). Uranium(IV) 
precipitates formed from microbial enzymatic reduction tend to be aggregates of 
nanoparticles and may be more easily re-oxidized than bulk UO2(s) (Suzuki et al., 
2003; Singer et al., 2007). Iron- and sulfate-reducing bacteria may also stimulate 
U(VI) reduction indirectly by producing reducing agents (sulfide and Fe(II)).

Uranium(IV) Oxidation

Oxidation of UO2(s) can occur via abiotic and biotic pathways, although little 
is known about direct microbial UO2(s) oxidation. Potential important oxidiz-
ing agents under environmentally relevant conditions include dissolved oxygen 
(O2(aq)), manganese(III/IV) minerals, Fe(III)(oxy)hydroxides, nitrate, microbial 
denitrification intermediates (NO2

, NO, and N2O), and some types of NOM 
(Ginder-Vogel et al., 2006; Peper et al., 2004; Istok et al., 2004; Gu et al., 
2005). Oxidative dissolution of UO2(s) has been well-studied under different 
environmental conditions. As pH decreases or O2(aq) and bicarbonate concen-
trations increase, the rate of UO2 oxidation increases (e.g., Peper et al., 2004). 
Since microbially precipitated U(IV) is smaller than the particles of bulk UO2(s) 
used in many studies by several orders of magnitude, the rates of oxidative dis-
solution for nanoparticulate U(IV) may be faster than bulk UO2 (Suzuki et al., 
2002, and Urlich et al., 2008). Further research is needed to test whether this 
observation is relevant in natural sediments and soils.

REMEDIATION OF URANIUM CONTAMINATION

Remediation Technologies

Once soil and groundwater have been polluted by radionuclides, the process of 
remediating the contaminated area can be complicated and costly. One approach 
is to “dig and dump” or physically remove the contaminated sediment to a lined 
and clay-capped disposal site. This has been extensively employed for mill tail-
ings, although it is often impractical for treating the contaminated soil beneath 
the tailings. Another strategy is “pump and treat,” or actively pumping the con-
taminated groundwater to an above ground treatment unit, and reinjecting the 
treated water into the aquifer. This technique is useful for very mobile elements, 
but can be expensive, requires harsh additives, or takes a prohibitive amount of 
time if the contaminant is strongly associated with the soil phase. Soil washing 
involves flushing the sediment system to remove the small, mobile particles that 
tend to contain elevated concentrations of contaminant. Similar to the pump and 
treat approach, soil washing can be expensive and slow, depending on the char-
acteristics of the contaminant and site (Tabak et al., 2005). Permeable reactive 
barriers (PRBs) such as zero valent iron and bone charcoal concentrate the con-
taminant in the barrier material through adsorption, precipitation, and chemical 
transformation. The barrier can be removed for disposal once the reactive sites 
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have been poisoned. Injectable phosphate amendments are being explored as a 
way to sequester dissolved uranium in uranium-phosphate precipitates such as 
autunite (Abdelouas et al., 1998). Although these strategies are effective under 
the right circumstances, they are often impractical because of the large quantity 
of sediment or water to be treated.

Alternatives to these conventional techniques are currently being explored. 
Bioremediation has become an attractive alternative because the treatment 
can be very economical and is relatively noninvasive. It is defined as a tech-
nology that uses microorganisms (bacteria, archaea, fungi, or algae) to reduce, 
contain, or transform the target compound to eliminate water contamina-
tion (Tabak et al., 2005). The technology has been enormously successful in 
treatment of organic contaminants and is currently under investigation for 
large-scale treatment of radionuclide-contaminated groundwater (Tabak et al.,  
2005; Hazen and Tabak, 2005). Bioremediation strategies for metals and 
radionuclides can take one of the several approaches: permanently sequestering  
the element in an immobile form, enhancing mobilization of the element from 
the solid phase to flush it from the system, or a combination of concentrating the 
element (e.g., as a solid phase) and remobilizing it in a pulse that can be easily 
treated ex situ. There has also been some research into the possibility of using 
phytoremediation (accumulating contaminants in plants), but these treatment 
options are limited to the root zone. Most treatment strategies are focused on 
bioremediation with bacteria because of the wealth of microbiological studies 
available and the versatility of using bacteria in situ in contaminated aquifers.

Bioremediation

Ex Situ Techniques
For sites with very high concentrations of radionuclide contaminants or where 
pump and treat systems are in operation, an ex situ bioremediation strategy may 
be an effective and economically viable option. Ex situ treatment processes 
include enzymatically catalyzed biotransformation (e.g., U(VI) reduction), bio-
sorption/bioaccumulation, and biodegradation of organic complexing agents 
such as EDTA. Biosorption is the accumulation of radionuclides on biomass 
particles and is independent of bacterial metabolism. Bioremediation is also 
being applied to industrial and medical waste streams to consolidate radioac-
tive waste, thus decreasing both the storage cost and the risk of future environ-
mental contamination. However, the radiation toxicity of radionuclides often 
prevents ex situ bioremediation from being effective for highly concentrated 
radionuclide wastes (Tabak et al., 2005).

In Situ Techniques
In situ bioremediation is an attractive option for groundwater with lower con-
taminant concentrations because the treatment occurs directly in the subsurface 
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aquifer. Ideally, in situ bioremediation only requires injection of an electron 
donor to stimulate activity of indigenous dissimilatory metal reducing or sulfate 
reducing bacterial communities. This is often achieved by injecting an organic 
carbon source such as acetate, ethanol, or molasses. The process of stimulating 
microbial growth in this manner is called in situ biostimulation. The success 
of biostimulation depends on targeting groups of naturally occurring bacteria 
whose physiology is capable of directly metabolizing the radionuclude (e.g., 
U(VI) reduction to insoluble U(IV)) and/or creating geochemical conditions 
favorable for the abiotic reactions to sequester the contaminant (e.g., dissimila-
tory Fe(III) reduction producing reactive Fe(II)).

Field-Scale Application of In Situ Bioremediation
The efficacy of in situ biostimulation for the removal of U(VI) from groundwater 
has been demonstrated at the field-scale at Old Rifle, Colorado, and Oak Ridge 
National Lab, Tennessee (Hazen and Tabak, 2005; Anderson et al., 2003; Stucki 
et al., 2007; Vrionis et al., 2005; Wu et al., 2006; Wu et al., 2007), and in the 
laboratory with synthetic mineral phases and natural sediments (Finneran et al., 
2002; Abdelouas et al., 2000; Jeon et al., 2004; Suzuki et al., 2003). The follow-
ing example demonstrates the potential of bioremediation as a treatment strategy 
for large, dilute plumes of uranium-contaminated groundwater.

The Old Rifle site in western Colorado is part of the DOE uranium mill tail-
ings remedial action (UMTRA) program. The mill tailings have been removed 
and the site has been capped with a clay layer (DOE, 2006). Nevertheless, 
groundwater often exceeds the maximum allowable uranium concentration for a 
mill tailings site with average concentrations between 0.4 and 1.4 M (Anderson 
et al., 2003). Preliminary laboratory studies showed that U(VI) could be removed 
from solution in live sediments with the addition of acetate (Finneran et al., 
2002). Subsequent field-scale studies were conducted by injecting an acetate-
amended groundwater with a conservative bromide tracer and monitoring the 
changes in groundwater geochemistry and microbiology before, during, and after 
the injection (Anderson et al., 2003; N’Guessan et al., 2008; Hazen and Tabak, 
2005). The acetate injection stimulated microbial Fe(III) reduction concurrent 
with decreasing dissolved uranium concentrations. The groundwater micro-
bial community became enriched in Geobacter-type organisms, based on 16S 
DNA analysis and specific phospholipid fatty acid analysis. Geobacter organ-
isms are common soil bacteria capable of both Fe(III) and U(VI) reduction. As 
conditions in the study plot became more reducing, the community shifted from 
iron reducers to sulfate reducers, probably because sedimentary bioavailable 
Fe(III) pools were depleted. Near the injection wells, the acetate became limit-
ing as sulfate reduction became the dominant microbial process, and the micro-
bial community shifted to sulfate-reducing bacteria such as Desulfovibrio-type 
organisms. Uranium(VI) removal from groundwater substantially decreased dur-
ing sulfate reduction, and dissolved uranium concentrations rebounded. This is 
consistent with the observation that acetate-oxidizing sulfate-reducing bacteria 
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do not typically reduce uranium. The success of in situ biostimulation at this 
site depends on sustainable metal-reducing conditions in the aquifer. This case 
study highlights the complexity and importance of thoroughly understanding 
the key biogeochemical processes during in situ bioremediation.

BIOGEOCHEMISTRY OF OTHER RADIONUCLIDES

Naturally occurring radioisotopes and radioactive by-products of nuclear fis-
sion blanket virtually the entire periodic table, and the varied chemical behav-
ior of radionuclides reflects this diversity. Location within the periodic table is 
a good indicator of the chemistry exhibited by a given radionuclide. For exam-
ple, radon is relatively inert like the other noble gases, and it poses a threat to 
human health primarily through inhalation in its gaseous form. Tritium in solu-
tion essentially behaves like a proton in water (1H-3H-O). The radioisotopes of 
cesium and strontium are not redox active in the environment and have similar 
chemical behavior to other alkali and alkaline earth metals, respectively.

Multiple elements in the lanthanide and actinide series can exist in many 
oxidation states and can exhibit complex redox chemistry. Technetium(VII) 
and plutonium(VI/V) can both be reduced to insoluble precipitates by bacteria 
and/or abioic reducing agents (Tc(IV) and Pu(IV)) (Peretyazhko et al., 2008; 
Boukhalfa et al., 2007, and references therein). Interestingly, Pu(IV) can be 
further reduced by bacteria to Pu(III), which is relatively soluble.

The fate and transport of many radioisotopes becomes significantly more 
complex when interactions with microbes, mineral surfaces, and redox reac-
tions are considered, as demonstrated for uranium in Sections Biogeochemical 
Processes Controlling Uranium Fate and Transport and Remediation of Uranium 
Contamination. The fate and transport of many radioactive elements in the envi-
ronment is currently an area of intense research, particularly for elements in the 
lanthanide and actinide series. As more information becomes available about 
the biogeochemical reactions in the environment, bioremediation may become a 
treatment strategy for other radionucludes besides uranium, such as technetium, 
plutonium, and neptunium (Lloyd and Renshaw, 2005; Morris and Raiswell, 
2002).

CONCLUSIONS

The legacy of nuclear weapons and the continued use of nuclear power and 
medicine have left the United States with a number of sites contaminated with 
various radionuclides. If the demand for nuclear energy increases, proper min-
ing, milling, use, and storage of the radioactive products will continue to be a 
top priority in order to protect natural water resources. Although natural and 
anthropogenic sources of radionuclides tend to be relatively localized, clearly 
there are areas where radionuclide contamination threatens surface and ground-
water sources. The complexity of soil–microbe–radioisotope interactions makes 
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 remediation strategies both scientifically intriguing and logistically difficult. There 
are many areas of research that would benefit not only the scientific community, 
but also organizations working to restore impacted areas to safe levels of radiation. 
One important research area is the role of microbial communities, geochemistry, 
biosurfaces, and biofilms during in situ remediation. A detailed understanding of 
biogeochemical processes controlling radionuclide fate in groundwater is of vital 
importance to maximizing and stabilizing field-scale treatment.
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IntroductIon

As mentioned in the previous chapters, a large number of contaminants can find 
their way into the water sources we use for drinking water. Of these contaminants, 
volatile and semivolatile contaminants can enter directly from various spills by 
improper disposal, or from the atmosphere in the form of rain, hail, and snow. 
Snow and rain are nature’s way of providing freshwater; however, now they are 
generally contaminated with various pollutants that we release into the atmos-
phere, most of which are volatile contaminants. According to a USGS report  
(U.S. Geological Survey, 2006), volatile organic compounds (VOCs) are a group 
of organic compounds with inherent physical and chemical properties that allow 
these compounds to move between water and air. In general, VOCs have high 
vapor pressure, low-to-medium water solubilities, and low molecular weights. By 
contrast, semivolatile organic compounds (SOCs) have a higher boiling point than 
VOCs; however, they can be volatilized under various environmental conditions 
and can pollute water (see Section SEMIVOLATILE COMPOUNDS).

BoIlIng poInts of some Vocs

VOCs are also called purgeable organic compounds because their volatile nature 
allows them to be purged by aeration of water supplies. The boiling points of a 
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large number of volatile compounds are given in Table 1 to provide the reader a 
better understanding of the relative volatility of these compounds.

It may be noticed from the table that these compounds have a wide range of 
boiling points (from 24°C to 157°C). Some of these compounds, for exam-
ple, chloromethane, vinyl chloride, bromomethane, and bromoethane are highly 
volatile, with boiling points below the ambient temperature; they are found in 
most inhabited parts of the world. However, a fairly large number of these com-
pounds have boiling points over the boiling point of water (100°C). Table 1 also 
provides the detection limit in nanograms (ng) of these compounds.

classIfIcatIon of VolatIle organIc compounds

Various solvents and a number of other VOCs have been used for more than 100 
years. For example, chloroform and trihalomethanes (THMs) have been present 
in chlorinated drinking water since the first application of chlorination in 1908. 
According to the USGS, as many as 55 VOCs can be found in U.S. groundwater 
and drinking-water supply wells. VOCs have been detected in water in 90 out 
of 98 aquifer studies across the nation. The largest frequencies were found in 
the West, New England, and the Mid-Atlantic states. Twenty percent of the sam-
ples from aquifers contained one or more of these compounds at 0.2 µg/L level. 
THMs, which originate as chlorination by-products and solvents, were the most 
frequently detected VOCs. A few compounds such as methyl tert-butyl ether 
(MTBE), ethylene dibromide, and dichloropropane had regional or local pat-
terns. MTBE was the third most detected VOC. Chloroform was most frequently 
detected in wells. VOCs may be classified into seven groups as follows:

l Fumigants
l Gasoline hydrocarbons
l Gasoline oxygenates
l Organic synthetic compounds
l Refrigerants
l Solvents
l Trihalomethanes

For further information on some of the VOCs that belong to these groups 
see Tables 2 and 3.

sources of contamination of Vocs and their Health effects

According to the U.S. Environmental Protection Agency (EPA), the following vol-
atile organic contaminants are the most likely ones to be found in drinking water:

l Benzene
l Carbon tetrachloride
l Chlorobenzene



TABLE 1 Boiling Points and Detection Limits for Some Volatile Organic Compounds

Compound Detection Limit (ng) Boiling Point (°C)

Chloromethane 58 24

Bromomethane 26 4

Vinyl chloride 14 13

Chloroethane 21 13

Methylene chloride 9 40

Acetone 35 56

Carbon disulfide 11 46

1,1-Dichloroethene 14 32

1,1-Dichloroethane 12 57

trans-1,2-Dichloroethene 11 48

Chloroform 11 62

1,2-Dichloroethane 13 83

1,1,1-Trichloroethane 8 74

Carbon tetrachloride 8 77

Bromodichloromethane 11 88

1,1,2,2-Tetrachloroethane 23 146

1,2-Dichloropropane 12 95

trans-1,3-Dichloropropene 17 112

Trichloroethene 11 87

Dibromochloromethane 21 122

1,1,2-Trichloroethane 26 114

Benzene 26 80

cis-1,3-Dichloropropene 27 112

Bromoform 26 150

Tetrachloroethene 11 121

Toluene 15 111

Chlorobenzene 15 132

Ethylbenzene 21 136

Styrene 46 145

Trichlorofluoromethane 17 24

Iodomethane 9 43

Acrylonitrile 13 78

Dibromomethane 14 97

1,2,3-Trichloropropane 37 157

Total xylenes 22 138–144

Source: Adapted from EPA (1996).
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TABLE 2 VOCs Found in About 1% or More of Aquifier Samples

Compound Name VOC Group

Chloroform Trihalomethane

Perchloroethene Solvent

Methyl tert-butyl ether Gasoline oxygenate

Trichloroethene Solvent

Toluene Gasoline hydrocarbon

Dichlorodifluoromethane Refrigerant

1,1,1-Trichloroethane Solvent

Chloromethane Solvent

Bromodichloromethane Trihalomethane

Trichlorofluoromethane Refrigerant

Bromoform Trihalomethane

Dibromochloromethane Trihalomethane

trans-1,2-Dichloroethene Solvent

Methylene chloride Solvent

1,1-Dichloroethane Solvent

Source: USGS.

TABLE 3 VOCs Found at Concentration(s) of Potential Human Health Concern

Compound Name VOC Group Domestic 
Wells

Public 
Wells

Trichloroethene Solvent X X

Dibromochloropropane Fumigant X

Perchloroethene Solvent X X

1,1-Dichloroethene Organic synthesis compound X X

1,2-Dichloropropane Fumigant X

Ethylene dibromide Fumigant X

Methylene chloride Solvent X

Vinyl chloride Organic synthesis compound X

Source: USGS.



Satinder Ahuja
 241

l o-Dichlorobenzene
l p-Dichlorobenzene
l 1,1-Dichloroethylene
l cis-1,1-Dichloroethylene
l trans-1,1-Dichloroethylene
l Dichloromethane
l 1,2-Dichloroethane
l 1,2-Dichloropropane
l Ethylbenzene
l Styrene
l Tetrachloroethylene
l 1,2,4-Trichlorobenzene
l 1,1,1,-Trichloroethane
l 1,1,2-Trichloroethane
l Trichloroethylene
l Toluene
l Vinyl chloride
l Xylenes

It should be noted that most of these compounds are hydrocarbons or halo-
genated hydrocarbons. A number of them have been found to be carcinogenic.

The USGS reports that a fairly large number of VOCs can be found in aqui-
fers (Table 2). VOCs that were found in about 1% or more of aquifer samples 
at the assessment level of 0.2 g/L are included in the table. Note that the com-
pounds in the table are listed in the order of decreasing detection frequency.

VOCs that were found at concentrations of potential concern to human 
health in domestic and public wells are given in Table 3. The compounds are 
listed by decreasing order of concentrations of potential concern.

According to the USGS, the contamination caused by 10 frequently detected 
VOCs can occur from various sources (see Table 4). The source of contamina-
tion generally relates to gasoline or solvents. The most common variables are 
source and transport.

The sources of contamination of a number of VOCs, along with their potential 
health effects at maximum contamination level (MCL), are given in Table 5. The 
primary source of contamination from these chemicals is discharge from chemi-
cal, agricultural, pharmaceutical, petroleum, plastic, rubber, textile, and metal 
degreasing factories. Other sources are leaching from gas storage tanks and land-
fills and various other industrial activities. Dry-cleaning industries also add their 
share of pollutants.

semIVolatIle compounds

A number of semivolatile compounds can be detected in our water supplies. 
According to Usenko et al. (2007), SOCs are ubiquitous throughout the  
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TABLE 4 Positive Associations, in Order of Decreasing Importance, for 10 
Frequently Detected VOCs in Aquifers

Compound Occurrence Associated with Type of Variable

Gasoline hydrocarbons

1,2,4-Trimethylbenzene Few septic systems S
Cool climates T
Dry climates T
Gasoline UST sites S

Toluene Cool climates T
Old construction S
Gasoline LUST sites S
Domestic wells I
Oxic water F
Hydric soils T

Gasoline oxygenate

MTBE Wet climates T
MTBE-use areas S
Shallow depth to top of well screen T
Public wells I
Cool climates T
Oxic water F
Gasoline LUST sites SI

Solvents

Chloromethane Anoxic water F
High silt in soil T
Undeveloped land S

Methylene chloride Domestic wells I
Shallow well depth T
Septic systems S
Sparse sand in soil T

TCA Oxic water F
Shallow depth to top of well screen T
Low soil organic content T
Cool climates S
Urban land S
RCRA facilities S
Old construction S

TCE Urban land S
Oxic water F
Wet climates T

(Continued )
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environment because of anthropogenic activities, and they have the potential 
to accumulate in polar and mountainous regions (Wania and Mackay, 1993; 
Simonich and Hites, 1995; Blais et al., 1998; Grimalt et al., 2001; Daly and 
Wania, 2005; Usenko et al., 2005; Hageman et al., 2006; Mast et al., 2006). 
SOCs can undergo atmospheric long-range transport via large-scale winds 
(Wania and Mackay, 1993; Simonich and Hites, 1995; Killin et al., 2004; Daly 
and Wania, 2005; Usenko et al., 2005; Hageman et al., 2006). The EPA has also 
classified certain SOCs as persistent, bioaccumulative, and toxic (PBT) chemi-
cals (U.S. Environmental Protection Agency, 2007).

In mountainous regions, diurnal winds have the potential to transport SOCs 
from lower elevation source regions to higher elevations (Daly and Wania, 
2005). Due to the potential for transport and deposition of these PBT SOCs 
to sensitive remote ecosystems, the Western Airborne Contaminant Assessment 
Project (WACAP) was developed to study the atmospheric deposition of SOCs 

TABLE 4 (Continued)

Compound Occurrence Associated with Type of Variable

Public wells I
Sparse hydric soils T
Septic systems S

PCE Shallow depth to top of well screen T
Oxic water F
Public wells I
Urban land S
Septic systems S

Trihalomethanes

Bromodichloromethane Oxic water F
Sewer systems S
Low groundwater recharge T
Public wells I

Chloroform Urban land S
Oxic water F
Wet climates T
Public wells I
Sparse hydric soils T
Septic systems S
RCRA facilities S

Source: USGS.
TCA, 1,1,1,-trichloroethane; TCE, trichloroethene; PCE, perchloroethene; MTBE, methyl tert-butyl 
ether; RCRA, Resource Conservation and Recovery Act; LUST, leaking underground storage tank; 
UST, underground storage tank; F, fate; S, source; T, transport; I, indeterminate.



rces of Contaminant in Drinking Water

charge from factories; leaching from gas 
age tanks and landfills

charge from chemical plants and other 
strial activities

charge from chemical and agricultural 
mical factories

charge from industrial chemical factories

charge from industrial chemical factories

charge from industrial chemical factories

charge from industrial chemical factories

charge from industrial chemical factories

charge from industrial chemical factories

charge from drug and chemical factories

charge from industrial chemical factories
TABLE 5 Sources of Volatile Contaminants and Potential Health Effects

Contaminant MCLG1 
(mg/L)3

MCL2 
(mg/L)3

Potential Health Effects from 
Ingestion of Water

Sou

Benzene 0 0.005 Anemia; decrease in blood 
platelets; increased risk of cancer

Dis
stor

Carbon tetrachloride 0 0.005 Liver problems; increased risk of 
cancer

Dis
indu

Chlorobenzene 0.1 0.1 Liver or kidney problems Dis
che

o-Dichlorobenzene 0.6 0.6 Liver, kidney, or circulatory system 
problems

Dis

p-Dichlorobenzene 0.075 0.075 Anemia; liver, kidney or spleen 
damage; changes in blood

Dis

1,2-Dichloroethane 0 0.005 Increased risk of cancer Dis

1,1-Dichloroethylene 0.007 0.007 Liver problems Dis

cis-1,2-Dichloroethylene 0.07 0.07 Liver problems Dis

trans-1,2-Dichloroethylene 0.1 0.1 Liver problems Dis

Dichloromethane 0 0.005 Liver problems; increased risk of 
cancer

Dis

1,2-Dichloropropane 0 0.005 Increased risk of cancer Dis



e from petroleum refineries

e from rubber and plastics factories; 
 from landfills

e from factories and dry cleaners

e from petroleum factories

e from textile finishing factories

e from metal degreasing sites and other 

e from industrial chemical factories

e from metal degreasing sites and other 

 from PVC pipes; discharge from plastics 

e from petroleum factories; discharge 
mical factories

wn or expected risk to health. MCLGs 

t as close to MCLGs as feasible using the 
Ethylbenzene 0.7 0.7 Liver or kidney problems Discharg

Styrene 0.1 0.1 Liver, kidney, or circulatory system 
problems

Discharg
leaching

Tetrachloroethylene 0 0.005 Liver problems; increased risk of 
cancer

Discharg

Toluene 1 1 Nervous system, kidney, or liver 
problems

Discharg

1,2,4-Trichlorobenzene 0.07 0.07 Changes in adrenal glands Discharg

1,1,1-Trichloroethane 0.20 0.2 Liver, nervous system, or 
circulatory problems

Discharg
factories

1,1,2-Trichloroethane 0.003 0.005 Liver, kidney, or immune system 
problems

Discharg

Trichloroethylene 0 0.005 Liver problems; increased risk of 
cancer

Discharg
factories

Vinyl chloride 0 0.002 Increased risk of cancer Leaching
factories

Xylenes (total) 10 10 Nervous system damage Discharg
from che

Source: Adapted from EPA, National Primary Drinking Water Regulations.
1Maximum contaminant level goal (MCLG): the level of a contaminant in drinking water below which there is no kno
allow for a margin of safety and are nonenforceable public health goals.
2Units are in milligrams per liter (mg/L).
3Maximum contaminant level (MCL): the highest level of a contaminant that is allowed in drinking water. MCLs are se
best available treatment technology and taking cost into consideration. MCLs are enforceable standards.
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to high-elevation and high-latitude lake catchments in eight national parks 
throughout the western United States from 2003 to 2005 (Landers et al., 2003). 
A study estimated that 50–98% of the pesticides in the Rocky Mountains in 
2002–2003 snowpack were due to regional sources (Hageman et al., 2006). 
This was attributed to revolatilization of pesticides from soils, atmospheric 
transport, and deposition. Westerly winds predominate in the Colorado Rocky 
Mountains (Burns, 2003). However, atmospheric deposition of nitrogen, in the 
form of NOx and NH3, has been shown to originate from fossil-fuel combustion 
and agriculture sources in major metropolitan areas 150 km east of the Rocky 
Mountains (Denver, Boulder, and Fort Collins) and is linked to summer diurnal 
mountain winds.

Lake sediments preserve the chronology of SOC deposition to lake catch-
ments, and radiometric dating of an undisturbed sediment core permits recon-
struction of the historical deposition (Fernandez et al., 1999, 2000; Grimalt  
et al., 2004a, b). A study was conducted to quantify 98 SOCs in sediment from 
two high-elevation lake catchments located on either side of the Continental 
Divide in Rocky Mountain National Park, to reconstruct the history of SOC depo-
sition and to identify possible SOC source regions to the two Rocky Mountain 
National Park lakes (Usenko et al., 2007). The sediment cores were dated using 
210 Pb and 137 Cs and analyzed for polybrominated diphenyl ethers (PBDEs), 
organochlorine pesticides, phosphorothioate pesticides, thiocarbamate pesti-
cides, amide herbicides, triazine herbicides, polychlorinated biphenyls (PCBs), 
and polycyclic aromatic hydrocarbons (PAHs) using the method described in 
Section EPA Methods for SOCs on page 252. SOC deposition profiles were 
reconstructed, and deposition half-lives and doubling times were calculated 
for U.S. historic-use pesticides (HUPs) and current-use pesticides (CUPs) as 
well as PBDEs, PCBs, and PAHs. Sediment records indicate that the deposi-
tion of CUPs has increased in recent years, whereas the deposition of HUPs has 
decreased as U.S. restrictions were imposed, but has not been eliminated. This is 
most likely due to the revolatilization of HUPs from regional soils, atmospheric 
transport, and deposition. The differences in the magnitude of SOC sediment 
fluxes, flux profiles, time trends within those profiles, and isomeric ratios sug-
gest that SOC deposition in high-elevation ecosystems is dependent on regional 
upslope wind directions and site location with respect to regional sources and 
topographic barriers.

monItorIng Vocs and socs

VOCs can confer some odor to water; drinking water is frequently monitored 
for any potential contaminants that are responsible for the odor; these are dis-
cussed in the next section. The monitoring methods utilized for the analysis 
of VOCs and SOCs are discussed in two separate sections. For the reader’s 
convenience, some of the EPA methods commonly utilized for the analyses of 
these compounds have also been grouped in the separate subsections.



Satinder Ahuja 247
odors in drinking Water

At times, municipal water may have an odor, and frequently, that odor relates to 
the chlorination of water. However, it goes without saying that various compounds 
can impart odor to water. For example, the musty odor in drinking water may 
be the result of the by-products of blue–green algae. Some people can smell cer-
tain compounds at concentrations of 10 parts per trillion (ppt) or less. Therefore, 
many utilities and beverage companies analyze water for the presence of com-
pounds such as isopropyl-methoxypyrazine (IPMP), isobutyl-methoxypyrazine 
(IBMP), methylisoborneol (MIB), and geosmine. All of these compounds can be 
analyzed by solid-phase microextraction (SPME) and gas chromatography (GC) 
on Supelco’s SLB-5 ms column at 60°C (2 min) and then 8°C/min. gradient to 
200°C. The detectabilities range from 10 to 20 ppt. Remediation of odors and 
removal of undesirable VOCs are discussed in Section REMEDIATION.

analysis of Vocs

VOCs can be analyzed in various ways. However, the most commonly used 
method is GC with headspace analysis (see section Chemistry of Static Headspace 
GC). A large number of these compounds (see Table 1) were analyzed after sam-
ple preparation by EPA method 5041. The detection limits given in the table were 
determined according to 40 CFR, Part 136, Appendix B, using standards spiked 
onto clean tubes. As clean tubes were used, the values cited above represent the 
best ones that the methodology can achieve. The presence of an emission matrix 
can affect the ability of the methodology to perform at its optimum level. It should 
be noted that compounds with boiling points 130°C are not suitable for quanti-
tative sampling by EPA method 0030.

Chemistry of Static Headspace GC
An exact volume or weight of sample is placed in a closed sealed vial. This cre-
ates two distinct phases in the vial—an aqueous phase containing volatile com-
ponents and a gaseous phase, or headspace. Volatile components in the sample 
can partition into the headspace. An aliquot of the headspace can then be ana-
lyzed by GC. The equations for the headspace relationship are as follows:
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VS  volume of sample phase
VV  total vial volume
C0  initial analyte concentration in sample
CG  analyte concentration in gas phase
CS  analyte concentration in sample phase
K  partition coefficient

Pi
0  analyte vapor pressure
gi  activity coefficient

Partition coefficient (K) is defined as the equilibrium distribution of an ana-
lyte between the sample and the gas phase. Therefore, as per definition, the 
compounds that have lower K values tend to partition more readily into the gas 
phase. The relationship of K may also be described as a relationship between 
analyte vapor pressure and activity coefficient. High salt concentrations and 
other solvents can decrease the solubility of analytes in the sample phase.

The phase ratio () is defined as a volume of the headspace over the volume 
of the sample in the vial. Lower values for  will yield higher responses for the 
volatile components with low K values. It should be noted that decreasing  
will not always increase the response, because when  is decreased by increas-
ing sample size, compounds with high K values will partition less into head-
space, compared to compounds with low K values.

Some of the main techniques utilized for the extraction of organic contami-
nants are given in Table 6. The table also shows whether a given technique is 

TABLE 6 Main Techniques for Extraction/Concentration of Organic Contaminants 
from Water

Technique Applicability Detection 
Limit (MS)

Analysis Time Solvent 
Used (mL)

Headspace VOCs ppb 30 min 0

P&T VOCs ppb 30 min 0

CLS VOCs ppt 2 h 0

LLE SOCs ppt 1 h 200

SPE SOCs ppt 30 min 50

SPME VOCs, SOCs ppt 5 min 0

MIMS VOCs ppb Run time 0

T-MIMS VOCs, SOCs ppt 5–30 min 0

Source: Adapted from Kooester and Clement (1993).
ppb, parts per billion; ppt, parts per trillion; P&T, purge and trap; CLS, closed-loop stripping; LLE, 
liquid–liquid extraction; SPE, solid-phase extraction; SPME, solid-phase microextraction; MIMS, 
membrane introduction mass spectrometry; T-MIMS, trap MIMS.
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applicable for VOCs or SOCs. The detection limit and analysis time are also 
included in this table.

A large number of compounds can be resolved and identified by GC. The 
combination of GC with mass spectrometry (MS) increases the versatility of this 
technique, making it the method of choice for detection and quantification of 
these contaminants. Of special interest is membrane introduction mass spectrom-
etry (MIMS), as it is an efficient technique for the trace level detection of VOCs 
in water. Detection limits of a number of VOCs are given in Table 7 at the parts 
per billion (ppb) level with MIMS. These limits can be extended down to the ppt 
level with cryotrap membrane introduction mass spectrometry (CT-MIMS).

EPA method 624, commonly used for the SPB-624 column, was modified 
to fast GC column dimensions, and then sample size, linear velocity, and oven 

TABLE 7 CT-MIMS Gains and Detection Limits for a Series of VOCs

VOCs Monitored 
Ion (m/z)

MIMS 
Signal 
(kcounts)

CT-MIMS 
Signal 
(kcounts)

CT-
MIMS 
Gain

MIMS 
Detection 
Limit 
(ppb)

CT-MIMS 
Detection 
Limit 
(ppt)

Benzene 78 11.4 1,099 96 1 10

Toluene 91 11.0 1,139 103 1 10

Xylene 106 10.4 987 95 1 10

Chlorobenzene 112 14.5 1,419 98 1 10

Benzaldehyde 106 1.8 170 95 15 150

Acetone 58 3.4 321 95 10 100

2-Butanone 43 7.9 836 106 5 50

Ethyl ether 59 10.9 1,136 104 1 10

Tetrahydrofuran 72 0.4 35.4 96 50 500

Carbon tetrachloride 117 3.4 311 92 5 50

Chloroform 83 6.0 583 98 2 20

Dichloromethane 49 1.6 193 118 20 200

1,1,2,2-
Tetrachloroethane

83 3.0 275 93 5 50

Chlorodibromethane 127 5.3 579 110 2 20

Source: Adapted from Menendes et al. (1996).



chapter | 11 Volatile and Semivolatile Contaminants250
temperature ramp rates were optimized (see Figure 1). The analysis time was 
reduced from 17 to 10 min.

EPA Methods for VOCs
VOCs are among the most common chemical pollutants tested by the U.S. EPA 
method TO-14 for their analysis in soil, sludge, drinking water, and wastewater. 
The great number and chemical diversity of VOCs that can be present in these 
samples demands utilization of capillary GC columns that are capable of separat-
ing almost 100 compounds. This high separating power is usually accomplished 
with long (75 or 105 m) 0.53 mm ID columns; however, narrow diameter columns 
(0.25 mm ID) with shorter lengths (30 or 60 m) can also be effective. Columns with 
specially developed bonded stationary phases provide the polar, polarizable, and 
dispersive interactions needed to separate large numbers of VOCs. The columns 
with different bonded stationary phases can also elute VOCs in different orders or 
can separate pairs of VOCs that cannot be separated by the other columns.

EPA drinking water methods 524 and 8260 implement purge-and-trap (P&T) 
technology and are widely used for the analysis of VOCs. To ensure reliable anal-
ysis, a P&T concentrator must be able to effectively control the large amounts 
of water being transformed to the adsorbent trap prior to analysis by GC–MS. 
Minimizing the amount of water being transferred significantly improves water 
quality. Seventy-five compounds were analyzed by this approach at the 200-ppb 
level. This approach results in less carryover from high-level samples.

VOCs, such as those tested by EPA method 8260B, are usually determined 
with a P&T system connected to GC. The column used for the gas chromato-
graph should have a selective stationary phase to resolve the volatile pollutants 

fIgure 1 Fast GC analysis of VOCs.
Source: Sigma-Aldrich.com/gc, vol. 26.1, p. 6
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and should have sufficient film thickness to retain and resolve the low-boiling 
volatile compounds (e.g., dichlordifluoromethane), and should be thermally 
stable to elute high-boiling volatile compounds such as hexachlorobutane and 
naphthalene. Figure 2 shows the resolution of a large number of volatile com-
pounds on Rtx-VMS column in 10 min.

EPA method 8260C (SW-846). This analytical method can be utilized for the 
measurement of volatile organic pollutants in a wide range of matrices ranging 
from groundwater to aqueous sludge (EPA method 8260C, Rev 3, 2006 http://
www.epa.gov/epaoswer/hazwaste/test/pdfs/8260c.pdf). The method lists 100 
organic compounds with diverse physical properties that can present significant 
challenges to analysts. It is useful for analyzing VOCs by GC–MS. This method 
should be used for the analysis of solid, nonaqueous liquid/organic solid, aque-
ous liquid, and drinking water samples for the following contaminants: allyl 
alcohol, 2-chloroethanol (ethylene chlorohydrin), cyanogen chloride, ethylene 
oxide, propylene oxide, 1,4-dithiane (degradation product of HD), 1,4-thioxane 
(degradation product of HD). Appropriate sample preparation techniques should 
be used prior to analysis. Note: For carbon disulfide and 1,2-dichloroethane 
only, EPA method 524.2 (rather than 8260C) should be used for the analysis of 
drinking water samples.

fIgure 2 Resolution of bromomethane and chloromethane and some other isomeric compounds. 
Source: Restek Tech Guide lit. 59887A
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Volatile compounds are introduced into a GC by P&T or other procedures 
(see Section 1.2 in Method 8260C). The analytes can be introduced directly to 
a wide-bore capillary column or cryofocused on a capillary precolumn before 
being flash-evaporated to a narrow-bore capillary for analysis. Alternatively, the 
effluent from the trap is sent to an injection port operating in the split mode 
for injection to a narrow-bore capillary column. The column is temperature- 
programed to separate the analytes, which are then detected with a mass spec-
trometer (MS interfaced to the GC). Analytes eluted from the capillary column 
are introduced into the MS via a jet separator or a direct connection. The esti-
mated quantitation limit (EQL) for an individual analyte is dependent on the 
instrument as well as the choice of sample preparation/introduction method. 
Using standard quadrupole instrumentation and the P&T technique, EQLs are 
5 g/kg (wet weight) for soil/sediment samples and 5 g/L for groundwater.

Somewhat lower limits may be achieved using an ion-trap MS or other 
instrumentation of improved design. No matter which instrument is used, EQLs 
will be proportionately higher for sample extracts and samples that require dilu-
tion or when a reduced sample size is used to avoid saturation of the detector.

analysis of socs

As mentioned earlier, an analytical method was developed for trace analysis 
of 98 SOCs in remote, high-elevation lake sediment. Sediment cores from 
Lone Pine Lake (west of the Continental Divide) and Mills Lake (east of the 
Continental Divide) in Rocky Mountain National Park, Colorado. Sediment 
samples were allowed to thaw in sealed glass jars, ground with sodium sulfate, 
and extracted using a pressurized liquid extraction. Interferences were removed 
from the sediment extract using a 20-g silica solid-phase extraction cartridge 
and gel permeation chromatography. The sediment extracts were analyzed for 
target SOCs by GC–MS, using both electron impact ionization and electron 
capture negative ionization with selective ion monitoring as described in detail 
by Usenko et al. (2005) and Ackerman et al. (2005).

EPA Methods for SOCs
EPA method 8270D (SW-846). This is a challenging method that covers a wide 
range of compound classes: neutral, acidic, and basic compounds including ani-
lines, phenols, PAHs, etc., that differ in both volatility and reactivity (EPA method 
8270D (SW-846): Semivolatile Organic Compounds by Gas Chromatography/
Mass Spectrometry (GC/MS), Revision 4, 1998. http://www.epa.gov/epaoswer/
hazwaste/test/pdfs/8270d.pdf). A number of compounds were resolved on Rxi 
5SilMs column (Figure 3).

Some of the semivolatile compounds that are frequently analyzed by GC–MS  
using method 8270D (Revision February 4, 2007) are shown in Table 8.

This method should be used for the analysis of solid, nonaqueous liquid/
organic solid, aqueous liquid, and drinking water samples for the contaminants 
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identified below. Appropriate sample preparation techniques should be used 
prior to analysis. Note. For dichlorvos, fenamiphos, mevinphos, and SOCs 
only, EPA method 525.2 (rather than method 8270D) can be used for the analy-
sis of drinking water samples. For organophosphate pesticides only, EPA meth-
ods 614 and 507 should be used for the analysis of aqueous liquid and drinking 
water samples, respectively. For chloropicrin only, EPA method 551.1 may be 
used for the analysis of aqueous liquid and drinking water samples.

Samples are prepared for analysis by GC–MS, using the appropriate sample 
preparation and, if necessary, sample cleanup procedures. SOCs are introduced 
into the GC–MS by injecting the sample extract into a GC with a narrow-bore 

fIgure 3 GC separation of SOCs.
Source: Restek Tech Guide.
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TABLE 8 Semivolatile Compounds Analyzed by Method 8270D

Analyte(s)

Chlorfenvinphos

3-Chloro-1,2-propanediol1

Chloropicrin2

Chlorosarin

Chlorosoman

Chlorpyrifos

Crimidine3

Cyclohexyl sarin (GF)

Dichlorvos

Dicrotophos

Diisopropyl methylphosphonate (DIMP) (degradation product of GB)

Dimethylphosphite

1,4-Dithiane (degradation product of HD)4

Ethyldichloroarsine (ED)

Fenamiphos

Methamidophos

Methyl hydrazine (monomethylhydrazine)

Methyl parathion

1-Methylethyl ester ethylphosphonofluoridic acid (GE)

Mevinphos

Mustard, nitrogen (HN-1) [bis(2-chloroethyl) ethylamine]

Mustard, nitrogen (HN-2) [2,2- dichloro-N-methyldiethylamine N,N-bis(2-chloroethyl) 
methylamine]

Mustard, nitrogen (HN-3) [tris(2-chloroethyl)amine]

Mustard, sulfur (HD)/mustard gas (H)5

Nicotine sulfate

Organophosphate pesticides, NOS6

Parathion

Phencyclidine

Phenol

Phorate

(Continued)
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TABLE 8 (Continued)

Phosphamidon

R 33 (VR) [methylphosphonothioic acid, S-[2-(diethylamino)ethyl] O-2-methylpropyl ester]

Sarin (GB)5

Semivolatile organic compounds, NOS6

Soman (GD)

Strychnine

Tabun (GA)

Tear gas (CS) [chlorobenzylidene malonitrile]

Tetraethyl pyrophosphate

Tetramethylene-disulfotetramine2,7,8

Thiodiglycol (TDG) (degradation product of HD)

1,4-Thioxane (degredation product of HD)4

Trimethyl phosphate

VE [phosphonothioic acid, ethyl-, S-(2-(diethylamino)ethyl) O-ethyl ester]

VG [phosphonothioic acid, S-(2-(diethylamino)ethyl) O,O-diethyl ester]

VM [phosphonothioic acid, methyl-,S-(2-(diethylamino)ethyl) O-ethyl ester]

VX [O-ethyl-S-(2-diisopropylaminoethyl) methyl-phosphonothiolate]5

Dimethylphosphoramidic acid (degradation product of GA)9

EA2192 [diisopropylaminoethyl methylthiophosphonate] (hydrolysis product of VX)9

Ethyl methylphosphonic acid (EMPA) (degradation product of VX)9

Isopropyl methylphosphonic acid (IMPA) (degradation product of GB)9

Methylphosphonic acid (MPA) (degradation product of VX, GB, and GD)9

Pinacolyl methyl phosphonic acid (PMPA) (degradation product of GD)9

1For this analyte, SW-846 method 8270D must be modified to include a derivatization step.
2This analyte requires determination using an injection port temperature of less than 200°C.
3If problems occur when using this method, it is recommended that SW-846 method 8321B be used.
4If problems occur when using this method, it is recommended that SW-846 method 8260C and 
appropriate corresponding sample preparation procedures (i.e., 5035A for solid samples, 3585 
for nonaqueous liquid/organic solid samples, and 5030C for aqueous liquid and drinking water 
samples) be used.
5For this analyte, refer to EPA SW-846 method 8271 for GC–MS conditions.
6NOS, not otherwise specified.
7This analyte may require SIM analyses in order to be determined.
8When analyzing for tetramine, the injection temperature must not exceed 250°C (the 
decomposition temperature of tetramine).
9This analyte should be determined only by this method if LC–MS (electrospray) procedures are 
not available to the laboratory. This analyte should be analyzed with GC–MS procedures using 
derivatization based on SW-846 method 8270D. Sample preparation methods should remain 
the same. Both electrospray LC–MS and GC–MS derivatization procedures are currently under 
development.
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fused-silica capillary column. The GC column is temperature-programmed 
to separate the analytes, which are then detected with an MS connected to the 
GC. Analytes eluted from the capillary column are introduced into the MS. For 
the determination of 3-chloro-1,2-propanediol, dimethylphosphoramidic acid, 
EA2192, EMPA, IMPA, MPA, and pinacolyl methyl phosphonic acid, a derivati-
zation step is required prior to injection into the GC–MS. The phosphonic acids 
require derivatization with a trimethylsilyl agent, and 3-chloro-1,2-propanediol 
requires derivatization with a heptafluorobutyryl agent. The estimated detection 
limits vary with each analyte and range between 10 and 1000 g/L for aqueous 
liquid samples and 660 and 3300 g/kg for soil samples. The analytical range 
depends on the target analyte(s) and the instrument used.

remedIatIon

In a field study, the performance of Ambersorb 563 adsorbent was evaluated in 
treating groundwater contaminated with VOCs. This adsorbent yielded a signif-
icant recovery of VOCs, and the treated groundwater consistently met drinking 
water standards. Treatment of groundwater contaminated with low concentra-
tions of chlorinated organics may be costly to remediate. Ambersorb 563 car-
bonaceous adsorbent offers an alternative to granular activated carbon (GAC), 
at a significantly reduced operating cost.

A field demonstration study was performed by Roy F. Weston, Inc., to evaluate 
Ambersorb 563 adsorbent for remediating groundwater contamination by VOCs 
(U.S. Geological Survey, 2006). The study was conducted at Site 32/36 at Pease 
Air Force Base, Newington, New Hampshire, where groundwater was found to 
be contaminated with vinyl chloride, 1,1-dichloroethene, cis-1,2-dichloroethene, 
trans-1,2-dichloroethene, and trichloroethene. Concentrations ranged from ppb to 
low ppm for trichloroethene. The study included four service cycles, three steam 
regenerations, and one superloading in which the aqueous condensate from steam 
regeneration of an Ambersorb 563 service column was treated using a smaller 
column containing Ambersorb 563 adsorbent. (After superloading treatment, the 
aqueous condensate was discharged as part of the treated water stream.) A one-
gallon-per-minute continuous pilot system was used, consisting of two adsorbent 
columns operating in parallel or in series. In the first service cycle, the columns 
were operated in parallel for direct comparison of Ambersorb 563 adsorbent with 
Filtrasorb® 400 GAC. In other cycles, two Ambersorb 563 columns were used in 
series to investigate the effect of multiple service cycles and steam regeneration on 
adsorbent performance.

conclusIons

Many compounds fit the categories of volatile and semivolatile compounds. A 
fairly long list of these compounds, their source of contamination, and negative 
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health effects are given in this chapter. A number of methods recommended by 
EPA and the improvements offered by various scientists are also included in 
this chapter.
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Monitoring Disinfectants

Taha F. Marhaba
Department of Civil and Environmental Engineering, New Jersey Institute of Technology, 323 MLK 
Blvd., Newark, NJ 07102, USA

IntroductIon

Disinfection is a process that deliberately reduces the number of pathogenic 
microorganisms in water to achieve the principal objective of drinking water 
treatment: protection of public health. Chemical disinfection has been an inte-
gral part of the drinking water treatment process in the United States since the 
introduction of chlorine as a disinfectant in the early 1900s. Chlorine, along with 
some other disinfectants such as ozone and chlorine dioxide, was found to pro-
vide additional benefits including color, taste, and odor reduction. Therefore, 
the use of chemical disinfectants was made in as large quantities as required to 
achieve the desired quality. Although chlorine was known to react with organic 
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material in water, it was only in the early 1970s that scientists were able to iden-
tify the formation of chloroform (CHCl3) and other volatile halogen-substituted 
organics in drinking water (Rook, 1971, 1974). These compounds were related 
to chlorine and were termed “by-products” of chlorination. These findings led 
to a large number of studies to learn about the formation of by-products and 
their effects. As more became known about the potential by-products, it was also 
found that alternative chemical disinfectants (such as ozone and chlorine diox-
ide) form by-products of their own. The United States Environmental Protection 
Agency (USEPA) regulates disinfection by-products (DBPs) and also the amount 
of disinfectants that can be used in drinking water. The balance between the risk 
of microbial contamination and DBP formation is still a challenge. Currently, 
there are several options for the disinfection of drinking water, each with its own 
merits as a disinfectant and the presence of by-products that must be minimized.

theory of dIsInfectIon

In waterworks practice, the disinfection process is expected to satisfy the fol-
lowing three requirements: (1) inactivation of the pathogenic and other harm-
ful microorganisms in water (primary disinfection), (2) disinfectant residual 
maintenance in the distribution system (secondary disinfection), and (3) keep-
ing the amount of by-products to a minimum. Different disinfectants offer dif-
ferent performances toward the achievement of these three requirements. This 
is mainly because the characteristics of a disinfectant that make it suitable for 
each of the three requirements are not the same. Today, in drinking water treat-
ment, the following five disinfection agents are commonly used:

1.  Free chlorine is a strong oxidant that rapidly kills most of the microorgan-
isms. It is also by far the most commonly used disinfection agent. To lower 
the cost and, more importantly, to avoid the danger of the release of toxic 
chlorine gas, a relatively inexpensive sodium hypochlorite solution, which 
releases free chlorine upon dissolution in water is used.

2.  Combined chlorine (chloramines) is not a very strong oxidant, but it is 
used for its ability to provide longer-lasting free chlorine residual after 
disinfection.

3.  Ozone is the strongest oxidant in the list, and it also provides control over 
taste- and odor-producing compounds such as methyl isoborneol and geos-
min. Use of ozone as a disinfection agent is becoming increasingly common.

4.  Chlorine dioxide is also a fast-acting disinfection agent, but it is not often 
used because of the possibility of the production of excessive amounts of 
chlorite, which is regulated by USEPA under stage-2 disinfectant/disinfec-
tion by-products (D/DBP) rule.

5.  UV light disinfection uses electromagnetic radiation. This method has two 
disadvantages: water must have a low level of color for it to work effi-
ciently, and it does not leave any residual disinfectant.
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Table 1 summarizes information on each of these common disinfection 
agents.

Mechanisms of disinfectants

Chlorine compounds and ozone are used for disinfection processes because  
for they are strong oxidizing agents. However, oxidation is not the only proc-
ess that governs disinfection, but more interactions happen simultaneously and 

TABLE 1 Characteristics of Commonly Used Disinfectants

Consideration Disinfection Agent

Free  
Chlorine

Combined 
Chlorine

Ozone Chlorine 
Dioxide

Ultraviolet 
Light

Effectiveness Excellent Fair Excellent Excellent Good

Cost Low Moderate High Moderate High

Size of plant All sizes All sizes Medium to 
large

Small to 
medium

Small to 
medium

Safety concern High High Moderate High Low

Toxicity at 
operating 
temperatures

High High High High High

Residual Long Long None Moderate None

Odor removal Moderate to 
high

Moderate High High N/A

Contact time Moderate Moderate Short Moderate Short

pH dependency High High Low Low None

Regulatory limit 
on residuals 
(USEPA, 2007)

4 mg/L 4 mg/L 0.8 mg/L N/A N/A

Solubility Moderate High High High Moderate

Frequency of 
use as primary 
disinfectant

High Moderate Moderate Low Low, but 
increasing

Stability High Moderate Low Low N/A

N/A, not applicable.
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contribute to inactivation of microorganisms in water. Action of a disinfection 
agent can be explained through the following five mechanisms:

1.  Cell wall destruction that results in cell lysis and death. Ozone causes direct 
oxidation/destruction of cell walls. Chlorine hydrolyzes the cell, causing 
mechanical disruption.

2.  Cell permeability alteration that can result in loss of selective permeability 
of cytoplasmic membrane, allowing nitrogen, phosphorous, and other vital 
nutrients to flow out. Chlorine alters the cell wall permeability, resulting in 
lethal damage to the cell. Ozone can break the carbon–nitrogen bond, caus-
ing nitrogen to escape.

3.  Alteration of the colloidal nature of the protoplasm by heat, radiation, and 
highly alkaline or acidic agents that causes coagulation or denaturing of the 
cell protein, that in turn produces permanent cell damage. Chlorine com-
pounds and UV radiation can alter the colloidal nature of the protoplasm.

4.  Deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) alteration that 
results in disruption of the replication process (because DNA and RNA 
carry genetic information for reproduction) and inactivation of the organ-
ism. Ozone can damage the constituents of nucleic acids, but UV radiation 
alters the DNA or RNA by causing formation of double bonds within the 
cells of microorganisms as well as rupturing DNA. DNA or RNA absorb 
the UV photon, causing formation of a double bond.

5.  Inhibition of enzyme activity by strong oxidizing agents, altering the 
enzyme’s chemical properties. Chlorine and ozone are capable of causing 
inactivation of enzymes.

factors Influencing the Action of disinfectants

As discussed earlier, different disinfectants have different characteristics that 
give them certain advantages or disadvantages over one another. However, there 
are many other influencing factors that govern the choice of the right disinfect-
ant. The following are some of the important factors that must be considered:

1.  Contact time is perhaps the most important of all the factors that influence 
the disinfection process. Chick’s law governs the effect of contact time on  
the action of disinfectant (Chick, 1908). In simple words, Chick’s law states 
that for a given concentration of disinfectant, the degree of disinfection 
achieved is directly proportional to the contact time (Chick, 1908).
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where dNt/dt  rate of change in organism concentration with time
t  time
k   inactivation rate constant (1/time units), which can be obtained by  

plotting –ln(Nt/N0) against the contact time t



Taha F. Marhaba 263
Nt  number of microorganisms at time t
N0  number of microorganisms at time t  0
2.  Concentration of disinfectant governs the inactivation rate constant. This 

relationship is explained by Watson equation (Watson, 1908).

 k k Cn   (2)

where k  inactivation rate constant (1/time units)
k  die-off constant
C  disinfectant concentration
n  dilution coefficient
3.  Temperature is another important factor that influences the degree of dis-

infection achieved. A form of van’t Hoff–Arrhenius equation shown below 
can explain the effect of temperature (IUPAC Goldbook Definition, 1997).
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where T1, T2  temperatures (unit, K)
t1, t2  time to achieve given percentage kill at T1 and T2, respectively
E  energy of activation (J/mole or cal/mole)
R  universal gas constant (8.3114 J/mole K or 1.99 cal/mole K)

Some typical values for the activation energy for aqueous chlorine and chlo-
ramines at normal temperatures and at different pH values are given in Table 2 
(Fair et al., 1948; Metcalf & Eddy et al., 2003).

TABLE 2 Typical Activation Energy Values for Chlorine Compounds1

Compound pH E (cal/mole)

Aqueous chlorine 7.0 8,200

8.5 6,400

9.8 12,000

10.7 15,000

Chloramines 7.0 12,000

8.5 14,000

9.5 20,000

For E values in J/mol use E (J/mol)  E (cal/mole)  (4.1781).
1(Fair et al., 1948; Metcalf and Eddy, 2003)



chapter  |  12 Monitoring Disinfectants264
4.  Types of organisms present in water influence the action of disinfectant 
and also the choice of the best disinfectant. The nature and condition of 
microorganisms will also decide how effectively the disinfectant will work.  
For example, older bacterial cells that have developed a slime coating  
are killed at a much slower rate compared with the rate of killing of grow-
ing, viable cells. Viruses and protozoa may have considerably different 
killing rate with each disinfectants. Therefore, sometimes a combination  
of chemical disinfectant and heat or UV radiation is used for better 
efficiency.

Methods of dIsInfectIon

disinfection with chlorine (free and combined)

The chemical form of chlorine in water decides its effectiveness as a disinfect-
ant. Chlorine as an under-pressure compressed gas or in a water solution may 
be used as disinfectant. Sodium hypochlorite and solid calcium hypochlorite 
solutions are widely used to avoid the risk or release of toxic chlorine gas. 
Temperature, pH, and organic content in water are some of the factors that 
influence the effectiveness of chlorine as a disinfectant. The concentration of 
hypochlorite or any other oxidizing disinfectant is often expressed as avail-
able chlorine, which refers to the relative amount of chlorine present in chlo-
rine (under pressure liquid form) or hypochlorite. Upon application, chlorine  
gas quickly hydrolyzes to form hypochlorous acid (HOCl) and hydrochloric 
acid (HCl).

 Cl H O H Cl HOCl2 2  ↔ ++
 

For this reaction, the equilibrium constant is as follows:
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where KH  equilibrium constant (mole/L2)
KH  4.48  104 at 25°C (White, 1972)

Henry’s law describes the dissolution of gaseous chlorine to form dissolved 
molecular chlorine (Downs and Adams, 1973).
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where [Cl2(aq)]  molar concentration of Cl2
PCl2

  partial pressure of chlorine in atmosphere

H  Henry’s law constant (mole/L atm)
H  4.805  106 exp (2818.48/T)
T  temperature (K)

HOCl is a weak acid and it dissociates further to produce hypochlorite ions 
(OCl) and hydrogen ions.

 HOCl  OCl H↔ + +
 

For this reaction, the acid dissociation constant is as follows.

 
Ka

+

=
[OCl ][H ]

[HOCl]



 (6)

where Ka  acid dissociation constant (mole/L)
Ka  3.7  108 at 25°C (Morris, 1966; Lin, 2001)
Ka  2.61  108 at 20°C (Morris, 1966; Lin, 2001)

The correlating equation of Ka as a function of temperature (T) in Kelvin is 
as follows (Morris, 1966):

 ln . . /K T Ta   23 184 0 058 6908  (7)

In the presence of certain constituents in water, chlorine can react and 
transform to less effective chemical forms, referred to as combined chlorine. 
In the presence of ammonium ions, free chlorine undergoes the following step-
wise reactions to form monochloramine (NH2Cl), dichloramine (NHCl2), and 
trichloramine (NCl3). These formations are also pH dependent.

 

NH HOCl NH Cl H O H
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NHCl HOCL NCl H
2 2
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 22O  

Free available chlorine is the sum of [HOCl] and [OCl].
Combined chlorine is the sum of the three chloramines formed in the reactions 

above.
Total available chlorine is the sum of free chlorine and combined chlorine.
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As mentioned earlier, at different pH values chlorine takes different forms in 
water. These different forms of chlorine have different disinfection capacity. For 
example, the disinfection capability of HOCl is generally a higher disinfection 
capability than that of OCl (White, 1972, 1978). It is therefore a common prac-
tice to add an alkaline agent to raise the pH of the solution to maintain higher 
HOCl concentration. This also helps to reduce the risk of chlorine exposure due to 
accidental spills or leakage. Distribution of free chlorine with respect to the varia-
tion in pH of water at 20°C is shown in Figure 1 (AWWA and Pontius, 1990).

Breakpoint chlorination is a phenomenon in which all the ammonium ions 
disappear and the solution possesses free chlorine residue. It occurs when the 
molar ratio of chlorine to ammonia is greater than 1.0. Under ideal conditions, 
at breakpoint chlorination, the reduction of chlorine and oxidation of ammo-
nia occurs at a 2:1 ratio. Further addition of chlorine results in more and more 
free available chlorine. This phenomenon is very important in calculating the 
chlorine dosage to maintain the chlorine residue in the distribution system in 
order to comply with regulations. Also, the breakpoint chlorination concept 

fIGure 1  Effect of pH on free chlorine distribution at 20°C (AWWA, 1990).
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can be used for ammonia removal from water. Figure 2 shows the curve for 
chlorine dosage vs. chlorine residue to explain the phenomenon of breakpoint 
chlorination.

1.  Chlorine is reduced to chlorides by metallic ions and compounds that are 
oxidized easily (Fe2, H2S, etc.).

2.  Chlorine reacts with ammonia to form chloramines, which are weak dis- 
infectants.

3.  The nitrogen trichloride formation reaction is favored, and the chloramines 
are consumed in the reaction with free chlorine. In this zone, nitrogen gas is 
formed, which leaves the system, and breakpoint chlorination is reached.

4.  Free chlorine residue is observed in water, and further addition of chlorine 
only increases the residue concentration.

Some alternative disinfectants such as ozone and UV radiation do not leave a 
residual disinfectant in water. Therefore, to meet the regulations for residual dis-
infectant concentration, it is sometimes necessary to add a residual disinfectant 
after they (ozone or UV radiation) are used. This is often done through the addi-
tion of chloramines. Chloramines, when used in this manner, provide a long–
lasting residual disinfectant without most of the negative aspects of chlorination.

disinfection with chlorine dioxide

Chlorine dioxide (ClO2) is a neutral and unstable (at atmospheric conditions) 
gas that (at high concentrations) reacts rapidly with reducing agents. It is a com-
pound of chlorine in IV oxidation state and has 1.4 times oxidation power than 
that of chlorine. The chemistry of ClO2 in water is complex and pH dependent 
(Aieta and Berg, 1986).

fIGure 2  Breakpoint chlorination.
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Chlorine dioxide may be explosive in the presence of organic substances, 
on exposure to light, and at elevated temperatures. To minimize such risks, it is 
generated on-site just prior to usage.

disinfection with ozone

Ozone (O3) is a blue or colorless gas having a pungent odor. It is unstable at 
ambient temperature, it is one of the most powerful oxidizing agents. However, 
the half-life of ozone in water is very short because of various decomposition 
processes, and as a result ozone does not leave free residue in the system. This 
is the main disadvantage in the use of ozone as a disinfectant. Most commonly, 
secondary disinfection with chloramines is used to overcome this problem.

Ozone is generated by the action of electric fields on oxygen.

 3 22 3O energy O ↔  

Henry’s law constant (temperature and pH dependent) can be used to describe 
the solubility of ozone in water (AWWA, 1990). Temperature dependence of the 
solubility constant H is (AWWA and Pontius, 1990) as follows:

 H  (   T)1 29 10 37216. /×  (8)

where H  Henry’s law constant (mole/L atm)
T  temperature (K)

Some typical values of the Henry’s law constant for ozone (expressed as 
atm/mole fraction) at different operating temperatures are given in Table 3 
(USEPA, 1986; Metcalf & Eddy et al., 2003).

When mixed in water, ozone forms hydroxyl and organic radicals by react-
ing with hydroxide ions. These radicals oxidize various organic materials non- 
selectively.

The ozone dosage required for disinfection should be calculated consider-
ing ozone kinetics and ozone demand (if any) of the water to be treated. Pilot 
case studies are often used to determine the dosage range for estimated varia-
tions in water quality.

disinfection with uV Light

UV radiation is a very effective viricide and bactericide and reasonably 
effective at inactivating cysts, as long as the UV can pass through the water 
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without being absorbed. It can also be used for treating Giardia lamblia and 
Cryptosporidium with some effect (Ware et al., 2003). As the use of UV radia-
tion does not require the addition of any chemicals to water being treated, no 
by-products are formed. Usually, a low-level color is added to the water to min-
imize the amount of UV absorbed. A complete mixing in all directions is also 
necessary to make sure that all microorganisms will come equally close to the 
UV source. Although UV disinfection is currently practiced more in wastewa-
ter treatment plants, its use in drinking water treatment is spreading fast.

The UV dose can be defined by the following equation:

 D I t ×  (9)

where D  UV dose (mJ/cm2 and J  Ws)
I  UV intensity (mW/cm2)
t  contact time (s)

In equation 9, D is analogous to the Ct value used for chemical disinfection.
The main disadvantage of the use of UV radiation, like ozone treatment, 

is the lack of a disinfectant residual to ensure that no microbial recontamina-
tion occurs. Hence, it can be used only as a primary disinfectant in combination 
with another secondary disinfectant (chlorine based). Otherwise, an increase in 
microorganisms after treatment may occur because of properties of the pipeline 
system that transports the water or the presence of substances in the pipe that 
form part of the food chain for bacteria. Despite this concern relating to the lack 
of residual effects, many communities do not experience the hygiene problems 
in their pipeline systems that would lead to recontamination.

TABLE 3 Values of Henry’s Law Constant for Ozone (USEPA, 1986; Metcalf 
and Eddy, 2003)

Temperature (K) Henry’s Constant (atm/mole fraction)

273.15 1,940

278.15 2,180

283.15 2,480

288.15 2,880

293.15 3,760

298.15 4,570

303.15 5,980
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MonItorInG dIsInfectAnts

disinfection By-products

DBPs that form when disinfectants are added to water are potentially toxic 
and/or are carcinogenic substances. Depending on the disinfectant used and the 
precursor materials present in the water, several classes of DBPs may form, 
including trihalomethanes (THMs), haloacetic acids (HAAs), chlorate, chlorite, 
bromate, and haloacetonitriles (HANs). The most common precursors of DBPs 
is natural organic matter (NOM) such as organic debris and leaves that find 
their way into surface waters. While serving the purpose of killing pathogens 
in raw water, the disinfectant may also react with precursor material, mainly 
dissolved organic matter, to form DBPs. Several factors are responsible for the 
concentration of DBPs formed. Most influential among these factors are total 
organic carbon (TOC) concentration, chlorine dose and contact time, pH, and 
temperature (Krasner et al., 1989).

regulations Governing disinfectants and disinfection 
By-products Monitoring

Chemical disinfection has been an integral part of drinking water treatment proc-
esses in the United States for over a century. However, it was only in the early 
1970s, that the Dutch scientist, J. Rook, identified chloro- and bromo- THMs, the 
first class of halogenated DBPs in chlorinated drinking water (Rook 1971, 1974). 
The USEPA conducted a survey in 1975 that identified chloroform as being domi-
nant in most chlorinated drinking waters. In cases where bromide was present in 
the source water, the addition of chlorine formed brominated THMs. In addition, 
the concentrations of THMs in the finished water were correlated to the TOC con-
centrations in the raw water. NOM, which is the major constituent of TOC, was 
found to be a primary component of the precursors that react with chlorine to form 
THMs. Chloroform was identified in 1976 by the National Cancer Institute as a 
suspected human carcinogen, leading the USEPA to set a maximum contaminant 
level (MCL) for total THMs (TTHMs) of 0.100 mg/L. This standard applied to 
systems serving over 10,000 people. The decision to regulate TTHMs was made 
because the health effects of individual THMs were not well-known.

In the 1980s, dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), 
HANs, haloketones, chloropicrin, cyanogen chloride, and chloral hydrate, to 
name a few, were found in chlorinated drinking water. Several of these halogen-
ated DBPs were found by the National Academy of Sciences in 1987 to have 
adverse health effects. More concerns about waterborne viral diseases escalated, 
leading the USEPA to promulgate the Surface Water Treatment Rule (SWTR) 
and the Total Coliform Rule (TCR) in 1989 (USEPA 1989a, b). The SWTR 
required three logs, or 99.9%, inactivation of Giardia cysts and four logs, or 
99.99%, inactivation of viruses. Log credits were given to utilities, depending 
on the level of treatment. The Ct concept was introduced, requiring that water be 
in contact with a sufficient concentration of disinfectant (C) for a sufficient contact  
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time (t) in order to provide adequate disinfection under different water-quality con-
ditions. Hence Ct values for different disinfectants were developed. The SWTR and 
TCR also required a residual disinfectant level and disinfection practices in the dis-
tribution system for continued microbial protection.

Cryptosporidium is a waterborne parasite that has been responsible for 
major disease outbreaks in three U.S. cities, the most recent of which infected 
370,000 people in Milwaukee, Wisconsin, in April of 1993. The USEPA pro-
posed mandatory testing for Cryptosporidium as a result of these outbreaks.

Another vital piece of data is the public identification of more halogenated 
DBPs, given that the hundreds of halogenated DBPs found to date account for 
only about 50% of total organic halide (TOX). Because of the complex issues 
that USEPA faced, it had to draw on the expertise of others to prepare a rule 
on their own. Hence in 1992, the USEPA initiated a negotiated rule-making 
process, termed RegNeg, which consisted of an advisory committee of utili-
ties, state drinking water agencies, environmental groups, consumer advocates,  
public health officials, and individuals who had interests in the regulation.

disinfectants/disinfection By-products rules

The 1996 Safe Drinking Water Act (SDWA) amendments require the USEPA to 
develop rules and standards for DBPs in drinking water. USEPA has attempted 
to confront this challenge of balancing the risk associated with DBPs against 
the risk associated with microbial disease, but several factors have made this  
difficult, including (a) the lack of occurrence data for viruses, Giardia, 
Cryptosporidium, and halogenated DBPs, (b) uncertainty about the health 
effects of various DBPs, and (c) the lack of data on DBPs of alternative dis-
infectants such as ozone and chlorine dioxide, which were to become widely 
adopted (Means and Krasner, 1993). Because of the complexity of the issues, the 
regulations were to be proposed in two stages. Stage 1 of the D/DBPs rule was 
proposed in 1994 and became effective in 1998. It lowered the TTHM MCLs 
to 0.80 mg/L and provided MCLs for three other classes of DBPs. The D/DBPs 
rule required water systems to use treatment methods to reduce the formation of 
DBPs and to meet the standards (USEPA, 2007a). The rule also provided maxi-
mum residual disinfectant level goals (MRDLG) for three disinfectants. Table 4  
(USEPA, 2007b) lists the three disinfectants along with their potential health 
effects that may be caused by overdose.

The stage-2 DBPR (published in the Federal Register on January 4, 2006, 
USEPA, 2007c) strengthens public health protection for customers of systems 
that deliver disinfected water by requiring such systems to meet MCLs. On aver-
age, each monitoring location needs to meet the standard (instead of as a sys-
tem-wide average as in previous rules) for two groups of DBPs, TTHM, and five 
haloacetic acids (HAA5). TTHM is defined as the sum of four individual THMs: 
chloroform, bromoform, dibromochloromethane, and bromodichloromethane. 
HAA5 is defined as the sum of five HAAs: monochloroacetic acid (MCAA), 
DCAA, TCAA, monobromoacetic acid (MBAA), dibromoacetic Acid (DBAA).
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The stage-2 regulation reduces DBP exposure and related potential health 
risks and provides more equitable public health protection. It has set new stand-
ards for MCLG for each DBP and MRDLG for each disinfectant listed in Tables 5  
(USEPA, 2007b, c, d, e) and 6 (USEPA, 2007a, b, c, d). Table 5 also gives the 
potential health effects of the DBPs.

The information collection rule (ICR) was proposed to provide necessary data 
for stage 2 of the D/DBP regulation. The ICR requires utilities serving over 10,000 
people to begin monitoring for microbial contaminants and DBPs. Granular  
activated carbon (GAC) and membrane pilot testing are required for surface 

TABLE 4 Maximum Residual Disinfectant-Level Goals (USEPA, 2007b)

Disinfectant  
Residual

MRDLG (mg/L) MRDL (mg/L) Potential Health 
Effects

Chlorine (as Cl2) 4 4 Eye/nose irritation, 
stomach discomfort

Chloramines  
(as Cl2)

4 4 Eye/nose 
irritation, stomach 
discomfort, anemia

Chlorine dioxide  
(as ClO2)

0.8 0.8 Anemia, nervous 
system effects in 
infants and young 
children.

TABLE 5 MCL, MCLG, and Potential Health Effects of DBPs (USEPA,  
2007b, c, d, e)

Disinfection  
By-product

MCL (mg/L) MCLG (mg/L) Potential Health 
Effects

Total trihalomethanes 
(TTHM)

0.080 0 Liver, kidney, or 
central nervous system 
problems; increased 
risk of cancer

Haloacetic acids  
(HAA5)

0.060 N/A Increased risk of cancer

Bromate 0.010 0 Increased risk of cancer

Chlorite 1.0 0.8 Anemia, nervous 
system effects in 
infants and young 
children
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water utilities with raw water TOCs greater than 4 mg/L and serving over 100,000  
people, as well as for groundwater with finished water TOCs greater than 2 mg/
L and serving over 50,000 people.

sampling and Monitoring for d/dBPs

Regularly monitoring D/DBPs is the responsibility of the public water system.  
A certified drinking water laboratory must analyze collected samples. Federal and/or 
state regulations specify monitoring frequency for each contaminant or contaminant 
group. Monitoring frequency and number of compliance monitoring sites is different 
for different types of water system and population served. Population-based moni-
toring is believed to provide better risk-targeting and ease of implementation. All 
the data collected by monitoring are stored in a database that is managed by Bureau 
of Safe Drinking Water. In addition to monitoring data for regulated contaminants, 
some state agencies collect data for certain unregulated parameters as well.

The stage-2 D/DBPs rule focuses on reducing concentrations of and monitor-
ing for TTHM and HAA5. These two groups are considered indicators for various 
DBPs that may be present in water that is treated with either chlorine or chloramines. 
Similarly, a reduction in concentrations of TTHM and HAA5 generally indicates an 
overall reduction in concentration of DBPs.

It is required that disinfectant residual be measured monthly at the end of each 
treatment process that uses chlorine. If free chlorine is used, free and total chlorine 
residuals must be reported; whereas, if ammonia is present in source water, total 
chlorine residual must be reported. This data, along with the contact time and applied 
disinfectant concentration, would show a better picture of the formation of DBPs.

TABLE 6 Maximum Contaminant-Level Goals for DBPs (USEPA, 2007a, b, c, d)

Disinfection By-product MCLG (mg/L)

Chloroform 0.07

Bromodichloromethane 0

Bromoform 0

Bromate 0

Monochloroacetic acid 0.07

Dichloroacetic acid 0

Trichloroacetic acid 0.02

Chlorite 0.8

Dibromochloromethane 0.06
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The D/DBPs rule provides several routine monitoring requirements for 
the water treatment and distribution systems. The rule requires that all systems 
develop and implement a monitoring plan. At a minimum, each monitoring plan 
must include

l Specific schedules and locations for collecting DBPs or disinfectant resid-
ual samples

l Calculations for determining compliance with the MCLs and MCLGs
l Distribution sampling locations that are reflective of the entire distribution 

system involved in the sampling

Table 7 describes the routine monitoring requirements for D/DBPs (USEPA, 
2007f).

Analytical Methods

The SWTR and stage-1 D/DBPs rule specified methods for analysis of regu-
lated D/DBPs. Analytical methods generally include information on the col-
lection, transport, and storage of samples; define procedures to concentrate, 
separate, identify, and quantify components contained in samples; specify 
quality control criteria the analytical data must meet; and designate how to 
report the results of the analyses (USEPA, 2008). In 2002, the EPA updated 
the approved methods for analysis of D/DBPs (USEPA, 2008). These updates 
specified that in order to comply with SWTR, public water systems must meas-
ure disinfectant concentrations using EPA-approved methods. The EPA has 
approved five methods for the measurement of free chlorine, four methods for 
combined chlorine, six methods for total chlorine, two methods for chlorine 
dioxide, three methods for HAA5, three methods for TTHMs, three methods 
for TOC/DOC, two methods for monthly measurement of chlorite, and one 
method for daily monitoring of chlorite, two methods for bromide, one method 
for bromate, and one method for measurement of UV (USEPA, 2004a, b, c, d, 
2007a, b, c, d). Tables 8–10 list the EPA-approved methods for the analysis of 
regulated D/DBPs and the precursors of DBPs, respectively. Most of the meth-
ods specified are based on the Standard Methods for the Examination of Water 
and Wastewater (APHA et al., 1999) and USEPA Drinking Water Methods for 
Chemical Contaminants (USEPA, 2004d).

using Ct Values for Monitoring disinfectants

Ct value refers to the product of residual of disinfectant (C, mg/L) and contact 
time (t, min). Ct value is generally dependent on pH and temperature. The Final 
Surface Water Treatment Regulations published by USEPA (1989a, b) made it 
mandatory for public surface water (or groundwater under the influence of sur-
face water) treatment plants to determine and apply Ct values daily. USEPA pro-
motes Ct values as indicators of the effectiveness of inactivation of G. lamblia and  
viruses. Thus, monitoring and maintaining Ct values directly monitors efficient 
running of disinfection process and disinfectants. More recently, long-term 2 
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TABLE 7 Routine Monitoring Requirements (USEPA, 2007f)

Parameter Coverage Monitoring 
Frequency

Compliance

TTHM HAA5 Surface water and 
groundwater under 
the direct influence of 
surface water serving 
three 10,000

4/plant/quarter Running annual 
average

Surface water and 
measure under the 
direct influence of 
surface water serving 
500–9,999

1/plant/quarter Running annual 
average

Surface water and 
measure under  
the direct influence  
of surface water  
serving 500

1/plant/year in  
month of warmest 
water temperature*

Running 
annual average 
of increased 
monitoring

Measure serving 
  10,000

1/plant/quarter Running annual 
average

Measure serving 
10,000

1/plant/year in  
month of warmest 
water temperature*

Running 
annual average 
of increased 
monitoring

Bromate Ozone plants Monthly Running annual 
average

Chlorite Chlorine dioxide plants Daily at entrance 
to distribution 
system; monthly in 
distribution system

Daily/follow-up 
monitoring

Chlorine dioxide Chlorine dioxide plants Daily at entrance to 
distribution system

Daily/follow-up 
monitoring

Chlorine/
chloramines

All systems Same location and 
frequency as TCR 
sampling

Running annual 
average

DBP precursors Conventional filtration Monthly for total 
organic carbon and 
alkalinity

Running annual 
average

*System must increase monitoring to one sample per plant per quarter if an MCL is exceeded.

enhanced surface water treatment rule (LT2) (released simultaneously with the 
stage-2 DBPR) was published by USEPA to address concerns about risk trade-
offs between pathogens and DBPs (USEPA, 2007d). The purpose of the LT2 rule 
was to reduce illness linked with the contaminant Cryptosporidium and other 
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disease-causing microorganisms in drinking water. This rule applies to all public 
water systems that use surface water or groundwater under the direct influence of 
surface water to treat reservoir discharge to inactivate four-log (99.99%) viruses, 
three-log (99.9%) G. and two-log (99%) Cryptosporidium cysts. These require-
ments are necessary to protect against the risk of contamination.

TABLE 8 EPA-Approved Methods for Analysis of Regulated Disinfectants 
and Disinfectant Residual (APHA et al., 1999; USEPA, 2008)

Residual Standard Method 
Number

Methodology Recommended 
Source

Free chlorine 4500-Cl D

4500-Cl F*

4500-Cl G*

4500-Cl H*

Chloride by  
potentiometric method
Chlorine residual by  
DPD ferrous titration
Chlorine residual by DPD  
colorimetric method
Chlorine residual by  
syringaldazine (FACTS)  
method

Standard Methods 
for the Examination 
of Water and 
Wastewater, 18th, 
19th, and 20th 
editions

Combined  
 chlorine

4500-Cl D

4500-Cl F*

4500-Cl G*

Chloride by potentiometric  
method
Chlorine residual by DPD  
ferrous titration
Chlorine residual by DPD  
colorimetric method

Total chlorine 4500-Cl D

4500-Cl E*

4500-Cl F*

4500-Cl G*

4500-Cl I*

Chloride by potentiometric  
method
Chlorine residual by low– 
level amperometric titration
Chlorine residual by DPD  
ferrous titration
Chlorine residual by DPD  
colorimetric method
Chlorine residual by  
iodometric electrode  
technique

Chlorine  
 dioxide

4500-ClO2 C

4500-ClO2 D*

4500-ClO2 E*

Chlorine dioxide by the  
amperometric method I
Chlorine dioxide by the  
DPD method
Chlorine dioxide by the  
amperometric method II

Ozone 4500-O3 B Ozone residual by indigo  
colorimetric method

*To comply with Stage 1 D/DBP rule, use SM 19th ed. only.
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TABLE 9 EPA-Approved Methods for Analysis of Regulated Disinfectant  
By-products (USEPA, 2004a, b, c, d, 2008)

DBP EPA Method 
Number

Methodology Recommended 
Source

Total trihalomethanes 
(TTHM)

502.2

524.2

551.1

VOCs by purge and  
trap capillary GC with  
photoionization and  
electrolytic conductivity  
detectors in series
Purgeable organic  
compounds by capillary  
column GC/mass  
spectrometry
Chlorinated disinfection  
by-products and  
chlorinated solvents by  
liquid–liquid extraction  
and GC with an electron  
capture detector

USEPA, (2004a,b)

Haloacetic acids  
(five) (HAA5)

552.1

552.2

Haloacetic acids and  
dalapon by ion exchange  
liquid–solid extraction  
and GC with electron  
capture detector
Haloacetic acids and  
dalapon by liquid–liquid  
extraction, derivatization,  
and GC with electron  
capture detector

Bromate 300.1 Determination of 
inorganic anions in  
drinking water by ion  
chromatography

USEPA, (2004c,d)

Chlorite (daily 
monitoring)

300.0

300.1

Inorganic anions by  
ion chromatography
Determination of  
inorganic anions in  
drinking water by  
ion chromatography

Chlorite (distribution 
system monitoring)

300.0

300.1

Inorganic anions by  
ion chromatography
Determination of  
inorganic anions in  
drinking water by  
ion chromatography
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Disinfectant dosage control is critical to complying with Ct regulations. 
Normally, frequent measurements of disinfectant residual are made and the 
dosage is adjusted to obtain desired residual (e.g., 0.5 mg/L for chlorine). 
Measurements of disinfectant residual and dosage adjustments can be done man-
ually or using an automatic analyzer and/or a flow-measurement device.

Ct values are dependent on the configuration of the entire treatment sys-
tem, residual concentration of disinfectant, and the type and number of point 
applications (USEPA, 2007g). Detailed instructions on Ct value calculation are 
given in the USEPA guidance manual (USEPA, 1999a, 2006, 2007g).

Table 11 (USEPA, 1986, 1999a, b, 2006, 2007g; WEF, 1996; Metcalf & Eddy 
et al., 2003, MWH, 2005) gives the estimated range of Ct values for various levels 
of inactivation of bacteria, viruses, and protozoan cysts (pH7 and T20°C)

dIsInfectIon By-Products controL

The USEPA started taking steps towards the control of THMs in drinking water 
in the late 1970s and published a guidance manual in 1981 for controlling 
THMs in drinking water (USEPA, 1979; Symons et al., 1975, 1981). Several 
options were considered effective for the removal of DBP precursors, including

l Aeration and air stripping
l Enhanced coagulation
l Activated carbon adsorption

TABLE 10 EPA-Approved Methods for Analysis of Precursors of  
Disinfectant By-products (APHA et al., 1999; USEPA, 2008)

DBP Precursor Standard Method 
Number

Methodology Recommended 
Source

Total organic  
carbon

5310 B Total organic carbon 
by combustion 
method

Standard Methods 
for the Examination 
of Water and 
Wastewater, 18th, 
19th, and 20th 
editions

5310 C Total organic carbon 
by persulfate–UV 
or heated persulfate 
method

5310 D Total organic carbon 
by wet-oxidation 
method

Alkalinity 2320 B Alkalinity by titration
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, and Protozoan Cysts (pH7 and 

Microorganisms

4 Log

10–12
6–7 Bacteria

Viruses
Protozoan cysts

200–250
200–1,200

Bacteria
Viruses
Protozoan  cysts

50–70
12–20

Bacteria
Viruses
Protozoan  cysts

0.6–1.0
Bacteria
Viruses
Protozoan  cysts

80–100
70–90

Bacteria
Viruses
Protozoan  cysts

.
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TABLE 11 Estimated Range of Ct Values for Various Levels of Inactivation of Bacteria, Viruses
T20°C)

Disinfectant Unit Inactivation Level

1 Log 2 Log 3 Log

Chlorine mg min/L

0.1–0.2

20–30

0.4–0.8
2.5–3.5
35–45

1.5–3.0
4–5
70–80

Chloramine mg min/L 4–6

400–650

12–20
300–400
700–1,000

30–75
500–800
1,100–2,000

Chlorine dioxide mg min/L 2–4

7–9

8–10
2–4
14–16

20–30
6–12
20–25

Ozone mg min/L

0.2–0.4

3–4
0.3–0.5
0.5–0.9

0.5–0.9
0.7–1.4

UV radiation* mJ/cm2

5–10

30–60
20–30
10–15

60–80
50–60
15–25

Source: Adapted from Metcalf and Eddy, 2003; MWH, 2005; USEPA, 1986; WEF, 1996; USEPA, 1999a, b, 2006, 2007g
*UV dose  UV intensity  time.
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l Oxidation by ozone or chlorine dioxide
l Clarification by coagulation, precipitate softening, or direct filtration
l Oxidation with potassium permanganate and lowering pH
l Moving the point of chlorination downstream in the treatment process to 

allow for the removal of precursors to DBPs prior to disinfection.

Although aeration and activated carbon adsorption were considered effec-
tive removal technologies, many water utilities opted to move the point of chlo-
rination downstream from raw water application to sedimentation basin effluent, 
decreasing chlorine dosages, and using chloramines as an alternative primary or 
a secondary disinfectant in place of free chlorine (Chen and Rest, 1996; Singer, 
1994, 1999). Many utilities were able to meet the TTHMs MCL with such modi-
fications, but questions were raised regarding the integrity of the finished water in 
terms of microbial inactivation. Some utilities found that they could meet either 
the TTHMs MCL or the SWTR/TCR regulations, but not both.

Further complicating the issues were the findings that, in addition to chlorine 
DBPs having adverse health effects, alternative disinfectants formed by-products 
with adverse health effects as well (USEPA, 2007e). In 1983, Haag and Hoigne 
found that bromate ion and brominated organics were formed in bromide  
containing ozonated water (Haag and Hoigne, 1983). Bromate was later identi-
fied as a suspected human carcinogen. Chlorite, which causes hepatotoxicity in 
animals, was found in chlorine dioxide disinfected water. In addition to the find-
ings of other DBPs, the emergence of Cryptosporidium in water supplies added 
more worries to the issues. The main challenge was, and still is, to effectively 
disinfect water while minimizing the formation of harmful by-products.

When DBPs are a concern in a water treatment process, there are two main 
approaches to solving the problem: (1) to control the precursors that react with 
the disinfectant to form the unwanted DBP and (2) to allow the DBPs to form 
and then use a separate removal process for the DBPs.

Precursor control and removal strategies are mainly focused on NOM present 
in water. NOM is considered to be the major precursor for DBP formation. 
NOM is very site-specific, and the different components of NOM (e.g., humic 
and fulvic acids) are removed with varying degrees of effectiveness by different 
strategies. Research into this area has focused on characterizing the behavior of 
NOM according to apparent molecular weight (AMW). Precursor management 
is often grouped into the following three categories:

1.  Control at the source by managing inputs into the watershed to lower pre-
cursor concentrations.

2.  Physical/chemical removal, which involves the removal of precursors by 
processes such as coagulation, adsorption, and membrane separation.

3.  Oxidation/transformation, which involves processes that change the form of 
precursors.

After DBPs have formed, it is possible to remove them with a subsequent 
treatment process. The USEPA has specified air stripping and GAC adsorption 
as techniques for the removal of THMs.
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using chlorine

Free chlorine (HOCl) is the most widely used of all the oxidative disinfect-
ants because of its low cost and proven effectiveness. It is an excellent bacte-
ricide, viricide, and cysticide. As chlorine has been the disinfectant of choice 
for nearly 100 years and is used by the majority of water treatment systems, its 
DBPs are usually considered to be of the greatest concern. Chlorine DBPs form 
when free chlorine (HOCl) is added to water and reacts with the NOM present. 
The generalized equation describing the formation of the halogenated DBPs is

 HOCl NOM Br THMs and other halogenated DBPs+ + →

 

The major halogenated DBPs that result from the addition of chlorine to 
drinking water are THMs, HAAs, HANs, cyanogen halides, halopicrins, haloke-
tones, haloaldehydes, and halophenols. In the absence of bromide ions (Br), 
only the chlorinated by-products are formed. In the presence of bromide, free 
chlorine (HOCl) rapidly oxidizes bromide to hypobromous acid (HOBr), which 
then reacts, along with the remaining HOCl, with NOM to produce the mixed 
chloro-bromo DBPs.

It has been found that THMs and HAAs are the most common DBPs found 
in the treatment process. USEPA has set an MCL of 0.080 mg/L for TTHMs 
and an MCL for HAA5 of 0.060 mg/L. Some of the major types of these DBPs 
are listed in Table 12 (Marhaba and Washington, 1998).

TABLE 12 DBPs of Chlorine (Marhaba and Washington, 1998)

Generic Name Chemical Compounds

Trihalomethanes (THMs) Chloroform
Bromodichloromethane
Bromoform
Dibromochloromethane

Haloacetic acids (HAAs) Monochloroacetic acid (MCAA)
Dichloroacetic acid (DCAA)
Trichloroacetic acid (TCAA)
Monobromoacetic acid (MBAA)
Dibromoacetic acid (DBAA)

Haloacetonitriles (HANs) Dichloroacetonitrile
Trichloroacetonitrile
Dibromoacetonitrile
Tribromoacetonitrile

Cyanogen halides Cyanogen chloride
Cyanogen bromide
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TABLE 13 THM Precursors Removal (Marhaba and Washington, 1998)

Removal Process Description

Source control Increasing the adsorption or exchange capacity of 
soil in the watershed may reduce the amount of 
DOC transport in water. The exchange capacity 
may be increased by the addition of absorbents 
such as alum sludge from the treatment plant,  
lime, and gypsum.

Enhanced coagulation Enhanced coagulation can reduce THM precursors. 
This technique is very useful for utilities already 
using conventional coagulation. One or more of the 
following means may serve to achieve enhanced 
coagulation: pH adjustment, an increase in 
coagulant dose, and alternate coagulants. However, 
there are concerns associated with enhanced 
coagulation, including turbidity removal, corrosion, 
and increases in contaminant concentrations, such 
as aluminum, in the finished water.

Anion exchange Anion exchange can remove much of NOM 
(organic precursors) present in water, which exists 
as anions at alkaline conditions.

Slow sand filtration Slow sand filters (granular media such as anionic 
resins and GAC) may achieve significant removal 
(75–90%) of organic carbon and THM formation 
potential.

Reverse osmosis The reverse osmosis (RO) process may be used 
prior to chlorination to reduce concentrations of 
nonvolatile organics and hence THMs in treated 
water. However, this method is cost-effective only 
at high concentrations of THM precursors, or if the 
plant is already using RO.

Adsorption Granular activated carbon (GAC), powdered 
activated carbon (PAC), and other adsorbing 
materials may absorb NOM.

High-energy electron beam 
irradiation

Chloroform may be controlled at pilot scale by 
the use of innovative high-energy electron beam 
irradiation. However, this method is expensive and 
requires a high amount of energy.

Advanced oxidation The use of ozone (in combination if free or 
combined chlorine to satisfy residual requirements) 
as a disinfectant may significantly reduce the 
formation of THMs.
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NOM is the predominant precursor for the formation of chlorinated DBPs, 
and because of the fact that THMs were the first DBPs to be regulated, most 
methods of precursor removal deal with lowering the concentration of NOM 
in water. Table 13 (Marhaba and Washington, 1998) lists several processes that 
have been found useful in the removal of THMs.

using chloramines

Chloramine has been used as a primary disinfectant in some treatment plants 
since the early 1920s. Chloramines are formed by adding chlorine and ammo-
nia to water at certain ratios of chlorine to ammonia. It is not as effective as free 
chlorine in disinfection or oxidation, and it may take 100 times longer to achieve 
the same bacteriological kill. Chloramines require significantly greater Ct  
values than free chlorine, and when chloramines are used, it is often in combi-
nation with additional disinfectants.

The use of chloramines can greatly reduce the formation of THMs and 
HAAs, but it may instead form chloral hydrate. Although chloral hydrate is cur-
rently not regulated, it is being considered for future legislation for classification 
as a DBP. In water containing cyanide, chloramines will form cyanogen chlo-
ride and cyanogen bromide to a greater degree than free chlorine. If the chlo-
ramines used in the disinfection process are formed by chlorination, followed 
by the addition of ammonia, THMs may form. Chloramination may also result 
in nitrate and nitrite formation as the chloramines decompose. The major chlo-
ramine DBPs are listed in Table 14 (Marhaba and Washington, 1998).

Little research has been done on technologies for the removal of chloramine-
specific DBPs. However, since it forms DBPs similar to chlorine DBPs, many of 
the processes applied to chlorination DBPs will be effective for chloramine DBPs.

using chlorine dioxide

Chlorine dioxide is primarily used as an oxidant, although recently it has been 
used as a primary disinfectant as well. It requires lower Ct values and inactivates 

TABLE 14 DBPs of Chloramines (Marhaba and Washington, 1998)

Chlorine dioxide DBPs Chlorate
Chlorite
1,1-Dichloropropanone

Chloramine DBPs Cyanogen bromide
Cyanogen chloride
Haloacetic acids (HAAs)
Nitrate/nitrite
THMs
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Giardia, a disinfectant-resistant pathogen, five times faster than free chlorine. 
As an oxidant, it is highly effective for taste and odor control and iron and 
manganese oxidation. Chlorine dioxide is an unstable gas, which requires that 
it be manufactured on-site.

Chlorine dioxide will form very few, if any, halogenated DBPs. What few 
by-products it does form, however, are very undesirable. The DBPs of greatest 
concern with chlorine dioxide are chlorate and chlorite, both of which are toxic 
and carcinogenic (Cordie, 1986; Karpel Vel Leitner et al, 1996).

Although chlorine dioxide is a very effective disinfectant and forms no 
THMs, there is a concern that 50–70% of the applied ClO2 dosage will remain 
as residual chlorite (ClO2

). Table 15 (Marhaba and Washington, 1998) lists sev-
eral processes that have been found useful in the removal of chlorite.

using ozone

Ozone is formed by the passage of air or oxygen through an electrical dis-
charge. The resultant air–ozone stream can be bubbled through water in a con-
tact chamber. Ozone is considered the most effective oxidant and disinfectant 
used in the water treatment process and utilities, but it is unstable and does not 
maintain a residual in the water supply system. As a result, when ozone is used 
as a primary disinfectant, a secondary disinfectant must also be used so that the 
residual can be maintained (Ferguson et al, 1991). Like chlorine dioxide, ozone 
is an unstable gas and must be manufactured on-site.

The use of ozone for disinfection will produce no chlorinated THMs, HAAs, 
or other chlorinated by-products. It will, however, form various oxidation prod-
ucts in the presence of NOM, following the reaction

 O NOM Oxidation by-products3  →  

TABLE 15 Chlorite Removal (Marhaba and Washington, 1998)

Removal Process Description

Reduction by ferrous sulfate (FeSO4) Sulfur compounds, such as ferrous 
sulfate (FeSO4), react quickly (5–15 s) to 
remove chlorites. However, the reaction 
of sulfur dioxide (SO2) and chlorite forms 
significant amounts of chlorate in waters 
that have high levels of dissolved oxygen.

GAC adsorption GAC is of limited effectiveness for 
ClO2

 removal. Also, chlorate (ClO3
) 

formation will occur across the GAC 
medium.
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Oxidation by-products include aldehydes, aldo- and ketoacids, acids, and 
hydrogen peroxide. These are listed in detail in Table 10 (Dore et al, 1988; 
Marhaba and Washington, 1998). Although ozone itself does not produce halo-
genated DBPs, it can produce brominated DBPs if bromide-containing waters 
are ozonated, following the reaction:

 O NOM Br Brominated by-products3    →  

Ozone will oxidize the bromide (Br) to hypobromous acid (HOBr), which 
will react with NOM to produce the fully brominated analogs of the chlorina-
tion by-products (Table 11) shown in Table 16 (Glaza et al, 1993; Marhaba, 
1994; Marhaba and Washington, 1998). Bromate ion is the by-product of great-
est concern (Siddiqui et al, 1996a, b). It has been classified by USEPA as a B2 
carcinogen (a probable human carcinogen.) Table 17 (Marhaba 1994; Marhaba 
and Washington, 1998) lists several processes that have been found useful in 
the removal of bromate ion.

concLusIons

Disinfection of water is often needed to assure its drinkability. This chapter dis-
cusses various methods of disinfection. It is important to monitor disinfectants 
and their by-products.

TABLE 16 DBPs of Ozone (Glaze et al., 1993; Marhaba, 1994; Marhaba  
and Washington, 1998)

Generic Name Chemical Compounds

Aldehydes Formaldehyde
Acetaldehyde
Glyoxal
Methyl glyoxal

Aldoacids and ketoacids Pyruvic acid

Carboxylic acids Oxalic acid
Succinic acid
Formic acid
Acetic acid

Peroxides Hydrogen peroxide

Brominated by-products Bromate
Bromoform
Brominated acetic acids
Bromopicrin
Brominated acetonitriles
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The Evolution of Analytical 
Technology and Its Impact 
on Water-Quality Studies for 
Selected Herbicides and Their 
Degradation Products in Water

Michael T. Meyer and Elisabeth A. Scribner  (Retired)
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INTRODUCTION

The purpose of this chapter is to describe advances in analytical instrumentation 
and methods for the analyses of herbicides and their degradation products and 
to assess their impact on major findings of broad surveys of herbicides in water 
conducted by the U.S. Geological Survey (USGS) over the last two decades. The 
connection of clean water has historically been linked to the health and longer 
life of the human body (Bottled Water Blues, 2002). In many parts of the world, 
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hunger and disease have been overcome with clean water and considered a gift 
of life to many people (Global Water, 2008). As early as 1908, the disinfection 
of urban water supplies with chlorination was introduced and quickly adopted by 
many American cities. The results were a steep decline in typhoid deaths as well 
as the absence of cholera and dysentery within the American population during 
the early 1900s (Greatest Achievements, 2008).

Since that time, standards for water purity have been set and continually 
revised by governments as new contaminants that may impact human health are 
identified. These water-purity standards have brought continued improvement 
in water quality of existing water sources by reducing the amount of pollution 
in drinking water, treating wastewater, diverting wastewater discharge from 
drinking-water supplies, implementing new filtration practices, and other inno-
vative techniques (Greatest Achievements, 2008). The demand of governmental 
higher standards has led to a new way of managing rivers by not only looking 
at the content of the water and its quality, but also researching the whole life of 
the river and its collection structure (Brown, 2004).

The global population has tripled since 1938, causing water use to increase 
(United Nation Population Fund, 2001) and is expected to exceed 8 billion peo-
ple by 2030 (FAO, 2000). In the United States alone, the population grew from 
76 million in 1900 to 273 million in 1999 (Demographia, 2001). At the present 
time, the population exceeds 305 million, a growth of 33 million additional 
people since the 2000 U.S. census (U.S. Census Bureau, 2008). Increasing 
population is putting further pressure on the world’s water and food supply; 
thus, the question arises as to not only is there enough quality water, but also 
whether food production can exceed demands from population growth expected 
in the next three decades?

Advances in farm equipment have modified the management and produc-
tion of food, bringing a new efficiency to agriculture (Kusel, 2008). In the early 
1900s, a farmer could harvest about 2.5 metric tons (100 bushels) of corn in a 
9-h day, whereas today a farmer can combine 22.5 metric tons (900 bushels) of 
corn per hour, or 2.5 metric tons in 6 min. With these modern production meth-
ods, 0.4047 hectare, or 1 acre, of land can produce as much as 19 metric tons 
(42,000 lbs) of strawberries, 11,000 heads of lettuce, 11.3 metric tons (25,000 
lbs) of potatoes, and 4 metric tons (8,800 lbs) of sweet corn (Field Crop News, 
2008). The changes in farm equipment, along with the incorporation of ferti-
lizers and crop protection chemicals, have further advanced the production 
and lowered the cost of food enjoyed by the American population (Field Crop 
News, 2008). Today, herbicides are used routinely on more than 90% of the 
acreage in which most U.S. crops are grown (Gianessi and Reigner, 2007).

In conjunction with the use of advanced farm equipment, farmers, advisors, 
and researchers should know which herbicides are best to combat certain resist-
ant weeds (IA Weed Science, 1998; UW Weed Science, 1999; HRGW, 2004; 
Mennes, 2005:p.159). Guidelines for the management of crop resistance and 
a better understanding of mode-of-action classification is important for a more 
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effective crop production (Nevill et al., 1998). A summary of resistant weeds 
by mode-of-action classification may be found at Weed Science (2008).

The importance of advanced analytical methods and environmental knowl-
edge of organic contaminants has been very significant to maintain a position of 
“cutting edge” science in the study of herbicides during the past 20 years. Many 
marketplace companies not only sell state-of-the-art technology, equipment, and 
software for updating an environmental laboratory, but they also offer training 
and consulting by salespeople who understand the new technology and how it 
applies to the development of methods as the equipment becomes more accepted 
by, in particular, the regulatory community.

It is vital that state-of-the-art instrumentation for analyzing organic contami-
nants continually be introduced into the marketplace the advancement of ana-
lytical instrumentation has given scientists the capability to continually broaden 
their studies of the fate of herbicides and their degradation products over the last 
two decades. It is important to note that in the various studies summarized in this 
chapter, pieces of information are continually added to the puzzle of understand-
ing science in a fast-changing world.

HERBICIDE USE

Herbicides are not new, but usage has changed over the centuries. During the time 
of the Roman Empire, insects were controlled by burning sulfur (pesticide) and 
weeds were controlled with salt (herbicide). By the end of the nineteenth century, 
farmers in the United States were using various arsenates, sulfates, and sulfurs 
to control insects in field crops. At the end of World War II, herbicides such as 
aldrin, dieldrin, endrin, and 2,4-dichlorophenoxyacetic (2,4-D) were introduced 
and found to be effective (Delaplane, 2000).

Herbicide use in the United States increased greatly from the mid-1960s 
through the mid-1980s, with a dip between 1982 and 1987. The usage increased 
in the 1990s with 1997 being the highest-use year of herbicides in terms of mil-
lions of pounds of active ingredients applied to crops (Oregon State, 2008). 
According to Gianessi and Reigner (2006), herbicide use then declined between 
1997 and 2002 because of the substitution of lower application rate compounds 
for previously used higher rate compounds. The reduced usage rate was particu-
larly noticeable for corn, where use decreased by 48 million lbs between 1997 
and 2002. Herbicides are regulated by the U.S. Environmental Protection Agency 
(USEPA) in cooperation with the U.S. Department of Agriculture (USDA), and 
the Federal Drug Administration (FDA) (Fishel, 2007).

COMMONLY USED HERBICIDES

Five of the most commonly used agricultural herbicides (glyphosate, atrazine, 
2,4-D, acetochlor, and S-metolachlor) are described in this section by the weight 
of active ingredient per year. Glyphosate, often referred to as Roundup, does not 
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belong to a herbicide class. It is a broad-spectrum herbicide widely used to kill 
unwanted plants in agriculture and nonagricultural landscapes. It has been reg-
istered for use in the United States since 1974 (Cox, 2004). Agricultural uses of 
glyphosate include maize, cotton, soybean, and sugar beet acres (Gianessi, 2005). 
Glyphosate use rose from 15,900 metric tons (35 million lbs) in 1997 to 46,000 
metric tons (102 million pounds) in 2002. Glyphosate’s increase resulted from the 
rapid adoption of genetically engineered crops and no-till farming practices, both 
of which incorporate glyphosate for weed control (Gianessi and Reigner, 2006).

The first triazine herbicide, atrazine, was discovered by J.R. Geigy, Ltd., in 
Switzerland (LeBaron et al., 2008). It was first registered in the United States in 
1958. Atrazine has a range of trade names such as Marksman, Coyote, Atrazina, 
Atrazol, and Vectal (PAN, 2002) and is estimated to be the second most heav-
ily used herbicide in the United States at 35,000 metric tons (77 million lbs) 
(Gianessi and Reigner, 2006). Its top agricultural use areas, in terms of use per 
acre, include the Midwestern United States, particularly Iowa, Illinois, Indiana, 
Ohio, and Nebraska, and also Delaware. Approximately 75% of the field corn 
acreage grown in the United States is treated with atrazine. It is also used heav-
ily on lawns in Florida and throughout the Southeastern United States. Atrazine 
and its degradation products are frequently detected in rivers, groundwater, and 
reservoirs, which are related directly to the volume of usage and their tendency to 
persist in soil and move with water (USEPA, 2008).

Of the herbicides in use today, the world’s most widely used herbicide and 
third most commonly used in the United States is 2,4-D, a member of the chlo-
rophenoxy family. Agricultural use in the United States is 18,000 metric tons (40 
million lbs; Gianessi and Reigner, 2006). Common trade names for 2,4-D include 
Aqua-Kleen, Barrage, Plantgard, and Salvage (Extoxnet, 1996a). It was devel-
oped during World War II to increase crop yields during rationing and became 
the first successful selective broadleaf plant herbicide, which allowed for weed 
control in wheat, corn, and rice (Dinnage, 2007).

Acetochlor ranked fourth of the most used agricultural herbicide active ingre-
dients per year at 16,000 metric tons (35 million lbs) during 2002 (Gianessi and 
Reigner, 2006). Various trade names for acetochlor include Guardian, Harness, 
Relay, and Surpass. It was first registered in 1994 and is a chloroacetanilide 
herbicide. Acetochlor is used for the control of most annual grasses and certain 
broad-leaf weeds. Crops on which acetochlor is applied include cabbage, citrus, 
coffee, corn, cotton, green peas, maize, onion, soybeans, sugar beets, and vine-
yards. Acetochlor is applied preemergence, preplant incorporated, and is compat-
ible with most other pesticides and fluid fertilizers when used at recommended 
rates (Extoxnet, 1996b).

S-metolachlor is an herbicide from the chloroacetanilide family and is the 
fifth most widely used herbicide in the United States at 11 metric tons (24 mil-
lion lbs; Gianessi and Reigner, 2006). S-metolachlor, which is the resolved 
isomer of metolachlor, was registered in 1997. New formulations based pri-
marily on the S-metolachlor isomer are more active on a gram-for-gram basis 
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than metolachlor formulations composed of a 50:50 a racemic mixture of the 
R and S isomers (Shaner et al., 2006). It is effective at application rates around 
35% lower than original metolachlor. While metolachlor is heavily used in the 
United States, it is in the process of being phased out in Europe (Kiely et al., 
2004).

Other commonly used herbicides in the United States to kill unwanted veg-
etation include pendimethalin, trifluralin, alachlor, propanil, dimethenamid, man-
cozeb, and dicamba (Kiely et al., 2004). Additional triazine herbicides presented 
in several water-quality studies by the USGS include cyanazine, introduced on 
the market in 1972 and voluntarily withdrawn from the market by the manufac-
turer in 2000 (Scribner et al., 2005; Thurman and Scribner, 2008); prometryn 
(Coupe et al., 1998); and simazine (Coupe et al., 2005).

Isoxaflutole, a new herbicide to the market, is a member of the benzoyl isoxa-
zole family (Pallet et al., 2001). Isoxaflutole was first used in 1999 in the United 
States. Usage fluctuated from 97 metric tons (214,000 lb) in 1999, peaked at 199 
metric tons (439,000 lb) in 2001, then decreased to 145 metric tons (320,000 lb) 
in 2003 (USDA, 1991–2004).

PERSPECTIVE ON ROLE OF ANALYTICAL METHODS 
DEVELOPMENT

The importance of the development of analytical methods and environmental 
knowledge of organic contaminants has been crucial to developing continued 
information on the wide range of herbicides and their degradation products in 
our water resources for the past 20 years. Since the early 1900s, the primary goal 
of many research laboratories studying herbicides has been to develop analytical 
methods to understand the occurrence of organic contaminants and their fate and 
degradation pathways in the environment.

Mass Spectrometry

To assess the effects of agricultural nonpoint-source pollution in surface water 
and groundwater and the environmental fate and effects of emerging organic con-
taminants, it is important that robust analytical methods be developed for these 
contaminants in soil and water. In the early 1950s, the fragmentation of small 
organic molecules was beginning to be understood, but the mass spectrometer 
was very limited in sensitivity and resolution. This early instrument was the fore-
runner of today’s reasonably priced bench top instruments seen in most chemical 
laboratories in the world (Mass Spectrometry Resource, 2005).

Gas Chromatography/Mass Spectrometry

The next major development was gas chromatography (GC)—a type of chro-
matography in which the mobile phase is a carrier gas and the stationary phase 
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is a glass or metal tubing column. In 1956, the first biologically important mol-
ecules were successfully analyzed. Coupling the GC to MS provided “data 
rich” mass spectra for more definitive compound identification and in many 
cases increased sensitivity. New ionization techniques developed over the last 
25 years have expanded the world of biological chemistry to MS. The develop-
ment of GC/MS was the trigger for the development of MS for organic com-
pounds (Mass Spectrometry Resource, 2005).

GC/MS provided a powerful tool to clearly identify compounds on the basis 
of their mass fragmentation spectra. During the 1980’s and early 1990s, GC/MS 
was mostly used in research laboratories to understand the regional transport and 
degradation of herbicides and to interpret the hydrogeologic processes governing 
their occurrence, fate, and transport, as most USEPA contract laboratory meth-
ods were based on GC with nitrogen–phosphorous and electron capture detec-
tion. However, over the past two decades, the GC/MS has also become a standard 
instrument in environmental contract laboratories as the USEPA has developed 
approved methods for a wide range of contaminants.

GC/MS is limited to the analysis of a small range of organic molecules often 
characterized as nonionic, semivolatile. As molecules increase in polarity, they 
are difficult to be analyzed by GC/MS without derivatization. Liquid chroma-
tography (LC) is much more amenable to the separation and analysis of com-
pounds with a wide range of polarities, but adding mass spectrometers to LCs 
was problematic until relatively recently.

Liquid Chromatography/Mass Spectrometry

LC/MS is an analytical chemistry technique that combines the physical separa-
tion capabilities of LC, also known as high performance liquid chromatography 
(HPLC), with the mass analysis capabilities of MS. It is a powerful technique 
used for many applications and can have very high sensitivity and specificity. 
Generally, its application is oriented toward the specific detection and potential 
identification of chemicals in the presence of other chemicals. A major difference 
between HPLC using the diode array detection vs. LC/MS is the use of smaller 
diameter and particle-size LC columns and lower mobile-phase flow rates in LC/
MS. For example, a typical HPLC method may use a 4.6  150–250 mm col-
umn with 5 m particle size, whereas in LC/MS a 2.1–3  100–150 testing mm 
column with 3 m particles is more common.

Coupling an HPLC with a mass spectrometer has proved to be a difficult 
task, requiring a great deal of research to overcome the challenge. The advance-
ment of MS/ionization interfaces for LC revolutionized the ability of environ-
mental researchers to determine the occurrence of a much wider variety of 
compounds than previously could be accomplished with GC/MS. The introduc-
tion of the thermospray ionization interface, which is capable of producing ions 
from an aqueous solution to spray directly into the MS, provided a significant  
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advancement in coupling LC to MS. The primary problem was the inability 
of the particle beam and thermospray interfaces to dissipate the mobile phase 
before it entered the low vacuum portion of the mass spectrometer. Thus,  
the majority (90% or more) of the mobile phase is needed to be split before 
entering the source of the mass spectrometer. Thus, the sensitivity required for 
environmental analysis was problematic.

The introduction of the atmospheric pressure ionization (API) interfaces, elec-
trospray ionization (ESI), and atmospheric pressure chemical ionization (APCI) 
overcame the shortcoming of earlier interfaces by evaporating the mobile phase 
during the ionization process. This, in addition to the orthogonal spray interface, 
also provided a means to remove potentially interfering nonvolatile molecules 
(salts, buffers, and detergents) from entering the mass spectrometer. In 2002, 
John Fenn was a cowinner of the Nobel Prize in Chemistry for the development 
of a soft desorption ionization method for mass spectrometric analyses of bio-
logical macromolecules—invention of the API interface. This new interface also 
provided the robustness and sensitivity needed to develop trace-level methods 
for the analysis of a wide variety of small polar molecules and their degradation 
products that were not readily amendable to analysis by GC/MS. Of the two API 
interfaces, the ESI has been more widely used than the APCI. These methods 
allow ionization at atmospheric pressure and can rapidly separate complex mix-
tures and readily identify its components.

There are several types of mass analyzers that can be used in LC/MS. 
Examples include single quadrupole, triple quadrupole, ion trap, time of flight 
(TOF), quadrupole–time of flight (Q-TOF), and a Q-trap LC/MS/MS system 
(Thurman et al., 2001, 2003). While several robust methods have been developed 
on single quadrupole instruments for the analysis of herbicides and other com-
pounds, the triple quadrupole mass spectrometers have become the instrument 
of choice for quantitative environmental analysis. The TOF, Q-TOF, and ion-trap 
mass spectrometers generally are used for structural elucidation and the identifi-
cation of unknown compounds.

Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) tests were developed independ-
ently by research groups in Sweden and the Netherlands in 1971 (Lequin, 2005). 
In the late 1980s, ELISA began to be more widely used in the environmental field 
to screen for herbicides such as atrazine, with detection levels of 0.1–0.2 µg/L.  
The advantage of the ELISA kits was that a large number of samples could be 
screened inexpensively. This solid-phase assay simply works because of the 
fact that proteins (antibodies) can be positively attached to plastics (96-well 
microtiter plate, test tube, or magnetic particles) with relative positive values.  
Currently, ELISA is commercially available for a wide variety of organic 
contaminants.
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WATER-QUALITY STUDIES

There have been many herbicide studies conducted by scientific researchers in 
government and state agencies, universities, corporations, and other groups in the 
United States and worldwide. The outcome is that a huge amount of data have 
been collected to investigate and understand the occurrence, concentrations, 
fate, and transport of several classes of herbicides and their degradation products 
in groundwater, surface water, and precipitation. Much of these data hve been 
shared in scientific meetings and published in many notable journals.

The USGS has implemented many of the large herbicide surveys conducted 
in the United States since the late 1980s, mostly through the Toxic Substances 
Hydrology and National Water-Quality Assessment (NAWQA) programs. 
The USGS has spent many years monitoring and collecting data of chemicals 
and sediments in the large rivers of the United States (USGS, 2006), investigat-
ing the status and trends in the quality of the nation’s groundwater and surface-
water resources (Gilliom et al., 2006), and presenting scientific information on 
the occurrence, movement, flux, fate, and effects of agricultural chemicals in the 
nation’s hydrologic environments (Buxton, 2000).

The development of analytical methods for herbicides and other organic con-
taminants has been an important component of the USGS National Water Quality 
Laboratory Methods Research Development Program, Denver, Colorado, and of 
the USGS Organic Geochemistry Research Laboratory (OGRL) in Lawrence, 
Kansas. Many research studies on the fate and transport of herbicides and their 
degradation products in surface water and groundwater has been conducted by 
scientists at the OGRL since the late 1980s.

Analytical methods developed (by OGRL for various herbicides and their 
degradation products include solid-phase extraction SPE) GC/MS (Thurman 
et al., 1990; Meyer et al., 1993; Thurman and Mills, 1998; Kish et al., 2000), 
HPLC (Hostetler and Thurman, 2000), LC/MS (Thurman et al., 2001; Lee et al.,  
2001, 2002a, b; Lee and Strahan, 2003), and LC/MS/MS (Meyer et al., 2007a). 
The OGRL continues to develop robust methods to measure new and understud-
ied herbicides, antibiotics, algal toxins, and cyanotoxins, and their degradation  
products.

Much of the understanding of the occurrence, fate, and transport of the wide 
variety of herbicides and their degradation products has resulted from large 
regional and national water-quality surveys that have been conducted from the 
1980s to the present. The advancement of analytical equipment, ELISA tests, and 
solid-phase extraction technologies has been the backbone for the development 
of these studies.

The summarized surveys of (1) surface water, (2) groundwater, and (3) pre-
cipitation, which have had significant impacts on the understanding of herbicides 
in our nation’s water resources, are given in the subsequent sections. In some 
cases, these surveys were repeated over multiple years. New methods were devel-
oped and incorporated into those studied to increase knowledge on the changing 
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use of herbicides and, also, to better understand the wide variety of degradation 
products that are transported into the hydrogeological system.

Surface Water

Midcontinent Herbicide Reconnaissance, 1989–1990; 1994–1995; 
1998; 2000
GC/MS results, 1989–1990. Although the rapid increase in herbicide concen-
trations with the first rainfall, after the application of preemergent herbicides, 
had been demonstrated in individual watershed studies, it had never been docu-
mented on a regional scale. During 1989, a reconnaissance survey of 147 streams 
in 10 Midwestern States, within the Corn Belt, was conducted to determine the 
geographic and seasonal distribution of acetanilide and triazine herbicides. The 
SPE-GC/MS method (Thurman et al., 1990; Meyer et al., 1993) developed for 
this study measured the most commonly used triazine and acetanilide corn and 
soybean herbicides, and also two dealkylated triazine degradation products, 
deethylatrazine (DEA) and deisopropylatrazine (DIA). Samples for this study 
were later reanalyzed for three cyanazine degradation products, cyanazine amide 
(CAM), deethylcyanazine (DEC), and deethylcyanazine amide (DCAM). The 
streams were sampled before application of herbicides (preplanting), during the 
first major runoff event after application of herbicides (post-planting), and dur-
ing a low-flow period in the fall when most of the streamflow was derived from 
groundwater (harvest).

The major results of this study were (1) the high concentration pulses of pes-
ticides flushed into streams after application of herbicides were a regional phe-
nomenon in the Corn Belt; (2) DEA, DIA, and CAM were commonly detected 
in surface water during the post-planting event spring-flush; and (3) the ratio of 
DEA-to-atrazine (DAR) was indicative of seasonal transport and surface water–
groundwater interaction (Thurman et al., 1991, 1992; Meyer et al., 1993, 2001; 
Meyer and Thurman, 1996).

Atrazine occurred in 98% of the post-planting samples followed by alachlor 
(86%), metolachlor (83%), and cyanazine (63%). Atrazine was the most fre-
quently detected herbicide occurring in 91% of the preplanting samples and 76% 
of the harvest samples, whereas alachlor, metolachlor, and cyanazine were only 
detected in 18%, 34%, and 5% of the preplanting samples and 12%, 44%, and 
0% of the harvest samples, respectively. These data indicated that cyanazine 
and alachlor degraded more rapidly and, thus, were less persistent than atrazine 
and metolachlor. DEA, a degradation product of atrazine, occurred frequently in 
preplanting, post-planting, and harvest samples, whereas DIA, CAM, and DEC 
mostly occurred in the post-planting samples. These findings were significant 
because they indicated that some of the parent herbicides persist from year to 
year in soil and water, and degradation products, such as DEA, also persist and 
are mobile. Results of studies of water samples collected from streams in eastern 
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Iowa during the 1990s further substantiated these findings (Kalkhoff et al., 2003; 
Schnoebelen et al., 2003).

A follow-up sampling was conducted in 1990 because of increased concern 
about the findings of high post-application concentrations of herbicides in 1989. 
The distribution of major herbicide concentrations detected in these streams was 
essentially the same in 1989 and 1990 for both the pre- and post-application sam-
ples and reaffirmed that the flush of herbicides following application is an annual 
occurrence (Goolsby et al., 1991a, b; Goolsby and Battaglin, 1995; Scribner  
et al., 1993, 1994, 1998, 2000, 2005; Thurman et al., 1991, 1992, 1994; Battaglin 
and Goolsby, 1999).

GC/MS results, 1994–1995, 1998, 2002. In 1994, 1995, 1998, post-
 application runoff samples were collected at 50 of the sites that were sampled 
in 1989–1990 to help determine if changes in herbicide usage were reflected in 
their occurrence and transport. For example, in 1990 and 1992, label changes 
decreased the recommended application rate of atrazine, acetochlor was intro-
duced to replace alachlor in 1994, glyphosate-tolerant (GT) soybeans were 
introduced in 1997 and GT corn in 2000, the production of cyanazine was 
stopped in 1999 and its use discontinued on December 31, 2002, and metol-
achlor was replaced with S-metolachlor in 1998. Metolachlor was a 50–50 ratio 
of the R and S isomers of which the S isomer is herbicidally active. To lower 
the amount of metolachlor per acre that needed to be applied, S-metolachlor 
was introduced in 1997 (Scribner et al., 1998).

Comparison of the trends in median concentrations of the 1989 to 2002 
reconnaissance water-quality studies showed that changes in herbicide uses 
were reflected in their transport in stream water. The median concentration 
of alachlor decreased from approximately 1.5 to 0.1 g/L between 1989 
and 1998. The median concentration of acetochlor increased from 0.1 g/L 
in 1984 when it was first measured to approximately 1 g/L in 1998. Median 
concentration of metolachlor was similar from 1989 to 1998 indicating that the 
use of S-metolachlor may not have been prevalent in 1998. However, between 
1998 and 2002, the median concentration of metolachlor decreased from 1.4 
to 0.75 g/L. The median concentration of cyanazine decreased from 2 to 
0.05 g/L between 1998 and 2002, indicating a substantial decrease in usage 
that resulted from its removal from the market. The detection frequency of atra-
zine was 98% in all of the surveys conducted between 1989 and 2002, but the 
median concentration decreased from 11 to 4 g/L, indicating a potential effect 
from the voluntary reduction in the application rate of atrazine that occurred 
in 1990 and 1992 and also from the increase in the use of GT corn. Although 
these surveys showed that the herbicide concentrations in midwestern streams 
are quite variable during post-application runoff, changes in herbicide use 
affecting herbicide concentrations in streams was indicated.

LC/MS results, 2002. The addition of three new LC/MS methods added 
14 acetanilide herbicide degradation products, 11 triazine herbicide degrada-
tion products, and glufosinate and glyphosate and its degradation product  
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aminomethylphosphonic acid (AMPA) to the 2002 stream-water reconnais-
sance survey, expanding the knowledge of the wide variety of herbicides and 
herbicide degradation products transported to surface water. These data are pre-
sented in Battaglin et al. (2005) and Scribner et al. (2003, 2004).

The major findings from this study include the following: (1) many of the 
acetanilide ethane sulfonic acid (ESA) and oxanilic acid (OXA) degradation 
products were detected in stream water year round, (2) didealkylatrazine (DDA) 
and hydroxyatrazine (HA) had similar detection frequencies to DEA, (3) CAM 
was not detected indicating cyanazine was not being applied, and (4) AMPA was 
detected more frequently and often at higher concentrations than glyphosate.

For example, for the triazine degradation products, DEA was the most fre-
quently detected followed by HA, DDA, and DIA, respectively. For the acetanilide 
degradation products, metolachlor ESA and OXA were detected most frequently, 
followed by acetochlor ESA and OXA, and alachlor ESA, respectively.

In the case of glyphosate, it was detected at or above 0.10 g/L in 35% of 
preemergence, 40% of postemergence, and 31% of harvest season samples, with 
a maximum concentration of 8.7 g/L. AMPA was detected at or above 0.10 g/L  
in 53% of preemergence, 83% of postemergence, and 73% of harvest season 
samples, with a maximum concentration of 3.6 g/L. It is probable that glypho-
sate is not as mobile and is transformed more rapidly in the environment than the 
other herbicides (Scribner et al., 2003, 2007; Battaglin et al., 2005).

The data from these methods showed that herbicide degradation products 
accounted for a substantial portion of the total herbicide transport in streams 
that previously had not been recognized. These stream-water reconnaissance 
surveys in the Midwestern United States confirmed that herbicide degradation 
products were found to occur as frequently or more frequently and at concen-
trations that were often higher than the parent herbicides (Battaglin et al., 2003, 
2005; Scribner et al., 2003, 2007).

Reservoirs, 1992–1993
The initial results from the 1989 and 1990 stream-water reconnaissance sur-
veys led to the question of how herbicides are transported through the reservoir 
impoundments, which are prevalent throughout the Midwestern United States. 
Many reservoirs used for drinking water have drainage basins whose primary 
land use is crop production. Reservoirs were screened and selected from the res-
ervoir database compiled by Ruddy and Hitt (1990) and are described in Scribner 
et al. (1996).

The important findings from this study were as follows: (1) reservoirs are 
repositories for contaminants that are introduced into midwestern streams, 
(2) herbicides and degradation products are detected more frequently through-
out the year in reservoirs than in streams, and (3) long-term storage and mix-
ing of water in reservoirs that originate as spring and summer storm runoff 
from cropland dampens and lengthens the pulse of herbicides transported and 
released through the reservoirs.
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Analytical results from samples collected during 1992 indicate that a number 
of herbicides and degradation products were present and detected in 82–92% of the 
selected reservoirs during eight sampling periods. One of the most notable differ-
ences between the occurrence of herbicides in reservoirs and streams was a much 
higher frequency of detection of cyanazine and DIA in reservoirs. A possible expla-
nation for this observation is that these two compounds are much more stable in the 
water of lakes and streams than in soil where organic matter and microorganisms 
promote rapid biodegradation. Consequently, late spring and summer runoff can 
flush large amounts of these two compounds into reservoirs, where they can persist 
for long periods of time. Neither cyanazine nor DIA was detected in streams dur-
ing the fall because these compounds are no longer present in substantial amounts 
on the agricultural fields where they were applied (Scribner et al., 1996; Battaglin 
and Goolsby, 1998). Thus, herbicide concentrations in reservoir outflows behave 
differently than those in unregulated streams (Stamer and Zelt, 1992; Fallon and 
Thurman 1996; Thurman and Fallon, 1996; Stamer et al., 1998a). The mean of the 
individual concentrations in midwestern reservoirs of atrazine and its degradation 
products was 1.9 g/L. Similarly, the mean sum of the individual concentrations of 
cyanazine and its degradation product, CAM, was 1.0 g/L, which is also consistent 
with the fact that cyanazine usage in the study area was about half that of atrazine.

Perry Lake, 1992–1993
To understand in more detail how herbicides are transported through reservoirs, 
a three-dimensional survey was conducted in Perry Lake in northeastern Kansas 
during 1992 and 1993 (Fallon et al., 2002) using ELISA keyed to atrazine. 
A subset of samples were analyzed by GC/MS for 11 herbicides and 2 triazine 
and 3 cyanazine degradation products. In addition, the degradation product 
alachlor ESA was isolated by SPE and analyzed by ELISA using the method of 
Aga et al. (1994). The sampling strategy consisted of two components, five sea-
sonal surveys with samples collected at randomly selected sites throughout the 
lake and at multiple depths at each site, and sampling of the inflow and outflow 
from the reservoir. Water samples were collected monthly throughout the year 
and during runoff events from April thru August.

Atrazine concentrations in Perry Lake increased 48% after application to crop- 
lands (from 2.7 to 4.0 g/L). Three-dimensional computer images of atrazine con-
centrations and DAR values showed that recently applied atrazine mixed with 
atrazine applied the previous year as water moved sequentially through the res-
ervoir. Changes in atrazine concentrations resulted from several factors including 
herbicide application, precipitation, and reservoir-residence time. Precipitation 
after atrazine application drove the system by flushing atrazine into the reservoir. 
The timing of the precipitation and runoff affected how much atrazine flushed 
into the reservoir. The volume of precipitation and runoff affected how long atra-
zine remained in the reservoir. Precipitation shortened reservoir-residence time 
by increasing inflow and outflow during wet periods. Below-normal precipitation 
in May and June 1992, combined with above-normal precipitation during the last 
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9 months of the study period, produced lower atrazine concentrations in the res-
ervoir outflow than those found in previous years. Atrazine concentrations at the 
outflow were decreased, and were dampened (the pulse of water entering the res-
ervoir) as water containing higher atrazine concentrations was temporarily stored 
and mixed with water having lower concentrations (Fallon and Thurman, 1996; 
Scribner et al.,1996; Thurman et al., 1996; Thurman and Fallon, 1996; Fallon et al., 
2002; Thurman and Scribner, 2008).

The Quality of Our Nation’s Waters—Pesticides in the Nation’s 
Streams and Groundwater, 1992–2001
A USGS NAWQA Program report (Gilliom and Hamilton, 2006; Gilliom  
et al., 2006) showed that pesticides are widespread in streams and groundwa-
ter and occur in geographic and seasonal patterns along with land and pesticide 
usage. During the 1992–2001 sample-collection period, more than 95% of the 
samples collected from streams and almost 50% of the samples collected from 
wells contained at least one pesticide. Seventy-four of the 83 pesticide com-
pounds analyzed were detected at least once in streams or groundwater. Major 
rivers, agricultural, and urban streams had relatively similar high frequencies of 
detection.

Pesticides most commonly detected in streams draining watersheds with 
mixed land use reflected multiple sources from agricultural and urban applica-
tions. The overall frequency of pesticide occurrence in mixed land-use streams 
was comparable to those monitored in agricultural and urban streams. Similarly, 
pesticides detected in major aquifers indicate the influence of agricultural and 
urban sources, but overall detection frequencies were lower in major aquifers 
than in shallow groundwater in agricultural and urban areas (Barbash et al., 2001; 
Gilliom and Hamilton, 2006; Gilliom et al., 2006; Rosen and Lapham, 2008).

Comparison of Fate and Transport of Isoxaflutole to Atrazine 
and Metolachlor in 10 Iowa Rivers, 2004
As more water soluble and lower application rate herbicides are marketed, it is 
important to develop methods on instruments capable of detecting these com-
pounds at the concentrations that occur in the environment. In 1998, a new 
restricted use, preplanting, low-application rate herbicide, isoxaflutole, was reg-
istered for use on corn. Research had shown that isoxaflutole rapidly degraded 
to a herbicidally active degradation product diketonitrile (DKN), which is more 
stable and, which, in turn, degrades to a nonbiologically active benzoic acid ana-
log (BA). However, no studies had been published on the transport of isoxaflu-
tole or its degradation products in surface water. To assess whether isoxaflutole 
and its sequential degradation products occur in stream water, a SPE-LC/MS/
MS method was developed to detect isoxaflutole, DKN, and BA at 0.002 g/L 
(Meyer et al., 2007a). In addition, two LC/MS methods were used to analyze for 
a suite of triazine and acetanilide herbicides and their degradation products.
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In 2004, samples were collected monthly from March through September 
from 10 major rivers in Iowa that drain to the Missouri and Mississippi Rivers. 
The purpose of the study was to (1) determine the seasonal transport of isoxaflu-
tole and its degradation products and (2) compare its transport to the more com-
monly measured herbicides such as acetochlor, atrazine, and metolachlor.

The major findings of the study were: (1) DKN, the herbicidally active degra-
date for isoxaflutole, was frequently detected instead of isoxaflutole; (2) previous 
research was supported that isoxaflutole degrades rapidly to DKN; (3) seasonal 
transport of DKN and its BA degradate product is similar to that of atrazine and 
DEA but at significantly lower concentrations; and (4) the difference in the median 
concentration of atrazine and DKN detected in the post-application (May–June sam-
ples) was the same as the usage difference between atrazine and isoxaflutole.

Analytical results of 75 water samples show that isoxaflutole was detected 
in only four of the samples collected during the post-application (May–June) 
period, whereas DKN was detected in 53 water samples and BA was detected in 
41 water samples collected from all three sampling periods. Metolachlor was the 
most frequently detected chloroacetanilide parent (59 of 60 samples) in all three 
sampling periods, followed by acetochlor (41/60) and alachlor (3/60). The ESA 
and OXA degradation products of acetochlor and metolachlor were present 100% 
of the samples respectively, whereas alachlor was detected in 56 of 60 ESA sam-
ples and 53 of 60 OXA samples. The degradation products were detected as fre-
quently as or more frequently than their parent compounds. Atrazine was the 
most detected triazine parent compound with 65 detections of 69 samples during 
all three sampling periods, whereas the triazine degradation products of HA and 
DEA were detected in 66 and 65 samples, respectively, which is similar to other 
reported conclusions of the detection frequency of the atrazine parent and its deg-
radation products (Scribner et al., 2006).

Findings of the isoxaflutole study include an improved understanding of 
the occurrence of the herbicide isoxaflutole and its degradation products in the 
hydrologic environment. Analytical results of the chloroacetanilide and triazine 
herbicides are consistent with previous studies, which show that large amounts 
of herbicides and their degradation products are flushed into streams with run-
off. Also, the study confirmed prior findings that these herbicides occur as fre-
quently as or more frequently than their parent herbicide (Scribner et al., 2006; 
Meyer et al., 2007a,b).

Groundwater

Midwestern United States Groundwater Reconnaissance Network, 
1991–1994; 1995–1998
During the 1990s, the Midwestern United States was the focus of research on agri-
cultural chemical contamination in groundwater because it was an area of intense 
application of herbicides. A regional monitoring network was designed that was 
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geographically and hydrogeologically representative of near-surface aquifers in 
the corn and soybean producing areas of the Midwestern United States. A series 
of papers (Kolpin and Burkhardt,1991; Burkhardt and Kolpin, 1993; Kolpin et al., 
1993, 1994, 1995, 1996a–c, 1997, 1998, 2000, 2001, 2004; Kolpin and Thurman, 
1995; Kolpin, 1997; Burkhardt et al., 1999; Mills et al., 2005) highlighted the 
major findings of these groundwater studies. This study determined the relationship 
between soils, land use, groundwater age, and concentration and occurrence of her-
bicides and their degradation products in groundwater. The major findings of these 
studies were that (1) groundwater that was dated to be older than 1953 (predating 
the first use of herbicides) was found to have a much lower frequency of herbicide 
detection than water younger than 1953 and (2) inclusion of the herbicide degrada-
tion is important to assess the total contribution of herbicides to groundwater.

The initial phase of the groundwater research (1991–1994) focused on regional-
scale studies. A total of 837 water-quality samples from 303 wells across 12 states 
were collected. Atrazine was the most frequently detected parent compound, being 
detected in 22.4% of the samples collected. Two atrazine degradation products, 
DEA and DIA, also were frequently detected compounds in these studies, sup-
porting the relative stability of these compounds. Cyanazine production ceased in 
December 1999, although it was being used extensively during the early 1990s. It 
was detected in only 2.3% of the wells; however, CAM, a degradation product of 
cyanazine, was detected in samples from 11% of the wells. This greater frequency of 
detection suggests an increase in degradation product mobility to groundwater after 
transformation from cyanazine. As with atrazine and cyanazine, simazine also can 
be transformed to DIA but at a much faster rate than atrazine (Mills and Thurman, 
1994). Simazine was detected in samples from 2.6% of the wells, and its dealkyla-
tion to DIA probably contributed little to the amount of DIA in groundwater.

A major finding for this study was documenting the importance of includ-
ing herbicide degradates in water-quality studies investigating herbicides. Many 
such degradates were found much more frequently and at higher concentrations 
than their parent compounds. In addition, herbicides having a long half-life 
(such as atrazine) generally were detected more frequently in groundwater than 
those having shorter half-lives.

The second phase of the groundwater research (1995–1998) focused on 
statewide research on the occurrence of parent compounds and a wider range 
of herbicide degradates products. Samples were collected from 131 munici-
pal wells covering all the major aquifer types in Iowa. An important finding 
of this study was the high frequency with which degradation products were 
detected in groundwater. Atrazine was the only herbicide for which the par-
ent compound was at a similar level compared to its degradates. These results 
documented that aquifer types with the most rapid recharge rates were those 
most likely to contain detections of herbicide compounds. Eighty percent of the 
wells in which herbicides were not detected had older aged water. Overall, the 
frequency of detection increased from 17%, when only the parent compounds 
were considered to 53% when the parent compounds and degradates were  
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considered. Thus, the transport of herbicide compounds to groundwater is sub-
stantially underestimated when herbicide degradates are not considered (Kolpin 
et al., 1998, 2000, 2001, 2004).

Chloroacetanilide Herbicides and Their Degradation Products 
in Groundwater of the United States, 1993–2003
During 1993–2003, a USGS study was conducted to investigate and docu-
ment the occurrence, fate, and transport of chloroacetanilide herbicides and 
their degradation products in groundwater (Scribner et al., 2004). About 2,420 
samples were collected to analyze for the chloroacetanilide parent herbicides 
acetochlor, alachlor, dimethenamid, flufenacet, and metolachlor and their ESA, 
OXA, and sulfinyl acetic acid (SAA) degradation products.

The major finding of this study was that the ESA and OXA degradates of 
metolachlor and alachlor that occurred more frequently and at higher concentra-
tions than their parent herbicides. Metolachlor was the most frequently detected 
chloroacetanilide parent compound (12%), followed by acetochlor and alachlor 
(2% each), and dimethenamid (0.18%). The chloroacetanilide degradation prod-
ucts were detected more frequently than their parent compounds. Metolachlor 
ESA, the most frequently detected degradation product, was present in 45% of 
the samples analyzed, followed by alachlor ESA (35%) and metolachlor OXA 
(26%). Overall, the median concentrations of detections for the acetochlor, 
alachlor, and metolachlor parent compounds were less than their ESA or OXA 
degradation products. For example, the median concentration for metolachlor 
detections in groundwater (0.17 g/L) was less than the median concentrations of 
detections for its degradation products, metolachlor ESA (0.97 g/L) and metol-
achlor OXA (0.70 g/L). However, the median concentration for the dimethen-
amid parent compound was greater than its ESA or OXA degradation product. 
Flufenacet and its degradation products of ESA, OXA, and the SAAs were not 
detected in any of the groundwater samples.

Analytical results showed that the methods were valuable for acquir-
ing information about the fate and transport of the parent chloroacetanilide 
herbicides in water. Degradation products of chloroacetanilide herbicides in 
groundwater were detected more frequently and occurred at similar or higher 
concentrations than their parent compounds. Once again, this study confirmed 
that it is important to include both parent compounds and their degradation 
products in herbicide studies (Lee and Strahan, 2003; Scribner et al., 2004).

Precipitation

Herbicides in Rainfall Across the Midwestern and Northeastern 
United States, 1990–1991
During the late spring and summer of 1990 and 1991, a study by Goolsby et al. 
(1997) was focused on herbicides that could be transported into the atmosphere 
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by various processes. This study was conducted prior to significant label rate 
reductions for atrazine-containing products. Once in the atmosphere, these com-
pounds can be dispersed by air currents and redeposited by precipitation, snow, 
and dry deposition on the land surface, lakes, and streams.

The overall objective of the precipitation study was to (1) determine the occur-
rence and temporal distribution of herbicides and their degradation products in 
precipitation, (2) estimate the amounts of atrazine deposited by precipitation annu-
ally in individual States and over a large part of the United States, (3) relate annual 
deposition of atrazine to amounts applied annually, and (4) compare annual herbi-
cide deposition by precipitation within the Mississippi River basin to the estimated 
annual amount transported out of the basin in streamflow.

Herbicide concentrations exhibited distinct geographic and seasonal patterns. 
The highest concentrations occurred in Midwestern Corn Belt States following 
herbicide application to cropland. Occurrence and concentrations of triazine 
herbicides were detected by ELISA in 5,297 samples collected during the study 
period. Herbicides having significant cross-reactivity in the ELISA methods other 
than alachlor and atrazine were rarely detected in this study and probably had lit-
tle or no effect on the ELISA analysis. GC/MS analysis was performed on 2,085 
of the precipitation samples (Goolsby et al., 1995; Pomes et al., 1998). The most 
frequently detected herbicide was atrazine, which was present in 30.2% of the 
samples analyzed. DEA was present in more than one-half of the samples that 
contained atrazine and was the third most frequently detected compound. Trace 
concentrations of DEA were detected in 12 samples that contained no detectable 
atrazine. Cyanazine was detected in 7.2% of the samples. Although herbicides 
were detected in a significant number of samples, concentrations were relatively 
low. Atrazine was also detected in low concentrations at sites in Maine and on 
Isle Royale in northern Lake Superior (Goolsby et al., 1997; Stamer et al., 1998b; 
Thurman and Cromwell, 2000).

Because of the large temporal and spatial variations in the amount of precipi-
tation, it is difficult to make meaningful comparisons of herbicide concentrations 
among sites or over time on the basis of individual weekly samples. Therefore, 
comparisons were made with precipitation-weighted concentrations. The spatial 
distribution of precipitation-weighted concentrations of atrazine were calculated 
for a 13-week period from mid-April through mid-July 1990 and 1991 when con-
centrations were the highest. Precipitation-weighted concentrations of 0.2–0.4 g/
L for atrazine were typical throughout the Midwest for this 13-week period, and 
weighted concentrations of 0.4–0.9 g/L were recorded at sites in Iowa, Illinois, 
and Indiana. Overall, the spatial patterns of the weighted atrazine concentrations 
in 1990 and 1991 were similar and generally reflect atrazine use.

Nearly all of the deposition of atrazine and alachlor in rainfall occurred dur-
ing April through July when concentrations were highest. Consequently, results 
should closely represent the total annual wet deposition of atrazine during the 
2 years. Atrazine deposition rates ranged from more than 100 g/m2/year in the 
Midwestern States to 10 g/m2/year in the Northeastern States. Deposition 
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rates throughout most of the Corn Belt ranged from 50 g/m2/yr to more than 
100 g/m2/yr for atrazine.

One of the sampling sites was located on Isle Royale in the northwestern 
part of Lake Superior near the Canadian border and far from the U.S. Corn Belt. 
Atrazine, presumably from the Midwestern Corn Belt, was detected and verified 
by GC/MS analysis in samples from several rain events at this site during June 
1990. These data prompted the collection of water samples from Lake Superior 
and from four small lakes on Isle Royale in late September 1990. The atrazine 
concentration in these samples, determined by isotope dilution methods, was 
6.5 ng/L for Lake Superior and ranged from 2.5 to 20 ng/L for the four lakes 
sampled in Isle Royal National Park. The most likely source of atrazine to Lake 
Superior and Isle Royale is atmospheric deposition (Goolsby et al., 1995, 1997).

CONCLUSIONS

Continued advancements in research on water quality are necessary to pro-
vide environmental engineers, toxicologists, and Federal and State government 
regulatory agencies with new knowledge needed to assess the need for new or 
advanced water treatment and assessment of best management practices and 
regulation. Weeds are a huge problem in agriculture, not only in cost incurred 
by the farmer but also in assessing potential deleterious effects on water quality 
from the practices used to control the weeds.

In the large herbicide water-quality reconnaissance studies conducted in the 
United States over the last two decades, pesticides were found in almost every 
stream sample collected, with concentrations greatest in areas of the Nation 
with the greatest agricultural use. These findings, along with the other studies, 
are relevant to the water quality of source drinking-water supplies. While the 
streams and wells sampled in most of these studies are not directly used for 
drinking water, these water-quality studies show the need to consider criteria 
for contaminant levels of degradation products as well as the parent herbicides 
in treatment processes. The evolution of analytical equipment has provided sci-
entists with the means to more fully assess the complex mixtures of organic 
contaminants that are transported into our Nation’s water resources. The results 
of these water-quality surveys have shown that herbicides applied in row crop 
agriculture are transported into surface water as pulses in response to rainfall 
and that they also are transported to groundwater. The results of these stud-
ies have, in part, resulted in cases where manufacturers voluntarily reduce the 
recommended application rates, in removing herbicides from the market, and 
prompt the USEPA into introducing selected acetanilide degradates onto the 
contaminant candidate list.

Studies by many scientists have continually expanded our knowledge of the 
occurrence, persistence, fate, and transport of herbicides and their degradation 
products in the hydrologic environment. The results of large water-quality stud-
ies also provide important data sets for Federal, State, and local agencies, and 
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utilities to develop effective regulatory and management strategies and provide 
a historical perspective on changing usage.

Any use of trade, product, or firm names is for descriptive purposed only and 
does not imply endorsement by the U.S. government. Support for this project 
was provided by the U.S. Geological Survey Toxic Substances Hydrology 
Program.
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INTRODUCTION

Traditionally the impact of chemical pollution has focused almost exclusively 
on the conventional priority pollutants (e.g., PAHs, PCBs, and organochlorine 
pesticides). However, the growing use of pharmaceuticals worldwide, classified 
as the so-called emerging pollutants, has become a new environmental problem, 
which has raised great concern among scientists in the last few years. Although 
the first reports on pharmaceuticals in wastewater effluents and surface waters 
were published in the United States in the 1970s (Garrison et al., 1976; Kim 
et al., 2007), pharmaceuticals as environmental contaminants did not receive a 
great deal of attention until the link was established between a synthetic birth-
control pharmaceutical (ethynylestradiol) and its impacts on fish (Desbrow et 
al., 1998; Jobling et al., 1998; Kim et al., 2007).

Over 3,000 chemical substances are used in human and veterinary medicine 
(Ternes et al., 2004). Such pharmaceuticals include antiphlogistics/anti-inflammatory 
drugs, contraceptives, -blockers, lipid regulators, tranquilizers, antiepileptics, 
and antibiotics (Ternes et al., 2004; Petrovic et al., 2005). Some typical phar-
maceuticals classified by groups according to therapeutical effect and physico-
chemical properties are listed in Table 1.
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W Half-Life (h) Molecular Formula

4
0
6
8
6
1

2–2.5
12–15
1.5–2
4.5
1–2
1–4.5

C16H14O3

C14H14O3

C13H18O2

C19H16ClNO2

C14H10Cl2NO2

C15H15NO2

1
0
4
0
2
6
1

1–4
1–2
18–22
1.5
1–2
77

C8H9NO2

C14H18N2O
C10H11O3Cl
C15H22O3

C19H20ClNO4

C23H36O7

C25H38O5

6
9
9

25–65
24–144
3–65

C15H12NO
C17H18F3NO
C19H20FNO3

9 1–1.5 C16H14F3N3O2S

3
7
4

8–12
2.5–4
2–3

C22H23ClN2O2

C8H15N7O2S3

C13H22N4O3S
TABLE 1 Typical Pharmaceuticals and Their Physicochemical Properties

Compound Therapeutic Class Log Kow pKa M

Ketoprofen
Naproxen
Ibuprofen
Indomethacine
Diclofenac
Meclofenamic acid

Analgestic/anti-inflammatories

3.12
3.18
3.97
4.27
4.51
5.12

4.45
4.15
4.91
4.5
4.14
4.2

25
23
20
35
29
24

Acetaminophen
Propyphenazone
Clofibric acid
Gemfibrozil
Bezafibrate
Pravastatin
Mevastatin

Lipid regulators/cholesterol-lowering statin drugs

0.46
1.94
n/a
4.77
4.25
3.1
3.95

9.38
n/a
n/a
n/a
n/a
n/a
n/a

15
23
21
25
36
44
39

Carbamazepine
Fluoxetine
Paroxetine

Psychiatric drugs
2.47
3.82
3.95

7
8.7
n/a

23
30
32

Lansoprazole Antiulcer agent 2.58 8.73 36

Loratadine
Famotidine
Ranitidine

Histamine H1 and H2 receptor antagonists 5.20
0.64
0.27

n/a
n/a
n/a

38
33
31
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8.8
8.74
6.0
7.12
n/a

734
749
253
290
361

1.5
68
10
8–10
9

C37H67NO13

C38H72N2O12

C10H11N3O3S
C14H18N4O3

C18H20FN3O4

3.48

9.6
n/a
9.68
9.5

266
272
267
260

6–7
12
3–7
4–5

C14H22N2O3

C12H20N2O3S
C15H25NO3

C16H21NO2

n/a 429 2.5 C25H35O5

n/a 371 7–20 C21H26N2S2

n/a 372 120–168 C26H29NO

–3.89 6.65 692 1056 C36H61NaO11

arithm of the ionization constant, MW is the molecular weight, and  n/a is 
Erythromycin
Azythromycin
Sulfamethoxazole
Trimethoprim
Ofloxacin

Antibiotics

3.06
4.02
0.89
0.91
n/a

Atenolol
Sotalol
Metoprolol
Propranolol

-Blockers

0.16
0.24
1.88
1.2–

Meberverine Gastrointestinal n/a

Thioridazine Antidepressant n/a

Tamoxifen Anticancer n/a

Monensin Growth promoters 2.75

Log Kow is the logarithm of the octanol–water partition coefficient, pKa is the negative log
not available.
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Although their toxicity to aquatic and terrestrial organisms is relatively 
unknown, a number of reported investigations have shown that pharmaceuti-
cal compounds pose a real threat to the environment (Oaks et al., 2004; Fent 
et al., 2006; Lacey et al., 2008). For example, diclofenac, which is frequently 
detected in aquatic matrices, has been found to have adverse effects in both fish 
and birds (rainbow trout and vultures). Diclofenac accumulates, with a concen-
tration factor of up to 2,732, in the liver of rainbow trout and causes histopatho-
logical alterations in both the kidneys and the gills (Schwaiger et al., 2004). In 
vulture populations, this drug has been shown to cause renal failure and has 
resulted in a population decline in Pakistan (Oaks et al., 2004). This highlights 
the potential danger to both terrestrial and aquatic lives. Moreover, it underlines 
the latent risk to humans.

Wastewater treatment plants (WWTPs) are major contributors of pharmaceu-
ticals in the environment. Because of their high consumption, pharmaceuticals 
along with their metabolites are continuously introduced to sewage systems, 
mainly through excreta, disposal of unused or expired drugs, or directly from 
pharmaceutical discharges. Recently, research has shown that the elimination of 
some pharmaceutical compounds during wastewater treatment processes is rather 
low; for example, removal rates for carbamazepine in a German WWTP was 7% 
whereas the average removal rate for the 14 compounds investigated was 65% 
(Ternes, 1998). Of the -blockers, Paxeus (2004) reported elimination rates of 
10% for atenolol and Castiglioni et al. (2006) reported average elimination 
rates of atenolol to be 10% in the winter and 55% in the summer in an Italian 
WWTP. Vieno et al. (2007) observed that the elimination rates were 65% for 
-blockers and the lowest elimination rates of 29% for metoprolol. Compounds 
not removed in WWTP effluent are eventually released to receiving water bodies 
such as rivers and as a result, they will contribute to contamination in surface, 
ground, and drinking waters. For this reason, pharmaceuticals may have the 
same exposure potential as persistent pollutants because even their high transfor-
mation and removal rates can be compensated by their continuous input into the 
environment. Nowadays, it is a well-established fact that WWTP effluents are 
the major source for the introduction of pharmaceuticals into the environment. 
Most often, these compounds occur at micrograms per liter or sub-micrograms  
per liter concentrations (Buchberger, 2007; Gros et al., 2006, Roberts and 
Thomas, 2006). Numerous papers reported the levels of pharmaceuticals in 
wastewaters. Table 2 provides an overview of the concentrations of several main 
classes of pharmaceuticals in WWTP effluents reported in the literature.

Many believe that of all the emerging contaminants, antibiotics are the big-
gest concern because of the potential for antibiotic resistance (Erickson, 2002). 
The increasing use of these drugs in livestock, poultry production, and fish farm-
ing during the last five decades has caused a genetic selection of more harmful 
bacteria, which is a matter of great concern. However, other pharmaceutical com-
pounds, especially polar ones, such as acidic anti-inflammatory drugs and lipid 
regulators, also deserve particular attention. As described earlier, elimination of 
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Lishman  
et al. (2006)

Nakada et al. 
(2006)

Metcalfe et al. 
(2003), Miao 
et al. (2004)

0.353 
(0.773)6

0.672 
(1.130)7

4.0 (24.6)8

0.351 
(1.189)

0.010 (0.023) 12.5 (33.9)

0.114 (0.210) 0.208 (0.369) n.d.

) 0.140 
(0.748)

– n.d.

– – –

– – –

– – –

– – –

(Continued)
TABLE 2 Occurrence of Pharmaceutical Residues in the WWTP Effluents

Compound Concentration (g/L) Median (Maximum)

Reference Andreozzi 
et al. (2003)

Ternes 
(1998)

Ashton et al. 
(2004)

Choi et al. 
(2008)

Spongberg 
and Witter 
(2008)

Antiphlogistics/anti- 
inflammatory drugs

Ibuprofen 0.05 (7.11)1 0.37 (3.4)2 3.09 (27.3)3 –4 –5

Naproxen 1.12 (5.22) 0.30 (0.52) – – –

Ketoprofen n.d (1.62) 0.2 (0.38) – – –

Diclofenac 0.68 (5.45) 0.81 (2.1) 0.42 (2.35) – 0.031 (0.177

-Blockers

Propanolol 0.01 (0.09) 0.17 (0.29) 0.08 (0.28) – –

Metoprolol 0.08 (0.39) 0.73 (2.2) – – –

Acebutolol 0.06 (0.13) – – – –

Oxprenolol 0.02 (0.05) – – – –
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0.255 (0.436) – 1.3 (1.3)

n.d. – –

– – –

n.d. – n.d.

– 0.005 (0.270) 0.7 (2.3)

– – –

– – 0.24 (0.87)

– – 0.08 (0.84)
TABLE 2 (Continued)

Compound Concentration (g/L) Median (Maximum)

Lipid regulators

Gemofibrozil 0.84 (4.76) 0.40 (1.5) – – 0.063 (0.084)

Fenofibrate 0.14 (0.16) n.d. (0.03) – – –

Bezafibrate n.d. (1.07) 2.2 (4.6) – – –

Clofibric acid n.d. (0.68) 0.36 (1.6) – – n.d.

Antiepileptic drug

Carbamazepine 0.87 (1.20) 2.1 (6.3) – 0.18 (0.20) 0.076 (0.111)

Antibiotics

Trimetroprim 0.04 (0.13) – 0.07 (1.29) 0.10 (0.17) –

Sulfamethoxazole 0.05 (0.09) – 0.05 (0.13) 0.19 (0.49) 0.273 (0.472)

Erythromycin – – 0.01 (1.84) – –

1Seven WWTPs in France, Greece, Italy, and Sweden. 
2Forty-nine WWTPs in Germany. 
3Five WWTPs in the United Kingdom. 
4Four WWTPs in Korea. 
5One WWTP in the United States, over a 6-month period. 
6Twelve WWTPs in Canada. 
7Sixteen WWTPs in Japan. 
8Fourteen WWTPs in Canada (eight WWTPs for antibiotics).
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pharmaceuticals in WWTPs was found to be rather low and consequently sew-
age effluents are one of the main sources of these compounds and their recal-
citrant metabolites. Because of their physicochemical properties (high water 
solubility and often poor degradability), they are able to penetrate through all 
natural filtration steps and enter groundwater as well as drinking water, which 
will cause the potential adverse effects on aquatic and terrestrial organisms 
(Reddersen et al., 2002; Ternes, 2002; Petrovic et al., 2005).

Because of the recent awareness of the potentially dangerous consequences 
of the presence of pharmaceuticals in the sewage effluent, the analytical meth-
odology for the determination in complex matrices is still evolving and the 
number of methods described in the literature has grown considerably. In many 
cases, the common procedures involve sampling, sample treatment (e.g., pre-
concentration, cleanup step) by solid-phase extraction (SPE), or related tech-
niques, followed by analysis using chromatography in combination with mass 
spectrometry (MS) as the detector. When residue analysis of pharmaceuticals 
became an important issue in the 1990s, gas chromatography (GC) was the 
preferred chromatographic technique together with various derivatization pro-
cedures for the analytes. Nowadays, GC–MS may still be the preferred tech-
nique for certain classes of pharmaceuticals (Togola and Budzinski, 2008), 
although high performance liquid chromatography (HPLC) hyphenated with 
atmospheric pressure ionization MS has established itself as a better choice for 
simultaneous determination of pharmaceuticals of widely differing structures 
(Buchberger, 2007). In this chapter, the analysis of pharmaceuticals in sew-
age effluents will be discussed, including the sampling, sample treatment and 
instrumental measurement and analytical quality control.

SAMPLING

To monitor the pharmaceuticals in sewage effluent, the first step is to collect 
samples from the selected WWTPs. The sample that is taken should be a rep-
resentative one, the composition of which is as close as possible to the whole 
mass of whatever (e.g., sewage effluent) is being analyzed. Obtaining good sam-
ples is a crucial first step in the chemical analysis process. Prior to sampling, a 
sampling strategy should be drawn concerning the WWTPs under investigation, 
the number of samples to be taken, where to conduct replicate sampling, size of 
samples, and storage and transport of samples. Preparation should also ensure 
that all the in situ measurement equipment is calibrated, and necessary sampling 
tools and containers are cleaned appropriately before sampling.

There are two sampling methods, spot and passive sampling, which are com-
plimentary to each other and the advantages and disadvantages of these meth-
ods, together with typical methodologies, are highlighted in Table 3. Currently, 
the most widely used technique for performing monitoring of organic contami-
nants is spot sampling followed by laboratory-based extraction and analysis. In 
general, spot sampling uses a glass sampler or stainless steel sampler such as 
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TABLE 3 A Compilation of Spot and Composite Sampling Methods

Technique Methods and 
Mechanisms

Advantages Disadvantages

Spot sampling Manual collection 
by glass or stainless 
steel sampler

Easy to perform
Requires limited 
expertise
Usually inexpensive
Allows 
multicontaminant 
analysis

Yields only an 
instantaneous 
measurement of 
pollutant levels
Uncertainty over 
temporal variations
Labour required increases 
with the number of 
samples collected

Autosampling into 
glass or stainless 
steel sampler

Requires limited 
expertise
Reduces labour 
requirement 
compared to manual 
collection
Allows 
multicontaminant 
analysis

Yields only an 
instantaneous 
measurement of 
pollutant levels
Uncertainty over 
temporal variations
Can be expensive

Composite  
sampling

Autosampling into 
glass or stainless 
steel sampler

Allows continuous 
monitoring and 
amount of pollutant 
over a defined period 
of time
Allows 
multicontaminant 
analysis

Can be expensive
Indicates only the total 
amount (or a calculated 
average) of a pollutant 
over a defined period 
of time
Can require large-
volume sampling
Requires a greater level 
of expertise
Deployment duration 
dependent on size of 
collection vessel

Passive sampling 
devices (e.g., POCIS)

Allows continuous 
monitoring and 
amount of pollutant 
over a defined period 
of time
Deployment time is 
easily variable
Reduced interference
Can stimulate the 
behavior of aquatic 
organisms

Can be expensive
Indicates only the total 
amount (or a calculated 
average) of a pollutant 
over a defined period 
of time
Compounds that can be 
analyzed is limited by 
the sorbent
Requires a greater level 
of expertise
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bucket (Gulkowska et al., 2007). The sample volume is typically 200 mL–1 L 
(Gros et al., 2006; Gomez et al., 2007; Nakada et al., 2006; Kim et al., 2007; 
Togola and Budzinski, 2008). General biocides such as sodium azide (final 
concentration 0.02 M) are added to each sample on-site to inactivate bacteria 
and prevent sample degradation during storage and processing. The samples are 
stored in a refrigerator below 4°C until filtration and extraction. The samples 
will be filtered through a 0.7 m glass fiber filter in order to remove particles 
that may interfere during the extraction procedure. Prior to use, all glasswares 
are thoroughly soaked with detergents (e.g., Decon-90) and cleaned with deion-
ized water, before further treatment (e.g., rinsed with distilled solvents such as 
dichloromethane and methanol, or baked in a furnace). The procedure should 
be adjusted for the compounds to be analyzed, based on their physicochemical 
properties (e.g., solubility, polarity).

Spot sampling is a well-established technique that is easy to perform and 
inexpensive, and requires limited expertise. However, it yields only an instanta-
neous measurement of pollutant levels and suffers from the uncertainty of short- 
and long-term concentration variations, which occur in the aquatic environment. 
An increase in sampling frequency or the use of flow- and time-weighted auto-
matic samplers may reduce such uncertainty; however, the associated increase in 
costs can be prohibitive. There has been rapid development in the use of passive 
sampling devices such as polar organic chemical integrative sampler (POCIS) 
(Alvarez et al., 2004), Chemcatcher® (Mills et al., 2007), and silicon rod (Paschke 
et al., 2007) that allow continuous monitoring of aqueous pollutants, acting rather 
like an organism (e.g., mussels) but without the disadvantages of using organisms 
(passive sampler could mimic the bioconcentration of pollutants in aquatic organ-
isms but not suffer from adverse effects as organisms). Of the various passive 
sampling devices, the most widely used one is POCIS, which comprises a solid 
receiving phase (sorbent) sandwiched between two microporous polyethersulfone 
(PES) membranes (Figure 1; Alvarez et al., 2004; http://www.est-lab.com/pocis.
php). POCIS samples from water and thereby enables the chemical concentration 
to be estimated as follows (Alvarez et al., 2004; Vrana et al., 2005):

 M C R ts w s  (1)

where Ms is the mass of analytes in the receiving phase at time t, Cw repre-
sents time-weighted average concentration in water during the deployment 
period, and Rs is the sampling rate of the system, which may be interpreted as 
the volume of water cleared of analyte per unit of exposure time by the device 
(Vrana et al., 2006; Zhang et al., 2008). Recently, the application of POCIS for 
pharmaceutical residue measurements in sewage effluent has been successfully 
reported (Macleod et al., 2007; Zhang et al., 2008).

The POCIS is versatile and by changing the sequestrating medium, specific 
chemicals or chemical classes can be targeted. It is common to have POCIS of 
various configuration deployed together to maximize the data obtained. There 
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are two configurations of POCIS that are typically used. One is a generic sys-
tem, which is useful for general hydrophilic organic contaminant purposes, 
and the other is for pharmaceutical sampling. The generic configuration con-
tains the triphasic sorbent admixture of Isolute ENV polystyrene divinylben-
zene (Argonaut Technologies, Redwood City, CA) and Ambersorb 1500 carbon 
(Rohm and Haas, Philadelphia, PA) dispersed on S-X3 Biobeads (200–400 mesh, 
Bio-Rad, Hercules, CA). This mixture exhibits excellent trapping and recovery 
of many pesticides, natural and synthetic hormones, and other wastewater-related 
contaminants (Alvarez et al., 2004, 2005). The pharmaceutical configuration 
uses the Oasis-HLB sorbent (Waters, Milford, MA) for sequestering the chemi-
cals of interest. This configuration is necessary as many pharmaceuticals, with 
multiple functional groups, have a tendency to strongly bind to the carbonaceous 
component of the sorbent admixture. The membrane acts as a semipermeable 

FIGURE 1  (a) A single POCIS, (b) three POCIS assembled together, and (c) the final setup for 
POCIS before deployment in the field. (From http://www.est-lab.com/pocis.php, with permission)



Zulin Zhang, Darren P. Grover, and John L. Zhou 325
barrier, allowing chemicals of interest to pass through to the sorbent, while 
excluding particulate matter, biogenic material, and other large potentially 
interfering substances. The PES membrane (Pall Gelman Sciences, Ann Arbor, 
MI) contains water-filled pores, 0.1 m in diameter, to facilitate transport of the 
hydrophilic chemicals. The POCIS was designed to mimic respiratory exposure 
of aquatic organisms to dissolved chemicals without the inherent problems of 
metabolism, depuration of chemicals, avoidance of contaminated areas, and 
mortalities of test organisms. Also, dietary uptake of polar organic compounds 
likely represents only a small fraction of residues accumulated in the tissues of 
aquatic organisms (Huckins et al., 1997). Thus, the POCIS provides a worst-
case exposure scenario for aquatic organisms, enables concentration of suffi-
cient amounts of bioavailable hydrophilic organic chemicals for some biomarker 
tests, and permits determination of the biologically relevant time-weighted aver-
age concentrations in water.

The POCIS devices can be deployed at the sampling site for a duration rang-
ing from 1 week to 2 months (Alvarez et al., 2005; Zhang et al., 2008). Quality 
control (QC) is achieved using both fabrication and field blanks (n  3) for 
each analytical technique. Fabrication blanks account for any background con-
tribution due to interferences from POCIS components and for contamination 
incurred during laboratory storage, processing, and analytical procedures. Field 
blank POCIS are used as QC samples for transport, deployment, and retrieval 
procedures. (Note that these POCIS blanks are sealed again in the same ship-
ping cans and stored frozen during the exposure period.) The field blank POCIS 
are treated identically as the deployed devices, with the exception that they are 
not exposed to waters at the monitoring sites.

The procedures for the recovery of sequestered chemical residues from the 
deployed POCIS are as follows: briefly, the POCIS is disassembled, and the 
sorbent is transferred into glass gravity-flow chromatography columns or glass 
beaker (Alvarez et al., 2005; Zhang et al., 2008). Chemical residues are recov-
ered from the sorbent by organic solvent elution/extraction. Methanol is widely 
used to recover the pharmaceuticals. The extracts are reduced in volume by 
rotary evaporation and under a gentle stream of nitrogen, and then ready for fur-
ther instrumental analysis.

Zhang et al. (2008) has described the use of POCIS for the analysis of emerg-
ing contaminants including pharmaceuticals, and compared the predicted com-
pound concentrations in sewage effluent and river water with those measured by 
spot sampling. As shown in Figure 2, for the pharmaceuticals propranolol, sul-
famethoxazole, carbamazepine, indomethacine, and diclofenac, their mean aque-
ous concentrations measured by spot sampling varied between 3.0 and 45.6 ng/L, 
LOD and 17.6 ng/L, 16.6 and 539 ng/L, 0.4 and 7.2 ng/L, and 2.4 and 65.2 ng/L, 
respectively; whereas their concentrations predicted by POCIS were between 2.8 
and 40.5 ng/L, LOD and 18.2 ng/L, 26.3 and 427 ng/L, 0.5 and 11.9 ng/L, and 
4.4 and 165 ng/L, respectively. It is apparent that for most samples, the predicted 
pharmaceutical concentrations by POCIS are similar to those by spot sampling. 
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FIGURE 2  Comparison of the mean contaminant concentrations between spot sampling with those 
predicted by POCIS in sewage effluent from Sheffield Park WWTP, and its upstream and downstream in 
the River Ouse, West Sussex, UK (BPA, bisphenol A; E1, estrone; E2, 17-estradiol; Pro, propranolol; 
Sul, sulfamethoxazole; Carb, carbamazepine; Indo, indomethacine; Diclo, diclofenac).
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Also, POCIS was validated and deployed for monitoring pharmaceuticals and per-
sonal care products in wastewater and surface water, in which the time-weighted 
average concentrations derived from the POCIS were in good agreement with 
those from spot/grab sampling for pharmaceuticals (Macleod et al., 2007), con-
firming again the potential application of passive samplers for monitoring of sew-
age effluent.

SAMPLE PREPARATION

The sample preparation is an important step in analysis, particularly because the 
concentration levels of pharmaceuticals found in sewage effluent water samples 
are generally too low and the matrix is too complex to allow a direct injection 
into a chromatographic system. Therefore, efficient pre-concentration steps are 
necessary which should also result in some sample cleanup. Several techniques 
have been developed and optimized, with SPE being the most frequent. Also 
solid-phase microextraction (SPME), liquid-phase microextraction (LPME), and 
lyophilization have been applied (Fatta et al., 2007). In a review of 32 pharma-
ceutical studies, Fatta et al. (2007) found that most of them (28 studies) used 
SPE for extraction from wastewater and water samples. This extraction proce-
dure can be based on multiple equilibria between the liquid phase and the sorb-
ent in SPE cartridges.

Pharmaceuticals of adequate hydrophobicity can easily be pre-concentrated 
using any reverse-phase material such as alkyl-modified silica or polymer-based 
materials (Buchberger, 2007). Deprotonation of acidic compounds and protona-
tion of basic compounds should be suppressed to ensure sufficient hydrophobic-
ity of the analytes. Therefore, acidic pharmaceuticals should be pre-concentrated 
under acidic conditions, whereas basic analytes should be pre-concentrated at 
an alkaline pH. Alternatively, mixed-mode SPE materials can be used, which 
exhibit both reversed-phase and cation-exchange properties due to the pres-
ence of sulfonic acid groups on the hydrophobic surface of the particles. Using 
acidified sample solutions, acidic and neutral analytes could be extracted by 
hydrophobic interactions, whereas protonated basic analytes would interact via 
ion exchange mechanisms. Such an approach has been used among others by 
Stolker et al. (2004) for SPE of a set of 13 pharmaceuticals of different classes. 
Mixed-mode materials with reversed-phase and anion-exchange properties have 
been used under slightly basic conditions for antibiotics containing carboxylic 
acid functionality (Benito-Pena et al., 2006).

From the practical point of view, it might be desirable to extract pharma-
ceuticals from wastewater samples without any pH adjustment (Buchberger, 
2007). Furthermore, various (neutral) pharmaceuticals may exhibit significant 
hydrophilic properties, which make it difficult to enrich them on conventional 
alkyl-modified silica materials. SPE procedures for the extraction of polar com-
pounds from aqueous samples are still a big challenge in analytical chemistry. 
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A recent review has summarized new SPE materials that can improve the 
recoveries for polar analytes (Fontanals et al., 2005). These SPE cartridge mate-
rials are mainly polymeric sorbents that improve the retention of polar com-
pounds either by novel functional groups in the polymeric structure (resulting 
in a hydrophilic–hydrophobic balance material) or by considerably increased 
surface area. Some of these new materials have turned out to be well-suited 
for multiclass analysis of pharmaceuticals in water samples. A number of dif-
ferent SPE stationary phases (Table 4) have been evaluated for the extraction 
of the selected pharmaceutical compounds (Hilton and Thomas, 2003; Weigel 
et al., 2004; Zhang and Zhou, 2007). Nowadays, one of the most widely used 
sorbents is a copolymer of divinylbenzene and vinylpyrrolidone, which has 
been commercialized under the trade name Oasis-HLB by Waters. Weigel et al.  
(2004) demonstrated that this sorbent can simultaneously extract acidic, neu-
tral, and basic pharmaceuticals at neutral pH. Multiresidue methods for dif-
ferent classes of pharmaceuticals using Oasis-HLB at neutral pH have also 
been reported recently by Barceló and coworkers (Gomez et al., 2006; Gros 
et al., 2006). Trenholm et al. (2006) developed a comprehensive method for 
the analysis of 58 potential endocrine-disrupting compounds and pharmaceu-
ticals using a single SPE step based on Oasis-HLB. Various other studies can 
be found which describe the successful use of Oasis-HLB for pharmaceuticals 
in wastewater (Petrovic et al., 2006; Nikolai et al., 2006). A typical multiresi-
due analysis would include filtration of the wastewater, conditioning of the 
Oasis-HLB material (between 60 and 500 mg packed into a suitable cartridge) 
by several milliliters of methanol and water, application of up to 2 L of sample 
at a flow rate of approximately 10 mL/min, rinsing the cartridge with several 
milliliters of water to remove dissolved interference, drying the SPE material 
by applying a vacuum to remove excess of water, elution with approximately 
10 mL of methanol (it may be necessary to repeat the elution step), evapora-
tion of the extracts under a gentle stream of nitrogen, and reconstitution in 
0.1–0.3 mL of methanol or a mixture of methanol and water containing inter-
nal standards, which are then ready for instrumental analysis. The whole ana-
lytical procedure is illustrated in Figure 3 (Zhang and Zhou, 2007; Zhang et al., 
2008). All the glasswares used for the extraction were baked at 450°C for 4 h to 
eliminate any organic contaminants. All the solvents used were purchased from 
Rathburn, which were of distilled-in-glass grade.

Hilton and Thomas (2003) have shown that Strata-X is useful for extracting 
selected pharmaceuticals, after comparing seven types of SPE cartridges. So in 
a few cases Strata-X (a polydivinylbenzene resin containing piperidone groups 
manufactured by Phenomenex) has been employed for generic SPE procedures 
(Hilton and Thomas, 2003; Roberts and Bersuder, 2006). Nebot et al. (2007) 
also used Strata-X successfully to determine the concentrations of a range of 
human pharmaceuticals in sewage effluent. Strata-X may have similar proper-
ties to Oasis-HLB, but at present there is not enough data in the literature to 
allow this comparison to be made.
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TABLE 4 A Summary of Different Types of SPE Cartridges Being  
Used for Pharmaceutical Extraction

Cartridge Description Application Manufacturer

DSC-C18 Polymerically 
bonded, octadecyl

Supelco

DSC-Si Unbonded acid 
washed silica sorbent

Supelco

DSC-SCX Aliphatic sulfonic 
acid, Na counterion

Supelco

DSC-SAX Quaternary amine, 
Cl counterion

Supelco

Strata X-CW Polymeric weak 
cation

Suitable for a range 
of pharmaceuticals 
by Hilton and Thomas 
(2003), Roberts and 
Bersuder (2006), and 
Nebot et al. (2007)

Phenomenex

Strata SDB-L Styrene–divinylbenzene 
polymeric

Phenomenex

Chromabond-easy Bifunctionally 
modified polystyrene–
divinylbenzene 
adsorbent resin

Macherey-Nagel

Chromabond-C18 
Hydra

Octadecyl-modified 
silica

Macherey-Nagel

Chromabond-drug Modified silica Applied to 
pharmaceuticals 
of adequate 
hydrophobicity 
(Buchberger, 2007); 
Required pH adjustment 
(Stolker et al., 2004)

Macherey-Nagel

Isolute C18 Octadecyl International 
Sorbent Technology

Isolute C18/ENV C18 hydroxylated 
polystyrene–
divinylbenzene

International 
Sorbent Technology

Isolute C8 Octadecyl 
functionalized silica

International 
Sorbent Technology

(Continued)
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SPE of pharmaceuticals is often done off-line, and is useful for on-site 
sampling (performing the pre-concentration step in the field, followed by the 
elution step in the lab). It is a technique which is also well-suited for online 
procedures and automation in the laboratory. The SPE cartridge can be installed 
in the injection valve instead of the injection loop and the pre-concentrated ana-
lytes directly eluted onto the analytical column. An example of this approach is 
the work of Pozo et al. (2006) who determined 16 antibiotics in surface and 
groundwater samples. In such a setup, the SPE cartridge is generally reused 
for a series of samples. Contrary to this configuration, fully automated SPE 
procedures with single-use cartridges can be realized by commercially avail-
able instrumentation such as the SymbiosisTM Environ manufactured by Spark 
Ltd. This robotic system includes an automated cartridge exchange module that 
transfers the cartridge after the pre-concentration step into the flow of mobile 
phase of HPLC (Rodriguez-Mozaz et al., 2007). This approach that has pri-
marily been used with the analysis of pharmaceutical residues could be applied in 
sewage effluent monitoring in small volume (200 mL) combined with pre-filtering 
device (to remove the particles). There are some significant advantages with 
the approach (Fatta et al., 2007): (1) direct injection of untreated sewage efflu-
ent samples; (2) automatic sample cleanup and/or analyte enrichment; (3) 
elimination of conventional manual sample pre-treatment steps; (4) faster pro-
cedures; (5) methods are less prone to errors, resulting in better reproducibility; 
(6) reduction of health risks; and (7) samples can be run unattended (e.g., over-
night or over the weekend).

TABLE 4 (Continued)

Cartridge Description Application Manufacturer

Oasis-HLB Poly(divinylbenzene-co- 
N-vinylpyrrolidone)

Suitable for a range  
of pharmaceuticals  
by Weigel et al. (2004), 
Gomez et al. (2006), 
Gros et al. (2006), 
and Zhang and Zhou 
(2007)

Waters

Oasis MCX Poly(divinylbenzene-
co-N-vinylpyrrolidone, 
-SO3H)

Waters

Varian bond elut 
C18

Irregularly based 
acid-washed silica

Good for a range of 
pharmaceuticals by 
Hilton and Thomas 
(2003), subsequent  
to pH adjustment

Varian
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INSTRUMENTAL ANALYSIS

The majority of pharmaceuticals lacks sufficient volatility and as such are not 
directly compatible with GC analysis (Buchberger, 2007). Various groups of phar-
maceuticals can be derivatized to make them suited for GC analysis. Although 
such procedures may be time-consuming and can introduce errors due to side 
reactions during the derivatization; however, they are still widely in use and well-
established for routine work. The major advantage of GC hyphenated with MS 

Solid phase extraction: Oasis HLB
Conditioning: 5 mL MeOH + 5 mLwater

Dissolved interference removal: 5 mL water
Elution: 10 mL MeOH

Sample volume
(typically 500 mL sewage effluent/wastewater)

Filtration: 0.7-µm
glass fiber filter

Internal standards added

Evaporation to dryness under N2 gas,
reconstitution in 0.3 mL MeOH

Instrumental analysis,
e.g., by LC -MS or GC-MS

Derivatization by appropriate
agents

pH adjustment

Centrifugation

Dilution with de-ionized or
ultrapure water

FIGURE 3  The procedures involved in the extraction and analysis of pharmaceuticals in sewage 
effluent/wastewater samples.
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is the fact that the usual ionization modes such as electron impact (EI) or chemical 
ionization (CI) are generally less affected by the matrix of the sample than ioni-
zation modes used by HPLC-MS, for example. Typical derivatization reagents 
for acidic pharmaceuticals include pentafluorobenzylbromide (Reddersen and 
Heberer, 2003), methyl chloromethanoate (Weigel et al., 2004), methanol/BF3 
(Verenitch et al., 2006), or tetrabutylammonium salts (for derivatization during 
injection) (Lin et al., 2005). Phenazone-type drugs have been derivatized by silyla-
tion using N-tert-butyldimethylsiyl-N-methyltrifluoroacetamide (MTBSTFA) 
(Zuhlke et al., 2004). Silylation procedures are also commonly used for synthetic 
estrogens (Quintana et al., 2004; Fernandez et al., 2007), although careful selec-
tion of the reagent and the reaction conditions is necessary to avoid side reactions 
(Shareef et al., 2006). Derivatization reactions are useful for sorptive extraction 
combined with thermal desorption GC.

Generally, the use of GC–MS seems to be a well-established approach for resi-
due analysis of pharmaceutical. Currently, there is a trend toward tandem-MS tech-
niques as the MS component of choice for this type of analysis. The advantages of 
such instruments will be discussed in more detail in the context of HPLC-MS.

Despite the indisputable merits of GC procedures for residue analysis of cer-
tain classes of pharmaceuticals, HPLC shows much more universal applicability 
(Buchberger, 2007). In some cases, when just a few analytes of a certain class are 
to be analyzed, even a simple UV absorbance detection may be feasible. This has 
been demonstrated for residues of oxytetracycline in water, which can be detected 
at 360 nm (Himmelsbach and Buchberger, 2005). Table 5 highlights the advan-
tages and disadvantages of liquid chromatography (LC) and gas chromatography 
(GC) hyphenated with MS and tandem-MS. Fluorescence detection may also 
have some benefits as shown for the determination of some other compounds 
such as anthracycline cytostatics and fluoroquinolones (Mahnik et al., 2006, 
Golet et al., 2001, 2002). Nevertheless, MS detection involving atmospheric pres-
sure ionization such as electrospray ionization (ESI) is nowadays state of the art.

Although single-quadrupole instruments have been successfully used when 
HPLC-MS procedures started to be developed for pharmaceutical residue 
analysis (Ahrer et al., 2001), more sophisticated mass analyzers are nowadays 
commonly employed that allow an unequivocal confirmation of the identities 
of the analytes. Triple quadrupole (QqQ) MS instruments have become widely 
used with HPLC for environmental analysis. When using a QqQ instrument, 
false-positive results can be avoided if the ions of at least two ion–ion transitions 
are used in combination with at least one ion intensity ratio. Several studies have 
dealt with HPLC-QqQ/MS for multiclass analysis of pharmaceuticals (Castiglioni 
et al., 2005; Rodriguez-Mozaz et al., 2004; Miao et al., 2004; Ternes et al., 2005; 
Gomez et al., 2006; Gros et al., 2006; Zhang and Zhou, 2007). Precursor and 
product ions used for quantification and confirmation purposes have been com-
piled for a wide range of pharmaceutical compounds (Petrovic et al., 2005). The 
HPLC-QqQ/MS could monitor the specific compound by detecting a parent to 
fragment transition, which is known as multiple reaction monitoring (MRM).  
It makes us more certain that the peak is the analyte we seek and the background 
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interference is minimal. An example of a typical multipharmaceutical residue 
analysis by HPLC-QqQ/MS is shown in Figure 4 (Zhang and Zhou, 2007). 
The LC separation system was equipped with a Waters Symmetry C18 column 
(4.8 mm  75 mm, particle size 3.5 m). The mobile phase was made of eluent 
A (0.1% formic acid in ultrapure water), eluent B (acetonitrile), and eluent C 
(methanol). The flow rate of the mobile phase was 0.2 mL/min. The gradient elu-
tion was operated with 10% of eluent B, followed by a 25-min gradient to 80% 
of eluent B and a 3-min gradient to 100% of eluent B, and then changed to 100% 
of eluent C within 8 min and held there for 10 min. The system was reequilibrated 
for 10 min between runs. Typically the injection volume was 10–20 L.

TABLE 5 A Comparison of Different Analytical Techniques Involving 
Coupling of Mass Spectrometry with Chromatography

Analytical Technique Advantages Disadvantages

GC-MS Less susceptible to matrix 
interferences than LC 
techniques

Widely available

Derivatization required  
as few pharmaceuticals  
are volatile

May lack selectivity 
compared with MS/MS 
techniques

GC-MS/MS Less susceptible to matrix 
interferences than LC 
techniques

Improved selectivity Department 
of Biology and Environmental 
Science, University of Sussex, 
Falmer, Brighton, BN1 9QG, 
UK, single-stage MS detection

Derivatization required, as 
few pharmaceuticals are 
volatile

Can be expensive to set up
Development of MS/MS 

techniques requires 
greater expertise and 
time

LC-MS Suitable for the analysis of a 
large range of pharmaceuticals, 
without the need for 
derivatization

May lack selectivity as 
compared to MS/MS 
techniques

May be more susceptible 
to matrix interferences 
than GC techniques

LC-MS/MS Suitable for the analysis of a 
large range of pharmaceuticals, 
without the need for 
derivatization

Improved selectivity Department 
of Biology and Environmental 
Science, University of Sussex, 
Falmer, Brighton, BN1 9QG, 
UK, single-stage MS detection

May be more susceptible 
to matrix interferences 
than GC techniques

Can be expensive to set up
Development of MS/MS 

techniques requires 
greater expertise and time
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FIGURE 4  Chromatograms for the extracted and overlapped MRM of selected pharmaceutical 
compounds.
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A general and well-known problem of HPLC-ESI/MS is ionization suppres-
sion due to matrix components eluting at the same time as an analyte. On the 
one hand, ionization suppression effects can reduce the sensitivity of the method  
considerably; on the other hand, special care must be taken to achieve reliable 
quantitation. Ideally, isotopically labeled analytes should be used as internal stand-
ards but are available only in few cases for pharmaceuticals. Otherwise, standard 
addition methods must be applied to obtain correct quantitative data; however, such 
methods increase the length of the analytical procedure considerably. In all cases, 
it makes sense to optimize the efficiency of the sample cleanup protocols in order 
to minimize interferences. New generation MS instruments, in some cases, allow a 
dilution of the sample extract before injection into the HPLC system thereby mini-
mizing any matrix effects. Furthermore, other MS detectors such as time-of-flight 
(TOF) are more selective than QqQ, hence more suited for samples of highly com-
plex matrix such as wastewater or biological extracts. However, the sensitivity of 
TOF currently is not as good as QqQ and requires further development.

ANALYTICAL QUALITY CONTROL

To ensure data quality, all the analytical process should be subject to strict QC 
procedures to determine systematic and random errors. QC measures in relation 
to sewage effluent water analysis include the collection of blank samples derived 
from laboratory-grade or organic-free water to determine if sampling procedures, 
sampling equipment, field conditions, sample shipment and storage (field blank), 
or laboratory procedures (laboratory blank) introduce target analytes into environ-
mental samples. The spiked water samples are used to check the precision and 
recoveries. The blank and spiked water samples are typically made by deionized 
water taken from a Milli-Q system. Typically, several blank and spiked samples 
are produced with each set of real samples (10 samples for each set). In addition, 
the random errors involved in sampling are assessed by carrying out replicate sam-
pling of water at the same site and the analysis of sample extracts. Internal stand-
ards (usually the target compounds labeled by stable isotopes such as 13C or 2H) 
are used to compensate for losses involved in the sample extraction and workup to 
further characterize the method performance. Prior to use, all glasswares are rinsed 
with dichloromethane (2) and methanol (2), or baked at 450°C for 4 h. All the 
solvents used are of distilled-in-glass grade. All of these processes are carried out to 
minimize the cross-contamination and loss of analytes through adsorption onto the 
surface of sampling vessels and the extraction apparatus. As sewage effluent has 
a very different matrix from other environmental waters, more appropriate blanks 
should be used in future for wastewater studies. As an example, synthetic sew-
age effluent prepared by dissolving appropriate amounts of organic substances 
(e.g., organic matter filtered from wastewater) in deionized water at a concentra-
tion identical to that in real sewage effluent with high organic content should be a 
more appropriate matrix for making blank samples and spiked recovery samples.

To assess systematic errors, most would use the so-called recovery experiments 
by spiking known amounts of each target compound in sewage effluent, followed 
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by extraction and analysis. This gives a good indication of how reliable the  
measurement values are. In addition, certified reference material (CRM) for phar-
maceuticals in wastewater should be prepared in the future, which can identify the 
closeness between a measured value (from individual laboratory) and a certified 
value (from the supplier). As CRM is vigorously tested under varying environmen-
tal conditions by the supplier and independently verified by laboratories worldwide, 
it becomes a calibration tool for the international community on pharmaceutical 
research. Ideally, the relative difference between measured and certified values 
should be as small as possible (e.g., 10%). Such material will ensure that everyone 
follows the right procedures and generates data of the highest quality. In addition,  
this practice will ensure monitoring data obtained from any sewage effluent samples 
anywhere can be compared against each other, so as to identify hotspots of phar-
maceutical pollution, emergence of new pharmaceuticals, and temporal variation of 
pharmaceutical concentrations in the sewage effluent from different WWTPs.

OTHER TECHNIQUES

Immunoassays show attractive features for organic trace analysis because of the fact 
that they require little sample pre-treatment, exhibit high sensitivity, and are inex-
pensive in comparison to the instrumental analysis described earlier. A considera-
ble number of immunoassays have been developed and used for residue analysis of 
pesticides in water samples, but immunoassays for pharmaceuticals in the aquatic 
environment are still quite rare. Although test kits for pharmaceuticals are commer-
cially available, these kits are in most cases optimized for samples such as blood, 
urine, or food. The applicability to environmental samples has not been investi-
gated in the majority of cases. Deng et al. (2003) developed a highly sensitive and 
specific indirect competitive enzyme-linked immunosorbent assay (ELISA) for the 
determination of diclofenac in environmental water samples. When the assay was 
applied to analysis of diclofenac in tap and surface water as well as wastewater in 
Austria and Germany, they showed that ELISA-derived diclofenac concentrations 
in wastewater samples were about 25% higher than those using GC-MS. It sug-
gested that the technique will be applicable to sewage effluent matrix, although the 
sensitivity and selectivity should be further improved.

As a result of the need to reduce matrix interferences, particularly in the 
case of samples from wastewater, molecularly imprinted polymers or molecu-
larly imprinted solid-phase extraction (MISPE) have received some attention 
as a highly selective preparatory technique in the analysis of a limited range 
of pharmaceutical compounds. Sun et al. (2008) and Jun et al. (2008) success-
fully applied the technique to diclofenac, with results comparable to other tech-
niques but with reduced error and detection limits. Gros et al. (2008) reported 
results with similar recoveries but improved selectivity (and hence detection 
limits) of a range of -blockers, compared with Oasis-HLB cartridges. To date, 
the widest application of MISPE to wastewater analysis of pharmaceuticals has 
been by Zorita et al. (2008) who satisfactorily analyzed a range of acidic phar-
maceuticals in various matrices by LC-MS/MS, following MISPE.
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SUMMARY AND CONCLUSIONS

Analysis of emerging pollutants such as pharmaceutically active compounds in 
the aquatic environment including sewage effluent was reviewed in this chapter. 
As pharmaceutical compounds are usually present at trace levels (e.g., ng/L–g/L)  
in a complex matrix (e.g., wastewater), it is a common practice to develop 
extraction and analytical methods that can concentrate the target compounds 
while minimizing matrix interference. The analytical procedure involves many 
interrelated steps including sample pre-treatment (e.g., filtration), pre-con-
centration (e.g., SPE), and analysis by advanced techniques (e.g., HPLC-tan-
dem-MS). Residues of pharmaceuticals have most probably been present in 
our aquatic environment since their application, but only recently advances in 
analytical chemistry and instrument performance have allowed analysis of such 
compounds at low (ng/L) concentration. The development of advanced mass 
spectrometric detectors for chromatography has made a significant contribution 
to these achievements. The limits of detection of analytical methods may be 
improved even further during the next few years. Residues of pharmaceuticals 
in aquatic systems are not yet included in regular monitoring programs. The 
high costs of instrumental analysis may be prohibitive to more extended stud-
ies. A focus on a limited set of pharmaceuticals that are representative in regard 
to toxic effects may be advantageous (but a final selection of such a set has 
not yet been done). The importance of reliable and inexpensive biosensors may 
increase in the future, provided that they meet the criteria of analytical QC in 
the same way as traditional techniques do.

In addition, general QC procedures must be followed, including appropri-
ate replicate sampling, sample preservation at 4°C, application of isotopically 
labeled internal standards, suitable blanks, satisfactory recovery of the target 
compounds, and eventually use of CRM (either in-house or commercial ones). 
Although pharmaceutical residues in the environment is a major concern and 
has been widely studied in sewage effluents, the residues of pharmaceuticals 
in aquatic systems are not yet included in the regular monitoring programs of 
regulatory bodies. Further research on emerging pollutants such as pharmaceu-
ticals is needed especially on their behavior in the WWTP process, where our 
understanding of pharmaceutical removal behavior is not well-developed but is 
improving. The low cost and robustness of passive sampling such as POCIS is 
recommended for routine monitoring of pharmaceuticals and other similar pol-
lutants by governmental agencies.
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InTROduCTIOn

The direction of the last 100 years of analytical science, as it pertains to drink-
ing water, took a dramatic shift on 11 September, 2001, and in the subsequent 
anthrax attacks of 18 September, 2001. Prior to these dates, analytical empha-
sis was on the detection and removal of naturally occurring or accidental  
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contaminants that found their way into drinking water supplies. After the ter-
rorist attacks, a new fear dawned in the water supply industry. What if someone 
were to intentionally introduce a contaminant into the drinking water? The vast 
array of potential contaminants that could be used by a terrorist, the innumer-
able sites at which an attack could occur, and the potential consequences of not 
rapidly detecting such an event demanded a sea change from the old monitor-
ing paradigm of collecting occasional grab samples and monitoring for a small 
suite of potential contaminants. The challenges entailed in this endeavor and 
some of the technologies that are becoming available to protect our water sup-
plies from deliberate attack are the subjects of this chapter.

WhAT IS The TeRRORIST ThReAT TO WATeR?

According to Ronald Dick, FBI Deputy Assistant Director for Counter Terrorism, 
“In reality, targeting the water supply may prove difficult. In order to be success-
ful, a terrorist would have to have large amounts of agent.”(Dick, 2001). Then 
EPA director Christie Todd Whitman in October 2001 stated, “People are wor-
ried that a small amount of some chemical or biological agent—a few drops 
for instance—could result in significant threats to the health of large numbers 
of people. I want to assure people—that scenario can’t happen. It would take 
large amounts to threaten the safety of a city water system. We believe that it 
would be very difficult for anyone to introduce the quantities needed to con-
taminate an entire system” (Whitman 2001). Are these statements true? Do 
we, in fact, have nothing to worry about as far as terrorists attacking our water  
supplies?

Legendary FBI director J. Edgar Hoover thought otherwise. In 1941 he 
wrote, “Among public utilities, water supply facilities offer a particularly vul-
nerable point of attack to the foreign agent, due to the strategic position they 
occupy in keeping the wheels of industry turning and in preserving the health 
and morale of the American populace. Obviously, it is essential that our water 
supplies be afforded the utmost protection” (Hoover, 1941). Who is correct 
in assessing the potential for terrorist activities directed at our water supplies,  
Mr. Hoover or Ms Whitman or Mr. Dick? In a sense it turns out that they are  
all correct.

The answer depends entirely on which portion of the water supply system 
you are referring to. The systems that supply our water have various components, 
each of which has a distinct level of susceptibility to contamination. Mr. Dick 
and Ms. Whitman were referring to the poisoning of large reservoirs or rivers 
that we utilize as raw water sources, when they made their statements about the 
water supply being safe. Even a small reservoir has enormous volume and it 
would require large quantities of most potential threat agents to contaminate 
such a large volume of water to toxic levels. In effect, they were relying upon 
the old adage that, “The solution to pollution is dilution.” In most cases, as far as 
raw water supplies are concerned, this reliance is justified. While a contaminant 
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attack on raw water supplies is possible, the threat of mass casualties resulting 
from such an attack is minimal.

Another layer of protection is afforded by the design of modern water sup-
ply systems found in the United States. Treatment plants are designed to remove 
accidental or naturally occurring pollutants, and they also serve a similar func-
tion for most intentional contaminants. The plants themselves are also potential 
targets, but their compact size and the ability to equip them with physical secu-
rity measures to limit access helps to ameliorate this threat to some extent.

It was not long after 9/11 when government officials and industry experts 
realized that the vulnerability to contamination was not in the source water or 
the treatment plants, but rather, in the distribution system. By October 2003, a 
GAO report to the Senate stated that the distribution system was the area most 
vulnerable to attack (GAO-04-29, 2003). Assuming that an attack with chemi-
cal, biological, or radiological (CBR) agents would most likely take place some-
where in the distribution system—several misconceptions about this type of 
attack still persist. Many experts have contended that such attacks require the 
assistance of several technicians, are expensive to carry out, and require com-
plicated and expensive pumping equipment to inject contaminants into a pres-
surized system. More recent studies by the Army Corps of Engineers and Hach 
Homeland Security Technologies (HST), among others, show that CBR attacks 
could in fact be carried out for 50 cents or less per lethal dose, that a single 
individual can obtain or produce effective contaminants in quantity, and that 
contaminants can be introduced into the distribution system with the aid of inex-
pensive and easy to obtain pumping equipment via a method called backflow 
attack (Kroll, 2003; Army Corps of Engineers Calculations; Waterborne CBR 
Agent Building Protection, 2003; Allman, 2003).

WhAT IS A BACkflOW ATTACk?

A backflow attack occurs when a pump or siphon is used to overcome the pres-
sure gradient that is present in a distribution system’s pipes. This is usually 
around 80 lbs/in2 or less and can be easily overcome by using pumps available 
for rent or purchase at most home improvement stores, or by using a siphon that 
injects using the Bernoulli effect. After the pressure has been overcome or the 
siphoning begins, a contaminant is introduced into the flowing system and the 
normal movement of water in the system acts to disseminate the contaminant 
throughout the network, affecting areas surrounding the introduction point. The 
introduction point can be anywhere in the system, such as a fire hydrant, commer-
cial building, or residence. Studies conducted by the U.S. Air Force and Colorado 
State University have shown this to be a very effective means of contaminating a 
system (Allman, 2003). A few gallons of highly toxic material was enough, if 
injected at a strategic location, to contaminate an entire system supplying a popu-
lation of 150,000 people in a matter of a few hours. A terrorist could launch such 
an attack and be on a plane out of the country before the first casualties occur.
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Currently, monitoring of drinking water supplies in the distribution system 
is limited. The most common practice is to take widely scattered grab samples 
once-a-month and monitor for disinfectant residual and bacterial contamina-
tion. Previous to the terrorist threat, more comprehensive monitoring regimens 
were not undertaken as it was not a priority.

The ability to detect an event in the distribution system and then its identifi-
cation would be of incomparable value in responding to an incident in a timely 
and proper manner. Such ability would also serve the purpose of mapping a 
system for cleanup, and afterward, it could be used as a forensic tool to identify 
the source of an event. Prior to 9/11, there were no devices capable of detecting 
such an event and alerting the system’s managers so that the effects of an attack 
or accidental event could be detected or contained. The general scientific con-
sensus was that no practical, available, or cost-effective real-time technology 
then existed to detect and mitigate intentional attacks or accidental incursions 
in drinking water distribution systems. The development of such an early warn-
ing system was listed by a panel of experts and industry leaders as a top priority 
in enhancing water security (Office of Science and Technology Policy, 2003).

One of the crucial but often overlooked elements of an effective early warning 
system is the response to an indicated event. How one responds to an indicated 
event is often dependent on the confidence one has in the data, implying that an 
event has occurred. The ability to detect extremely rare transient events such as an 
attack on water supplies absolutely requires the utilization of continuous online 
monitoring techniques. One of the problems with detecting these rare events is that 
the false alarm rate or unknown alarm rate will exceed the number of true events. 
This inevitably leads to alarms being ignored unless there is a rapid and reliable 
method for validating and verifying alarms generated by the online systems.

This verification is most commonly performed by further testing using an 
alternative field or laboratory method. This effectively divides the categories of 
technology that will be discussed into two groups. The groups are methodolo-
gies suitable to online deployment and technologies suitable for verification. 
The remainder of the discussion will explore a number of such technologies.

OnlIne MOnITORIng

What Should an early Warning System look like?

An early warning system would be a device capable of monitoring the safety of 
the water supply in question, analyzing, interpreting, and communicating that 
data to the appropriate people so that decisions could be made to protect the 
public’s health. To meet these goals an early warning system should have cer-
tain characteristics. According to the EPA, these desired characteristics should 
include the following (USEPA, 2005):

l A rapid response.
l Be capable of detecting a sufficiently wide range of potential contaminants.
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l Exhibit a significant degree of automation including automatic sample 
archiving.

l Allow acquisition, maintenance, and upgrades at an affordable cost.
l Require low skill and limited training to operate.
l Identify the source of the contaminant and allow accurate prediction of the 

location and concentration downstream of the detection point.
l Demonstrate sufficient sensitivity to detect contaminants at the levels of 

interest.
l Experience minimal false positives/false negatives.
l Exhibit robustness and ruggedness in continually operating in a water 

environment.
l Allow remote operation and adjustment.
l Function continuously.
l Allow for third-party testing, evaluation, and verification.

There are many technical hurdles in designing a system that meets all of 
these goals.

What Should a Monitoring System detect?

One of the principal problems when designing such a monitoring system for water 
is the vast number of chemical agents that could be utilized by a terrorist to com-
promise a water supply system. This diversity tends to preclude monitoring on an 
individual chemical basis. Chemical warfare agents such as VX, Sarin, Soman, 
etc.; commercially available herbicides, pesticides, and rodenticides; street drugs 
such as LSD and heroin; heavy metals; radionuclides; cyanide, and a host of other 
industrial chemicals could be exploited as weapons. There are also various bio-
logical agents and biotoxins that could be problematic. It is still a matter of con-
jecture as to which of the possible agents would be the most likely to be deployed 
in a terrorist assault. The possible number of chemical and biological substances 
that could be used in an attack is immense (Kroll, 2004). There are various lists 
publicly available in the current literature, such as the list compiled by the Center 
for Disease Control (CDC) (CDC Emergency Preparedness and Response Web 
site) and the military Tri-Services list (U.S. Army Center for Health Promotion 
and Preventive Medicine, 1999), specifying likely agents. Some lists that have 
been compiled are unavailable, because of security reasons, such as the list com-
piled by the EPA. Many of these lists are similar in composition, but no two lists 
are identical and in several cases, they are contradictory.

To be truly effective, a monitoring device needs to be able to detect any and 
all of the possible agents that could be encountered. A dedicated device capable 
of detecting botulinum toxin for instance is interesting but not very practical, as it 
could be thwarted by the terrorist use of another agent. Another example is the GC 
type of system that may be very effective for detecting volatile organics but would 
offer no protection against the introduction of a heavy metal such as mercury.
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This need to detect diverse contaminants requires a realignment of thinking 
from the traditional development of a sensor for a specific compound or agent. 
Toxicity testing is one route being investigated. Sensor arrays on a chip or the 
use of analytical instrumentation capable of detecting this variety is also being 
developed but present many challenges. Another approach is to use chemomet-
rics to detect and characterize changes in basic water quality parameters and 
correlate them with threat agent introduction.

Water Analysis Presents Many Problems

A common misconception concerning analysis in water is that the system is 
stable with little variation over time or from location to location. This is prob-
ably due to most analysts that are not specifically involved in water research 
being exposed to laboratory grade deionized water (DI) as the norm when run-
ning experiments. In the real world, even after treatment, there is great diversity 
in the water found in distribution systems. For a parameter as simple as pH that 
we would expect to be around 71 pH units, the diversity is much greater and 
can run from 3 to near 11 pH units. In a given system there is great variation 
over time in basic conditions such as pH, turbidity, conductivity, and so on. 
Figure 1 is representative of the diversity that can be found in the real world in 
these types of parameters over time.

On top of the great diversity of water quality that may be present in the dis-
tribution system, the water distribution system environment is also very harsh. 
The water conditions may be corrosive or scaling in nature. This can lead to deg-
radation of anything placed in the system or the formation of a coating of vari-
ous types of materials (Figure 2). There is also something present in most pipe 
systems known as biofilm. This is a thin layer of bacteria and their associated 

fIguRe 1  Real world water quality is highly variable. Graph courtesy of Hach HST (see Plate 3 
of Color Plate section).
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glycocalyx (slimey film) that coats the inside of pipes and anything else present 
in the system. This layer of growth can coat sensors and render them unable to 
function properly. It can also clog small tubes and pipes used to draw off sam-
ples resulting in erroneous readings. Any detection system designed to function 
over long periods of time in the distribution system must be capable of handling 
these harsh conditions. There is also the problem of aging infrastructure. Many 
of the water pipes in our major cities are over 100 years old and are occluded 
with rust, crumbling concrete, and other debris. Some of the pipes are actually 
still the original wooden pipes installed when the systems were first built. This 
raises concerns for installation and sampling for a distribution system monitor-
ing platform as well as the functioning of many of the new and emerging tech-
nologies involving microfluidic microprocessors and other nanotechnologies.

Another criterion for monitoring water supplies is speed of response. Most dis-
tribution systems are designed to flow at a range of 1 to 3 ft/s. This puts extraordi-
nary pressure on detection systems to recognize, identify, and confirm contamination 
as rapidly as is possible. With the above-mentioned flow rates and the fact that pipe 
diameters can range from a few inches to many feet, the volume of water that could 
pass a monitoring point could be quite large if the response is not as rapid as possible.

The poor condition of the distribution system has implications other than 
just presenting a harsh environment for sensors. Because of the aging infra-
structure plaguing most municipal water supply systems, drinking water and 
wastewater infrastructure investment costs over the next 20 years may range 
from $492 billion to $820 billion, according to a Congressional Budget Office 
(CBO) report (Water Infrastructure Network News). This huge expenditure 
for needed upgrades leave little funding room for things such as security. This 
makes it very important that any sensor system be very cost-effective. This 
goal of cost-effectiveness can be addressed in two different ways. One is to 
design a very inexpensive system that could be deployed for a low cost per cus-
tomer and the other is to develop a system that is capable of providing data that 
could be useful in decreasing the day-to-day operating costs of the system and 
improving general water quality, thus making it a recoverable cost.

fIguRe 2  The interior of many distribution system pipes can present a very hostile environment 
for sensor deployment. Photos courtesy—US Army Corps of Engineers (see Plate 4 of Color Plate 
section).
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A smoke detector can be used as an analogy. The relative low cost of smoke 
detectors allows their wide spread deployment to protect against an unlikely event. 
If smoke detectors were to cost several thousand dollars each, few locations would 
be equipped with them. A water system protection device is similar. Unless it was 
very inexpensive, few municipalities would fund a system designed to protect 
solely against terrorist events, because of the low likelihood of their occurrence 
in a given location. The market could bear a higher cost for a dual use device that 
would help streamline general operations and help provide increased water qual-
ity, hence providing real value even if a terrorist event never occurs.

With these goals and constraints in mind, many unique approaches have 
been developed recently to address the problem of detecting intentional con-
tamination in our drinking water supplies.

Toxicity Monitoring

Toxicity is the ability of a substance to cause a living organism to undergo adverse 
effects upon exposure. These effects can include negative impacts on survival, 
growth, behavior, and reproduction among others. Toxicity tests are an attempt to 
measure toxicity in a sample by analyzing the results that the exposure produces 
on standard test organisms (Kroll, 2007). Toxicity can be acute, subchronic, or 
chronic: http://www.medterms.com/script/main/art.asp?articlekey34093

l Acute toxicity involves harmful effects in an organism through a single or 
short-term exposure.

l Subchronic toxicity is the ability of a toxic substance to cause effects for 
more than 1 year but less than the lifetime of the exposed organism.

l Chronic toxicity is the ability of a substance or mixture of substances to cause 
harmful effects over an extended period, usually upon repeated or continuous 
exposure, sometimes lasting for the entire life of the exposed organism.

Toxicity testing in the realm of security monitoring holds much promise 
because of its ability to detect a wide variety of potential threats. This ability has 
led to the development of a number of online toxicity monitoring devices as well 
as field verification kits that utilize a number of diverse organisms and methods 
to detect problems in the water supply. As a general rule, the closer an organism 
is to humans on the evolutionary tree the closer the organism’s response will be to 
humans for a given compound. That is why much medical research is done using 
primate models. Working with higher organisms can be complicated and that is 
why trade-offs are made and lower organisms are used for most toxicity testing.

Fish-Based Systems
Fish monitoring is a system that dates back to antiquity. Through experience, 
our ancestors generally understood that it was a bad idea to drink out of a lake 
that had a layer of dead fish floating on the surface, and it was not long before 
people began to use this type of early warning phenomena to detect problems 
with their water supplies. For centuries, many areas in Asia have used a simple 
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avoidance system where fish are kept in tanks and are normally fed in the tank 
closest to the incoming water supply. If a problem occurs with the incoming 
water, the fish move to other tanks progressively farther away from the food 
and influent in an attempt to avoid exposure to the toxin. A simple glance to see 
which tank the majority of the fish are occupying is all that is needed to deter-
mine if there is a problem. Homemade systems using this technique have been 
installed in a number of U.S. cities. These systems are simple and work well 
but are effective only in detecting gross changes in water quality. Recognition 
of subtle changes requires the coupling of the rudimentary fish technologies 
with modern technology.

The use of fish to monitor water quality really took off about 20 years ago 
after a major spill of toxic chemicals polluted the water supplies for a number 
of countries in Europe. There are a number of fish biomonitors that utilize 
advanced data collection systems such as CCD cameras and algorithmic-based 
interpretation of the data to determine if there is a problem.

One such system is the ToxProtect64 manufactured by bbe Moldaenke. 
The ToxProtect64 monitors the swimming activity of up to 20 fish by meas-
uring the frequency of interruption of an array of light barriers. The result is 
given in interrupts per minute per fish. Immobile fish at the bottom and in the 
upper region of the aquarium are also registered. In the event of the values fall-
ing below a given threshold for a certain period of time, the alarm verifica-
tion process is activated. Because of naturally occurring random variations in 
fish behavior, each alarm criterion is fulfilled from time-to-time by accident. 
Hence, in order to prevent false alarms, a verification system is required. This 
is achieved by increasing the illumination inside the aquarium during the verifi-
cation period. Normally, this leads to a dramatic increase in fish activity. Under 
toxic conditions, however, this is less likely to occur. Hence, by monitoring 
the increase in activity during modified illumination, it is possible to accept or 
reject the initial alarm. The fish species used can be selected by the user, with 
recommendations given in the specifications; however, all fish must be active 
and 4–6 cm in length (bbe Maldaenke, 2007).

The research and development for another advanced fish-based system was 
completed by the U.S. Army Center for Environmental and Health Research 
(USACHER). This system is more advanced than systems that measure sim-
ple fish movement. The key to this system is the cough reflex experienced by 
bluegill fish when they are under stress. The system simultaneously monitors 
the normal respiratory actions and movements of the fish held in the tanks of 
the systems. The parameters that the system monitors include ventilation rate, 
strength of ventilation, gill purge (cough) rate, and body movement. When at 
least six out of the total of eight fish exhibit unusual behavior, the computer 
sounds the alarm, notifies appropriate personnel, and takes a sample for further 
forensic investigation (Aquatic Biomonitoring).

The USACHER systems are commercially available from the Intelligent 
Automation Corporation as the IAC 1090 Intelligent Aquatic BioMonitoring 
System. The systems have been deployed on the source water of a number of 
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large cities including San Francisco, Washington, D.C., and New York. New 
York City has been testing its system since 2002 and is seeking to expand it. 
The New York City Department of Environmental Protection reported at least 
one instance in which the system caught a toxin before it made it into the water 
supply: The fish noticed a diesel spill 2 h earlier than any of the agency’s other 
detection devices (Wholsen and Marcus, 2006) (Figure 3).

These are just a couple of examples of the many fish-based monitors that 
are available. Most of these monitors were originally designed to be deployed 
in monitoring source water; however, many manufacturers have adapted the 
systems with sample preconditioning systems that allow their deployment in 
the distribution system. The drawbacks of sample preconditioning will be dis-
cussed in the section Problems with Toxicity Testing.

Bivalve-Based Systems
There are several systems available that are based on the response of mollusk 
bivalve organisms to the presence of toxins. These include the MosselMonitor® 
from Delta Consult based in the Netherlands and Sybio form PROTE Tech-
nologies for the Environment based in Poland. These systems use various 
electronic methods to monitor the behavior of the bivalve species used. These 
organisms tend to close their shells for protection when unfavorable water con-
ditions exist. This opening and closing of the shells is used to correlate with the 
toxicity present in the water (USEPA, 2005) (Figure 4).

Daphnia and Other Invertebrate-Based Systems
Daphnia, or water fleas, are small crustaceans between 0.2 and 5 mm in length. 
They are native to various aquatic environments. They are highly sensitive to 
various toxins and have been used for a number of years in standard laboratory 
methods for determining toxicity.

One of the online instruments that utilizes the water flea is the Daphnia 
Toximeter produced by bbe Moldaenke. The system measures the mobility and 
agility of the daphnia that are continuously exposed to the water sample to be 

fIguRe 3  The USACHER system utilizes variations in electrical field strength to determine if 
fish breathing is labored.
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evaluated at a rate of 0.5–2.0 L/h. The daphnia are observed via a CCD camera 
and the signals are processed in an integrated PC. A change in the movement of 
the Daphnia is calculated on a number of different parameters. If a statistically 
significant change is detected, an alarm is generated (bbe Moldaenke; Figure 5).

There are a number of toxicity methods that have not yet been put online 
but have value as confirmatory field or lab methods. Strategic diagnostics 

fIguRe 4  Bivalve behavior can be used to detect toxins in water. Courtesy—USDA.

Parameters: mobility and agility of daphnia

Average velocity and distribution

Fractal dimension (curviness) and angle 

Distance and group

1.Tag 2.Tag
3.Tag

Swimming height Daphnia growth

Color. growing time index

bbe Daphnia Toximeter

fIguRe 5  The Daphnia toximeter simultaneously monitors a number of components of daphnia 
movement. Courtesy—bbe Moldaenke.
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offers various test kits in their MicroBioTest line. These tests make use of 
various organisms including Tetrahymena thermophila, Brachionus calyci-
florus, B. plicatilis, Thamnocephalus platyurus and several Daphnia species. 
Toxicity in many of these tests is judged by the ingestion or failure to ingest 
red microspheres that are clearly visible in the organism’s digestive tract. This 
is a much easier end point to judge than traditional assays that look for lethality 
or changes in behavior.

Aqua Survey Inc. of Flemington, New Jersey, under the brand name IQ 
Toxicity Test, provides another simplification of classic invertebrate toxicity test-
ing. This method is based on fluorescent tagging of a sugar molecule that is placed 
in the daphnia’s food. If the daphnia are healthy and actively metabolizing, they 
will ingest the sugar and cleave the molecule. This cleaving of the molecule causes 
the organisms to become fluorescent under UV light. It is basically a variation of; 
the classic MUG test for E. coli bacteria. If the daphnia glow, there is no toxicity if 
they do not, there is toxicity. Daphnia testing is extremely sensitive and may actu-
ally be overly sensitive to common drinking water constituents in some cases.

Algae-Based Methods
An online method for monitoring toxicity in source water utilizing indigenous 
algae has been developed by scientists at Oak Ridge National Laboratory 
(ORNL).

AquaSentinel is an automated and field-deployable real-time technology for 
the detection of source water environmental toxins that is based on the fluo-
rescence induction properties of algae that grow naturally in water. The algal 
biosensors can be used as a sentinel alarm system based on toxin-induced 
fluorescence readout as the characteristic signature for identification and veri-
fication of environmental pollutants in source drinking waters. The system is 
reagentless and uses a self-contained optoelectronic detection. It utilizes an 
original algorithm for performing the analysis of the readings from the biosen-
sors. The approach is based on differential offset between the fluorescence sig-
natures of healthy algae and that of the poisoned algae. The technique yields a 
set of time-dependent numbers that uniquely map the transformation of the nor-
mal or healthy fluorescence induction curve to that of the poisoned curve. The 
set of numbers generates a characteristic signature that can be used to group 
and identify the specific pollutant that caused the alteration of the fluorescence 
(Greenbaum and Rodriguez, 2006). By using native algae as the test organism, 
this system is limited to source waters but could be adapted to treated waters if 
a source of algae were supplied (Figure 6).

Bacterial Luminescence-Based Methods
There are a number of bacteria-based methods. Many of them are based on the 
ability of photobacteria to produce fluorescence. Two of the bacteria that are  
utilized are Vibrio fischeri and Photobacterium leiognathi. Luminous bacteria  
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produce and emit light as a by-product of cellular respiration. Factors that influ-
ence the respiration cycle, cell membrane integrity, and function etc. in the bacte-
ria promptly alter the level of luminescence produced. By comparing the level of 
luminescence produced in a suspected toxic sample to that produced in a known 
nontoxic control, a measure of toxicity can be achieved. If a toxin is present, 
the bioluminescence of the bacteria is decreased. There are many field and labo-
ratory methods based on this technology including the MicroTox and DeltaTox 
models from Strategic Diagnostics and the Toxscreen system from CheckLight. 
These technologies utilize a luminometer to detect the changes in biolumines-
cence. These methods would be readily adaptable to online monitoring, and 
active programs are under way to achieve an effective online instrument.

Bacterial Respiration-Based Methods
Another method for measuring toxicity is the inhibition of bacterial respiration. 
PolyTox™ sold by InterLab Supply uses standard dissolved oxygen electrodes 
to measure respiration of a specially formulated bacterial culture that is sold 
under the PolyTox™ brand. Oxygen consumption is a good measurement of 
overall bacterial health; however, this method does present some problems. 
Drawbacks are that the test requires the use of a dissolved oxygen electrode, 
a touchy piece of equipment. The samples must be aerated for 30 min before 

fIguRe  6  The Oak Ridge system utilizes the fluorescent response form naturally occurring 
algae. Courtesy—Elias Greenbaum, Oak Ridge National Lab.
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starting the test. This aeration could result in the loss of volatile toxins from the 
sample. Finally, only one test can be run at a time; multiple tests require long 
periods of time, coupled with extensive sample manipulation.

Another method based on bacterial respiration is the ToxTrak™ Rapid 
Toxicity Testing System produced by Hach Co. Rather than directly measur-
ing oxygen consumption, the ToxTrak™ system utilizes a colorimetric system 
based on the rate of reduction of resazurin dye. As the bacteria actively metab-
olize, the dye is reduced from blue to pink. This is normally a slow process, 
but the Hach system makes use of a patented accelerator solution that increases 
the rate of reaction and allows the test to be completed in as little as 45 min. 
Inhibition of this rate change is indicative of the presence of toxicity. The color 
change can be measured with any spectrophotometer or colorimeter capable of 
measuring at 600–610 nm. The color change is actually capable of being meas-
ured visually and a color disk comparator method is available. This system is 
very inexpensive and has been shown to react to a wide variety of toxins. While 
virtually any bacteria may be used in the test, one drawback is that cultures 
must be grown and maintained in advance of testing. Also, the duration of the 
test makes these difficult to modify for online use but they are very effective 
and inexpensive for field use.

Inhibition of Photosynthetic Enzymes
Bell labs of Canada have developed a system based on the inhibition of chlo-
rophyll fluorescence by photosynthetic systems. The combined use of photo-
synthetic enzyme complexes (PECs), isolated from higher plants, and whole 
photosynthetic organisms (algae) allows a wider range of toxic inhibitors to be 
detected in just 10–15 min since photosynthetic light reactions are sensitive to 
various pollutants including metal ions, PAH, herbicides, cyanide, etc. They 
have developed both a field kit known as the LuminoTox and an online method 
called the Robot LuminoTox that take automated measurements every 30 min. 
(Bellemare et al., 2005)

Inhibition of Chemiluminescence
A final method of monitoring toxicity is based on chemiluminescence. This 
method is the one used in the Severn Trent Services EcloxTM kit. The reaction of 
luminal and an oxidant in the presence of horseradish peroxidase, which results 
in the chemical production of light or chemiluminescence, can be used to detect 
the presence of toxins. Any free radical scavengers or antioxidants such as 
those contained in feces or urine will interfere with the reaction, thus reducing 
the light emission. Substances such as phenols, amines, heavy metals, or com-
pounds that attack or coat the enzyme will also reduce the light output. The light 
output is plotted over time and produces characteristic curves. Results are com-
pared to DI. Samples containing pollution will give lower light levels (Figure 7).

The Eclox™ method is extremely robust and has been hardened for field 
use by the British military. This method has been shown to be effective against 
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a wide variety of substances that could be potential risks. No online iteration 
currently exists.

Problems with Toxicity Testing

One problem with toxicity testing is that no matter which organism or method is 
chosen, there will be significant differences between the suite of toxicants that 
will elicit a response and the degree of toxicity exhibited in the test organisms and 
the modeled organism (i.e., humans). Also, while toxicity tests are fairly adept at 
detecting chemical toxins, they are for the most part ineffective against biologi-
cal agents such as bacteria and viruses. The largest draw back to all invertebrate 
testing is culture maintenance. For emergency testing, a usable culture needs to 
be maintained at all times. In some cases, organisms in a specific stage of devel-
opment or state of hunger are needed. This is hard to maintain for an emergency 
program and is probably better suited to an ongoing program of laboratory test-
ing, where the organisms are more easily maintained in the proper state.

All toxicity-testing methods require knowledge of a baseline. Although this 
is fairly straightforward for online methods, it may be problematic for field 
methods and requires significant time expenditure to build up a database. Also, 
some toxicity methods may be too sensitive when testing in the distribution 
system. Water treatment chemicals or simply common constituents of drinking 
water such as trace metals that are not toxic to humans may adversely affect 
them. Treatment chemicals such as chlorine, chloramines, fluoride, and others 
can affect the response of the test organisms or kill them outright.

For a toxicity monitoring system to function appropriately in a treated water 
matrix, constituents such as chlorine must first be removed from the water 
before the organisms are exposed to it. Chlorine can be easily removed by 
treatment with dechlorinating agents such as thiosulfate. The problem with this 
is that the process of removing the chlorine can alter the toxicity of the water. 
For example, if a system contaminated with a mercury compound is dechlorin-
ated with sodium thiosulfate, binding to the thiosulfate (for which it has a very 

fIguRe 7  The detection of toxicity by the Severn Trent Services Eclox™ kit is based on inhi-
bition of the enzyme horseradish peroxidase’s ability to cause luminol to produce light. Figure 
Courtesy—Severn Trent Services.
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great affinity) will also sequester the mercury. This binding to the thiosulfate 
can render the mercury unavailable and hence mask the toxicity of the water.

As a whole, the use of toxicity measurements to safeguard source water 
has significant merit. These systems have the ability to detect a wide variety of 
potential contaminants. They offer a good first-line of defense to prevent con-
taminated source water from entering treatment plants. The drawbacks have to 
do with cost, false alarms from normal background occurrences not related to 
contamination, their unproven ability to alarm on all possible contaminants, and 
maintenance and culturing problems. In many cases, they may not be the ideal 
solution because of these drawbacks. A lower cost less hassle solution may be 
required in some deployment scenarios so that more sites can be monitored.

Another drawback to toxicity monitoring in the distribution system is the vari-
able environment that can come into play in the network. Some organisms such 
as fish can be quite sensitive to changes in the general surroundings. Increases in 
vibrations and noise levels at times of peak traffic could become problematic and 
lead to false alarms. Shielding organisms from this type of upset can be costly or 
can severely limit your options for deployment. For use in distribution systems 
where widespread deployment is required, toxicity monitoring is usually not a 
viable option. However, toxicity monitoring is applicable to monitoring source 
water where monitoring points are fewer and more easily controlled.

Sensor Arrays and lab-on-a-Chip Technologies

Another method of solving the problems of multiple target analytes is to use 
miniaturization and large arrays of various types of sensors to detect diverse 
targets.

Microelectromechanical systems (MEMS) also known as lab-on-a-chip 
technologies are an innovation that is rapidly growing and finding use in the 
medical technology field. These are basically microscale devices that attempt 
to miniaturize and streamline traditional analytical and biochemical methods, 
and mass-produce them, utilizing many of the same fabrication techniques that 
facilitate production in the computer chip and microelectronics industry. These 
mass production techniques allow the manufacture of very low cost devices 
when compared to traditional instrumentation. As the technology becomes more 
robust, it has been branching out from its traditional role in medical diagnostics 
and finding use in other analytical applications. Water is no exception and much 
research is being done to amend these types of devices to water analysis.

One of the projects currently under development is the MicroBio Chem Lab 
being produced by the Sandia National Laboratory (Kroll, 2004). This device 
makes use of microfluidics and microchemical techniques to sample and ana-
lyze water for various components including the presence of harmful bacteria 
and viruses. These types of devices are in effect miniaturized discrete analyzers 
that test for specific substances. They can use various detection techniques such 
as miniaturized gas chromatographs, immunoassay techniques, microcantilevers, 
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surface acoustic wave devices, and proteomics or gel electrophoresis systems. 
Recently, projects involving Sandia and an Australian company called Tenix 
have been initiated to mature this technology from an independent hand held 
device to an online configuration to do monitoring of water supplies (Figure 8).

It is yet to be seen as to whether these efforts to bring the system into the 
realm of online distribution monitoring will be successful. If it were, the low 
cost of the instrumentation could allow monitoring at a huge number of sites in 
a cost-effective manner. There are, however, some problems with these types of 
systems that must be overcome before they can be successful in their new role 
as water analyzers.

These devices rely upon microfluidic techniques to draw samples and per-
form analyses. The sample size is extremely, and this can lead to problems 
in regard to testing for biological agents. Unlike chemical agents that tend to 
be fairly evenly dispersed in a water sample, bioagents are discrete particles 
that do not have an equal probability of being found in every sample. Also, in 
many cases, for bioagents a single infective particle can represent a lethal dose. 
These factors have led the EPA and other regulatory bodies to require large 
samples when testing for microorganisms to ensure their absence in a water 
supply. For example E. coli testing requires a 100 mL sample and testing for 
Cryptosporidium may require a sample of up to 1,000 L. This requires extensive 
sample pretreatment before a micro-type device scan be utilized for this testing. 
Extensive filter systems and centrifuge techniques have been utilized but can be 

fIguRe 8  The three principal components of Sandia’s microchem lab for gas-phase detection 
and analysis are small enough to fit easily inside a snow-pea pod. The left-most component is the 
surface acoustic wave sensor array, the lab’s detection mechanism. The center one is a preconcen-
trator that absorbs or adsorbs chemical vapors. The right one that looks like a tiny CD is a mini-
ature gas chromatograph column. Together they can collect, concentrate, and analyze a chemical 
sample weighing less than a single bacterium. Other Sandia microchem labs analyze liquids. Photo 
courtesy—Randy Montoya.
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cumbersome and inefficient. Also, these methods tend to accumulate superflu-
ous debris as well as the target organisms, which can be a problem. A number of 
newer techniques such as dielectric focusing and manipulation of particles with 
sound waves are being investigated but have not as yet reached the commercial 
market place.

Beyond the problems caused by sample concentration, the distribution  
system, by its very nature, is not a friendly environment for such techniques. The 
aging distribution infrastructure is plagued with the problem of particulate matter. 
Rust particles and debris of various sorts is a common component of the water 
in these systems. These particles could easily block the microchannels in these 
devices. Attempts to prefilter the sample could alter the characteristics of the 
sample. Another problem with these devices is that, as they are currently being 
designed and deployed, they are discrete analyzers that are designed to detect 
specific toxins or classes of toxins. They could be thwarted by the use of a toxic 
substance that the instrumentation was not designed to detect.

Bulk Parameter Monitoring

Bulk parameter monitoring is the method of monitoring common water quality  
parameters and then looking for anomalies that may be indicative of a water 
contamination event. Immediately after 9/11 the concept of deploying common 
sensors to act in just such a manner was investigated for water security monitoring. 
A number of government (EPA, 2006), academic (Byer and Carlson, 2005), and 
private industry studies (Kroll, 2002) evaluated various sensors to see if they 
would respond to the contaminants most likely to be used by a terrorist in an 
attack.

Various instrument manufacturers have developed multiple parameter water 
quality monitors for both source water and distribution system water. These 
systems encompass a diverse selection of different sensors and can be tailored 
to meet monitoring needs.

The current state of bulk parameter online monitoring with existing instru-
mentation is that significant actual events should be detectable. The problem 
is what to do with all of this data. Enormous amounts of streaming data need 
to be processed. Another problem is the minute-to-minute variability that 
is present in a system. How are we to determine if alterations in water qual-
ity parameters are significant against a background of dynamic changes? In 
the words of an anonymous sixth grader, “I have heard that you can tell what 
time it is by looking at the sun. I myself have never been able to make out the 
numbers.” Unless a full-time team of statisticians is to be employed to make 
sense of this information, there is a need for intelligent algorithms to stream-
line the process. Intelligent algorithms should be capable of detecting the sub-
tle changes in bulk parameter readings that are indicative of an incursion into 
the system. They should also be capable of discriminating the unique pattern of 
responses that are elicited by different classes of agent. These differences may 



Dan Kroll 361
be enough to identify the class of an event and possibly fingerprint the most 
likely members of that class.

An assortment of sophisticated algorithms for interpreting online data and 
recognizing threats is being developed by a number of private and public enti-
ties including Sandia National Labs and the EPA in their Threat Ensemble 
Vulnerability Assessment (TEVA) program. One such commercially avail-
able system designed by HST makes use of five common bulk parameters that  
are monitored simultaneously in real time. The parameters that are monitored 
are pH, conductivity, total organic carbon, turbidity, and residual chlorine. When 
measured in real time, these parameters can show a lot of variability in a given 
system. That is why a baseline estimator that is sensitive to small perturbations 
and yet is resilient enough to not be constantly alarming because of normal 
fluctuations is required when developing such a system. Many classical methods 
of baseline determination result in poor sensitivity or high false alarm rates. The 
proprietary baseline estimator used in this system seems to address these problems  
(Figure 9).

In the system as it is designed, the signals from all of the instruments are 
processed from a five-paramater measure into a single-scalar trigger signal in 
an event monitor computer system that contains the algorithm. The signal then 
goes through the crucial proprietary baseline estimator. A deviation of the sig-
nal from the estimated baseline is then derived. Then a gain matrix is applied 
that weights the various parameters based on experimental data for a wide vari-
ety of probable threat agents. The magnitude of the deviation signal is then 
compared to a preset threshold level. If the signal exceeds the threshold, the 
trigger is activated. Figure 10 shows the same data from Figure 9 processed 
through the algorithm.

Chlorine TOC

fIguRe 9  Actual real-world baseline date. The variability in bulk water parameters that is com-
mon in the distribution system requires that any algorithm should contain a workable baseline esti-
mator. Graph courtesy—Hach HST (see Plate 5 of Color Plate section).
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Even with noisy data, the system does not trigger at a threshold level set at 
1. Therefore, during normal operation, with no agent present, the process devia-
tion should not be large enough to produce a trigger signal 1. However, when 
the data for a cyanide incursion at 1% of the LD-50 or approximately 2.8 mg/L 
is superimposed on the system, the trigger level of 1 is easily exceeded (Figure 
11). Other contaminants exhibit similar results.

The unknown alarm rate, when the system is tracking real world data, is 
also quite low. The system is equipped with a learning algorithm, so that as 
unknown alarm events occur over time, the system has the ability to store the 
signature that is generated during the event. The operator can then go into the 
program and identify that function and associate it with a known cause such 
as the turning on of a pump or the switching of water sources, etc. The next 
time that event occurs, it will be recognized and identified appropriately. Over 
time as the system learns, the probability of an unknown alarm that has not 
been previously encountered and identified will continue to decrease and will 
eventually approach zero. The probability of an unknown alarm because of a 
given event depends on the frequency of the occurrence of such an event and 
the time that the algorithm has had to learn that event. Events that occur fre-
quently will be quickly learned whereas rare or singular events will take longer 

fIguRe 10  The noisy data from Figure 9 become easy to interpret when processed through an 
algorithm. In this case, no significant events above a threshold of one are occurring; therefore, no 
trigger is initiated (see Plate 6 of Color Plate section).

fIguRe 11  The algorithm system’s ability to differentiate and trigger on low levels of contami-
nants against a noisy background is shown (see Plate 7 of Color Plate section).
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to be learned and stored. This results in a fairly rapid drop off in the number of 
unknown alarms as common events are quickly learned.

The deviation vector that is derived from the trigger algorithm contains sig-
nificantly more data than what is needed to simply trigger the system. The devi-
ation vector’s magnitude relates to concentration and trigger signal, whereas the 
deviation vector direction relates to the agent characteristics. Seeing that this is 
the case, laboratory agent data can be used to build a threat agent library of 
deviation vectors. A deviation vector from the water monitor can be compared 
to agent vectors in the threat agent library to see if there is a match within a 
tolerance. This system can be used to classify what agent is present. Each vec-
tor results in a vector angle in n-space. The fact that the direction of the vector 
is unique for a given agent allows the use of an algorithm to classify the cause 
of a trigger being set off. When the event trigger is set off, the library search 
begins. The agent library is given priority and is searched first. If a match 
is made, the agent is identified. If no match is found, the library of learned 
responses called the plant library is then searched, and the event is identified if 
it matches one of the vectors in the plant library. If no match is found, the data 
are saved and the operator can enter an ID when one is determined. The agent 
library is provided with the system, and the plant library is learned on-site.

This type of system has unique advantages that should be noted. First, as 
soon as the system is turned on, it will be actively working and will have the 
ability to trigger and classify immediately if the signature of a known threat 
agent is encountered. Second, if a completely unknown agent is introduced at 
levels that exceed the threshold signal level, the system will trigger and classify 
it as an unknown agent that warrants further investigation. This attribute of the 
system is unique and the only available method that will trigger an alarm on 
contaminants not previously known to the system or its developers.

There has also been conjecture that perhaps simply monitoring pH and  
chlorine levels is adequate for a security system. Laboratory experimentation has 
generated data that indicate a significant number of compounds that are threat agents 
that would be expected to respond with a change in chlorine levels, in fact, do not. 
This may be due to complete unreactivity or extremely slow kinetics of the reaction 
between chlorine and the compound. This effect may be exacerbated in systems that 
use monochloramine rather than free chlorine as a residual disinfectant. This adds 
importance to the collection of experimental data and the addition of supplemental 
functions above and beyond chlorine and pH to a monitoring system. To enhance 
these measurements, other parameters such as total organic carbon are needed.

A number of similar multiparameter measurement platforms without the 
addition of intelligent algorithms have been evaluated for such applications (EPA, 
2006). These systems appear to be a good choice for detecting water quality 
excursions that could be linked to water security events. There are a number of 
advantages in using such systems. The chief advantage is that these instruments 
are not new. They are common everyday parameters that the average indus-
try worker is quite familiar, thus adding a degree of comfort in operations not 
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afforded by other new technology. As existing technologies, these instruments 
have been proven to be robust and dependable in prior field deployments. They 
represent measurements that would be of interest and use to water utility per-
sonnel above and beyond their role as water security devices. This in turn could 
allow improvements in system operation that may result in cost savings and defi-
nitely will result in a higher quality product being delivered to the consumer.

One of the largest advantages to this type is the multiparameter array’s ability 
to detect such a wide variety of potential threat agents from metals to organics 
to bioagents. The ability to trigger on unique unknown events is also a major 
advantage. Some of the disadvantages are that there are some events that occur 
during normal operation that may trigger an unknown alarm. This, however, can 
be an advantage if the information is used to streamline operational procedures 
and lower costs while improving quality. Nonetheless, this learning phase does 
generate “unknown” alarms associated with normal system maintenance and 
requires an input of time and effort to investigate and classify these alarms, so 
that they can be placed in the plant library. Another disadvantage of such systems 
is that while they detect biological events, they are not as sensitive to such events 
as some other methods. The majority of the detection capability comes form the 
growth media that may or may not be cointroduced along with the bioagents. 
They do not perform cell counts nor do they carry out individual bacterial iden-
tification. One bioevent tends to look pretty much like another. Such systems are 
not likely to detect low levels of bacteria in the system and, for the EPA require-
ment of 1 coliforms per 100 mL sample, they would not respond. However, 
one of the likely forms a bioagent attack could take would include growth media 
both from an ease of use point and as a means to degrade chlorine levels until the 
bacteria could survive. In these cases, the instruments would respond.

Another problem has to do with deployment. Many of these instrument 
packages tend to be somewhat large and require a suitable site for deployment. 
Many also generate a waste stream that needs to be dealt with. These size and 
waste constraints can limit where these types of systems can be deployed. There 
are, however, options for other means of measuring these parameters than those 
of traditional wet chemistry and optics. These include electrochemical and 
microscale devices that can be inserted directly into pipes. Microchemical-based 
devices tend to suffer from the problems of robustness detailed in the section 
Sensor Arrays and Lab-on-a-Chip Technologies. These and other electrochemi-
cal methods tend to offer less sensitivity than more traditional means of measur-
ing bulk parameters. They may be more constrained as to what water conditions 
they require for proper functioning (e.g., electrochemical chlorine measurement 
may only be effective in a limited pH range); however, they may be the only 
option for some deployment scenarios.

OTheR OnlIne TeChnOlOgIeS

Although the three technologies discussed earlier are the best currently available 
options for dealing with the wide diversity of potential threat agents that may be 
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encountered in a deliberate contamination event, other new and emerging online 
technologies may be better at detecting specific threats or classes of threats.

uV Absorption and fluorescence

The tendency of various compounds to absorb light in the UV spectrum and 
for some materials to fluoresce when exposed to this light can be utilized as a 
detection mechanism. Such methods have long been used in air to detect vari-
ous biological contaminants such as anthrax.

One instrument the Spectro::Lyser™, produced by Messtechnik GmbH 
of Austria, uses UV absorption at various wavelengths to detect organic con-
taminants. They use algorithms to interpret the incoming absorption spectra to 
determine when a contaminant is present. The system can detect organics that 
have an absorption signal in the UV range; it allows up to eight different alarm 
parameters to be set. The identification of a single substance or group of sub-
stances is limited to those that are detectable in the UV spectrum and imple-
mented in the setup procedure. While it can detect many substances such as 
phenols, benzene, toluene, xylene, some pesticides, some nerve gases, oils, and 
others, it would be ineffective in detecting short-chain aliphatic compounds or 
inorganic compounds such as metals (S::CAN).

Particle Counting and Characterization with Optical Methods

There are a number of optical methods based on particle counting and/or flow 
cytometry that are being utilized to characterize potential biological pathogens 
in the water supply. Many of these methods require the utilization of fluores-
cent labels to detect the various pathogens. This requires an added step and the 
complex problem of developing suitable labels.

One method that does not rely upon labels is the BioSentry™ device pro-
duced by JMAR Technologies Inc. The BioSentry™ device uses laser-produced,  
multiangle light scattering (MALS) technology to generate unique microorganism 
bio-optical signatures. Similar to a laser turbidimeter, the device uses lasers to inter-
rogate a water sample and analyze how a particle in the water refracts the light.

The difference lies in the “multiangle” part in the MALS technology. 
Rather than just reading at an angle of 90°, a number of different angles are 
monitored at once. This allows the generation of a three-dimensional (3D) pat-
tern that represents the structure and size of the particle in the laser’s path. This 
allows a pattern to be formed that is representative of the particle in question 
in the same way that a shadow of an object gives some indication as to its size 
and structure. This pattern can then be compared to a library of patterns for 
different types of organisms. The pattern can then be classified using JMAR’s 
pathogen detection library (JMAR).

This appears to be an effective method for monitoring water for biologi-
cal contamination. However, it would be ineffective against chemical contami-
nants. Another potential drawback is sample size. Because of the very small 
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path capable of being monitored by the laser, only a small sample can be ana-
lyzed. It would be quite possible to miss bacterial or protozoan contaminants 
that were present at very low concentrations. This instrumentation would be 
able to sense large contamination events, but, chances are, low-level contami-
nation events may be missed.

gas Chromatography

Various manufacturers have modified gas chromatography methods to be online 
tools that work in a batch mode. Gas chromatography is a chromatographic tech-
nique that can be used to separate organic compounds that are volatile. A gas 
chromatograph consists of a flowing mobile phase, an injection port, a separation 
column containing the stationary phase, a detector, and a data recording system. 
The organic compounds are separated because of differences in their partitioning 
behavior between the mobile gas phase and the stationary phase in the column.

One such instrument is the INFICON Scentograph CMS200 portable water 
and air analysis/monitoring. The Scentograph analyzes VOCs in water using a 
modified EPA purge and trap protocol. This is made possible by the SituProbe, 
which performs the purge in the water. No pumps, valves, or cells are exposed 
to the water matrix, eliminating the need for sample pretreatment or filtration. 
Since the sample matrix does not affect the system’s performance, even diffi-
cult water samples can be analyzed (Inficon).

The largest drawback to this technique is the limited scope of compounds 
that are detected. Only volatile organics are amenable to being analyzed by 
this method. Also, some of the instrumentation can be touchy and the cost per 
deployed unit can be quite high. This technology may actually be of more use 
as a confirmatory technology, when the presence of a volatile organic contami-
nant is suspected.

Technologies Currently More Suited for field  
Confirmatory Analysis

There are a number of technologies that are being developed or are already 
commercially available that have not been adapted for online use. Much of this 
work has been funded by the Department of Defense (DOD) as rapid checks 
for tactical water supplies in battlefield situations. This water is generally pre-
pared via special treatment processes such as reverse osmosis (RO) and as such 
tends to be relatively consistent and static in its characteristics. Some of these 
technologies may have more difficulty when exposed to the variability of water 
supplies treated to municipal standards. While some technologies that can be 
used either online or in the field have already been described, the following 
technologies at this point are field use only, although some of them may be 
adapted for online monitoring in the future.
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Immunoassays

Bacteria and biotoxins are not always easily detectable through conventional 
means. Immunoassays make use of the interaction between antibodies and anti-
gens to detect the presence of specific organisms or compounds. These tests 
come in various formats and are capable of detecting a wide variety of bacteria, 
viruses, biotoxins, and specific chemicals. One of the most common formats 
for these tests is that of a lateral flow assay.

We are all familiar with the lateral flow format as it is the same one that is 
used in commercially available home pregnancy tests. After a sample is applied to 
the sample reservoir end of the strip, the liquid begins to migrate down the length 
of the strip through wicking and capillary action. In the course of moving down 
the strip, it comes into contact with regions of the test strip that have specific 
antibodies for the antigen expressed by the target being tested for impregnation 
on them. These antibodies are tagged with colored or fluorescent labels. They 
reach a certain area in the strip that binds using other or the same antibodies. The 
result is a colored or fluorescent line if the target antigen is present. Usually, a 
control line is included to verify that everything has run properly. These tests are 
quite simple to use and can usually be read with the naked eye (Figure 12).

A number of manufacturers produce these sorts of test strip assays for the ana-
lytes of interest. One of the problems with this sort of assay is that they are very 
specific for the antigen being tested. Therefore, you need to know what you are 
looking for and run the appropriate test. Another problem is specificity related. 
Cross-reactivity with other microbes or antigens can result in false positives.  
A final problem with these tests is that their sensitivity is not always all that could 
be desired. Some compounds such as botulinum toxin can be detected at fairly 
low levels, whereas others such as ricin require more of the compound to be 
present. Also, bacterial detection levels are usually fairly high. This means that it 
is advisable to use a sample preconcentration device or preculture before perform-
ing the test. There are several preconcentration methods currently under study, 
but they are presently commercially unavailable. Preculture methods can be time- 
consuming and may not be the best choice for emergency response situations.

Polymerase Chain Reaction Technology

Polymerase chain reaction (PCR) is a technique for detecting living organisms 
by extracting and multiplying the DNA specific to that organism. The technique 
allows a small amount of the DNA molecule to be copied over and over, thus 
amplifying it many times in an exponential manner. With more DNA available, 
analysis is made much easier. The DNA can be detected via various methods 
including fluorescent gene probes, fluorescent melting curves, or electrophore-
sis. PCR is commonly used in medical and biological research labs for various 
tasks. PCR is not a simple procedure and normally relies on advanced laboratory 
techniques.
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In recent years, manufactures have developed various automated techniques 
that remove much of the expertise required to perform this technique and has 
allowed it to move into the field and be operated by relatively unskilled techni-
cians. One of these methods is the Ruggedized Advanced Pathogen Identification 
Device or RAPID manufactured by Idaho Technologies of Salt Lake City, Utah. 
It uses freeze-dried reagents and can screen for up to eight different targets at the 
same time. These targets can be chosen from a list of potential viral or bacterial 
pathogens. This is a very sensitive technique and can detect the presence of even 
a small number of organisms in a sample, for example, as few as five Bacillus 
anthracis cells.

Another, even smaller, version is produced by Idaho Technologies and is 
known as the RAZOR. It can detect up to 12 analytes at a time and also uses 
freeze-dried reagents. These instruments are rugged and easy to use. They are 
also capable of detecting very low levels of the analytes in question. The main 
problem has to do with price. The RAPID unit cost around $55,000 with reagents 
for each test running $50.

fIguRe 12  The quantitative lateral flow assay (QLFA) is a “test strip” for identifying biological 
organisms in a sample, which flows from the sample pad to the wicking pad. On the conjugate pad, 
specific antibodies (Y shapes) tagged with chemical markers (ovals) bind to the target antigen (sun-
bursts) in the sample and flow toward the wicking pad. At the test line, other immobilized antibod-
ies bind the antigens to produce a positive test result, revealed as fluorescing color. A control line 
antibody confirms that the test ran successfully; that is, the sample flowed through the length of the 
test strip. Courtesy—NASA. http://www.spaceresearch.nasa.gov/general_info/homeplanet.html
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Adenosine Triphosphate detection

Adenosine triphosphate (ATP) is the component found in cells that is respon-
sible for energy transfer. Therefore, all living cells contain ATP, and it should 
be possible to look for changes in ATP levels in water as an indication of bio-
logical contamination. ATP measurement has long been used in the clean room 
industry as an indicator of proper cleaning and sterilization of work surfaces.

Several manufactures have adapted this test for use in water samples. These 
systems are usually based on the ATP’s role in providing the energy source for 
bioluminescence. This method is a good candidate for detecting gross changes 
in the level of ATP present in a sample. The problem lies in the fact that the 
water in our distribution system is not sterile and always contains some level of 
ATP. It is therefore imperative to be well aware of baseline as in toxicity test-
ing. There is also the problem of distinguishing if a rise in ATP levels is due to 
a general slough-off of biofilm or a bacterial attack. Some differential meth-
ods for lyses of the cells of certain organisms are currently under study, which 
would make this method more specific for the designated bacterial types.

Rapid Tests for Cholinesterase-Inhibiting Substances  
(nerve Agents and Pesticides)

There are a number of rapid tests for detecting substances that inhibit the activ-
ity of the enzyme cholinesterase. One type is based on a test strip that can be 
used to detect nerve agents and pesticides available from Severn Trent services. 
These test strips work on the basis of inhibition of the enzyme acetochlineste-
rase to orchestrate a color change in a dye. Many nerve agents and pesticides 
are capable of inhibiting this change and are thus detected by the strips.

The test is a qualitative test for the detection of pesticides, based on their inhibi-
tion of cholinesterase. One side of the ticket contains a disk that is saturated with 
cholinesterase, an enzyme present in most living organisms, except plants, and whose 
main function is to control muscle performance. If the enzyme is altered or dies, so 
does the organism. Pesticides can inhibit an organism’s ability to produce cholineste-
rase, and therefore, kill the organism. If enough pesticide is present in the tested sam-
ple, it will inactivate the cholinesterase that is chemically bonded to the ticket and 
prevent a chemical reaction which, when pesticides are absent, turns the disk blue. 
A white color result indicates a positive result for the presence of pesticides or nerve 
agents. In the absence of pesticides or nerve agents, the cholinesterase hydrolyzes an 
ester to form a colored compound. Inhibiting compounds interfere with the reaction 
and stop hydrolyzation, preventing further color development. This test is very sensi-
tive to nerve agents; pesticides, however, are usually designed in such a way as to 
decrease their ability to inhibit cholinesterase. They often have a moiety that needs 
to be oxidized to increase its sensitivity to the test. This oxidation occurs spontane-
ously in chlorine-treated water but requires an additional reagent addition in neutral 
or reducing waters such as surface or groundwaters with no chlorine.
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ICX agentase produces another iteration of this type of test. This technology 
is based on the ability to effectively incorporate enzymes within polyurethane 
foams. Agentase has effectively extended this platform technology to multiple 
enzyme systems with a diverse range of applications. Numerous benefits such 
as improved stability, reusability, and environmental resistance are incurred 
when enzymes are effectively copolymerized within polyurethane polymers.

The agentase chemical agent detection (CAD) kit is a highly selective 
measurement system to detect chemical warfare agents. The CAD kit measures 
not only nerve agents but also uses other enzymes for blood agents and blister 
agents on surfaces and in liquid samples. The increased stability imparted to 
the enzymes used in these methods lends credence to the possibility of plac-
ing a system based on this technology online. Agentase has undertaken such a 
program.

A bench top prototype model has proved to rapidly respond to contamina-
tion in water at relevant concentrations at live agent tests conducted at govern-
ment facilities. It has shown to be resistant toward chemical and environmental 
interference, and to operate for extended periods without user intervention. 
Further development of an online system is under way (Agentase).

Infrared Spectroscopy

The fact that only volatiles are detected by gas chromatography may be 
addressed by using it in conjunction with infrared (IR) spectroscopy. IR spec-
troscopy has traditionally been limited in water because the water in the sam-
ples interfered directly in the test method. This meant that aqueous samples that 
contained less than about 10% of products were not measurable by IR spec-
troscopy. Smith Detection’s SensIR Technologies produces a portable IR spec-
trophotometer called the HazMat IDTM. This system uses Fourier transform 
IR attenuated total reflection spectroscopy. It has been designed to detect and 
identify weapons of mass destruction, toxic industrial chemicals, narcotics, and 
explosives in nonaqueous samples in a HazMat role. To supplement this abil-
ity and expand it into aqueous samples, the manufacturers have developed a 
system called the ExtractIR™. This tool allows the extraction of nonvolatile 
organic compounds from water, so they can be analyzed via IR. Even with this 
extraction system, detection limits are fairly high in the order of 100 ppm in 
water (Smiths Detection).

Multiparameter hand-held devices

Many different versions of multiparameter monitors reduced to a lab-on-a-chip  
configuration are starting to become available. One such version is the 
WaterPoint 855 multiparameter water-quality analyzer produced by Sensicore of 
Ann Arbor, Michigan. This chip-based instrument is a hand-held device capable 
of measuring 14 separate parameters in one quick test. These parameters include 
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pH, ORP, conductivity, total dissolved solids, temperature, free chlorine, total 
chlorine, monochloramine, calcium, total hardness, carbon dioxide, total alka-
linity, ammonium, and Langelier saturation index (Sensicore).

Research is currently under way to develop a communication module that 
could directly download field measurements to a central location where they 
can be compiled for decision making in a more real-time mode. This instru-
ment offers the capability of quickly measuring several parameters at once. 
Drawbacks are that many of these parameters are not independent, such as con-
ductivity and total dissolved solids, which are directly related. Also, many of 
these parameters have little or no bearing upon security monitoring. Performing 
superfluous tests adds little or no value to an instrument and only increases the 
per test cost. It may be simpler and more cost effective to simply perform the 
tests of interest in separate analysis in a more conventional way using simple 
electrochemical or colorimetric methods.

Surface-enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is an effect in which the 
Raman scattering is found to be greatly enhanced when it is close to a rough 
metal surface. The enhancement can be huge (1014 or so), and it enables 
Raman spectroscopy to be a sensitive technique. It is now known that SERS is 
observed for molecules found close to silver or gold nanoparticles because of 
surface plasmon resonance. Other metals may be used, but with a reduction in 
enhancement. The mechanism by which the enhancement of the Raman signal 
is provided is from a local electromagnetic field enhancement provided by an 
optically active nanoparticle (Figure 13).

Work is progressing toward development of a real-time analyzer employing 
these techniques. They have shown it to be effective in detecting warfare agents 
and cyanide compounds at the levels of interest. Work is progressing toward 
development of a real-time analyzer employing these techniques.

fIguRe 13  Metal molecules coating the inside of sample vials result in an increase in Raman 
scattering, allowing this method to be used for trace detection. Courtesy—Real Time Analyzers.
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Ion Mobility Spectroscopy

Ion mobility spectroscopy (IMS) is a technique for identifying and measuring 
volatile compounds. An ambient air or vapor sample is drawn over a semiper-
meable membrane. Smaller volatile compounds pass through the membrane into 
the detection cell, where the sample is ionized by a weak plasma formed by a 
nickel radioactive source. The ionized sample molecules drift through the cell 
under the influence of an electric field. An electronic shutter grid allows periodic 
introduction of the ions into a drift tube where they separate, based on charge, 
mass, and shape. Smaller ions move faster than larger ions through the drift 
tube and arrive at the detector sooner. The amplified current from the detector is 
measured as a function of time and a spectrum is generated. A microprocessor 
evaluates the spectrum for the target compound, and determines the concentra-
tion based on the peak height. IMS is used in explosives detection equipment at 
airport security checkpoints. There are several portable IMS sensors for chemical 
detection, but all have been designed for use with air/vapor samples.

Some companies such as Smiths Detection have developed thermal des-
orption modules for their instruments that allow the testing of liquid or solid 
materials. For liquid samples, either temperature controlled ramping to evapo-
rate the sample or a fiber solid-phase microextraction (SPME) probe is needed 
(USEPA, 2005).

The problem in IMS has always been resolution of the complex mobility 
spectra resulting from the inherent sensitivity of the method. The broad, tailing, 
and sometimes overlapping peaks of the spectra have necessitated the develop-
ment of complex peak deconvolution and recognition algorithms or the intro-
duction of preseparation methods, which lead to loss of sensitivity and increased 
analysis time. The challenge in IMS is to maintain the chemical sensitivity and 
response time while increasing the spectral resolution to aid in accurate identifi-
cation of target analytes.

In common IMS instruments, spectra are generated by pulsing open the 
entrance to the drift region for 0.2 ms and then monitoring the ion current after 
a 20-ms drift time period. This brief entrance pulse represents only 1% of the 
20-ms duty cycle. A longer “gate” pulse would allow more ions to be collected 
and increase the signal, but short entrance pulse duration is necessary to prevent 
unacceptable peak broadening and decreased resolution. The poor resolution typi-
cal of conventional IMS instruments is the result of this trade-off for increased 
sensitivity. Even so, acceptable signal-to-noise (S/N) is achieved by repeating 
and storing many scans and then summing the signals with a computer.

Signal-averaging IMS has limited ability to resolve adjacent peaks in a 
complex spectrum, which is critical to unambiguous sample identification and 
elimination of false positives. An alternative to the signal-averaging methodol-
ogy is Fourier transform ion mobility spectrometry (FT-IMS). In this mode of 
operation, two ion gates are employed—an entrance gate and an external exit 
gate. The entrance gate admits ions into the drift region of the spectrometer in 
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a manner similar to signal-averaging IMS with the distinction being the 50% 
duty cycle of the gates in FT-IMS. The downstream exit gate is pulsed synchro-
nously with the entrance gate at increasing frequency to interact with the flow-
ing ion stream and generate a frequency domain interferogram.

This interferogram that contains velocity information about all of the ions 
in the spectrum is then fast Fourier transformed to recover the complete time 
domain mobility spectrum. The increased S/N results from the 50% duty cycle 
of the gates. Also, ion–molecule reactions and labile clustering during ion transit 
through the drift tube results in peak broadening because of random variations 
in ion velocities. The phasing action of the gates in FT-IMS eliminates this noise 
signal and greatly improves spectral resolution (Tarver, 2000). Like IR methods, 
the sample needs to be in the vapor phase so heating or nebulization is required.

Surface Acoustic Wave Technology

Surface acoustic wave technology (SAW) technology has been used for decades 
in transceiver technology and cell phone technology. For chemical detection, 
SAW sensors can be configured in a microarray, with each element uniquely 
coated. Mass changes in a subset of elements because of interaction with a par-
ticular volatile chemical causes surface acoustic waves (10 Å in amplitude, 
1–100 m in wavelength), which are detected by piezoelectric materials.

The subset of elements that respond to a specific VOC can be recognized 
by software included in the sensor, allowing for a diverse list of detectable 
analytes.

Each sensor is coated with different polymers that provide a multipattern 
sensor response (fingerprint) to indicate the presence of contaminants in vapor 
samples. These sensors can detect and identify trace amounts of chemical war-
fare agents, including nerve and blister agents, and can be configured to detect 
phosgene and/or hydrogen cyanide (USEPA, 2005).

SuMMARY And COnCluSIOnS

Monitoring is a critical component of any water security program. There is no 
other feasible way to address the severe vulnerability presented by the threat 
of an intentional contamination event especially in the distribution system. It 
is imperative that early detection of any such event be achieved to decrease the 
horrendous potential for mass casualties. Although preservation of human life 
is the number one priority, it is not the only imperative.

The ability to contain and isolate an incident is critical in limiting the 
number of casualties, but it is also exigent to limit cleanup of any incident. 
The anthrax cleanup for the Hart Office building after the contaminated mail 
incident cost the EPA over $27 million from its super fund site. It is possible 
that some agents could not be cleaned up and piping will need to be replaced.  
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This could be a very expensive proposition when it is considered that not only 
main pipes may need to be replaced but some household plumbing as well. 
Also, if the agent is widely disseminated in buildings because of aerosoliza-
tion, many structures may need to be abandoned. Therefore, the need to rapidly 
detect and contain is critical in reducing casualties and in limiting cleanup costs.

As of today, no perfect monitoring system has been designed. The choice of 
what to deploy is not necessarily an either-or decision. The best choice may be a 
network configuration that deploys different types and cost ranges of sensors in 
different areas to give the optimum in coverage and capabilities. Although not 
every point will receive complete protection, a network approach has the best 
chance of detecting an event early in its onset and alerting the operators of the 
system so that they can make the crucial decisions that will be needed to limit 
the damage being done. If an attack is detected early, consumers can be warned 
not to use the water. Also, though the turning off of valves, it may be possible to 
isolate the contaminant plume to a small area before the entire system becomes 
unusable.

In an attempt to bring all of the various aspects of water security monitor-
ing into a working system, the EPA has launched a pilot program to design and 
build such a system using off the shelf technology in a number of pilot commu-
nities. This program is called Water Sentinel. Direct monitoring of water qual-
ity is not the only approach that is being investigated to provide detection and 
warning of an attack. Syndromic surveillance is a concept that comes originally 
from the medical profession. In the medical case, the term refers to surveillance 
using health-related data that precede diagnosis and signal a sufficient probabil-
ity of a case or an outbreak to warrant further public health response. Though 
historically syndromic surveillance has been utilized to target investigation of 
potential cases in a disease outbreak, its utility for detecting outbreaks associ-
ated with bioterrorism is increasingly being explored by public health officials. 
In the Homeland Security realm, as it pertains to water, syndromic surveillance 
is the concept of using advanced computational techniques and data mining 
algorithms to monitor a number of nonspecific indicators of a possible attack. 
These include such data as hospital admissions, 911 calls, pharmacy sales, and 
complaints to the utility. These data streams are directed to a centralized com-
puting system that correlates all of the factors and extrapolates the probabil-
ity of an attack using advanced algorithms. Once an attack has been indicated, 
appropriate response actions can be initiated to treat the potential victims.

Although much useful information could theoretically be extrapolated from 
such a monitoring program, there are severe drawbacks. Syndromic surveil-
lance, by its very nature, is directed toward thwarting naturally occurring out-
breaks of disease. The results of an intentional contamination event using water 
as a vector may spread quickly enough to make detection by such a mode redun-
dant and unnecessary. Also, the reliance on such a mode of detection delays the 
reporting of the hypothetical event until actual exposures have occurred. This 
may be adequate in cases of a bacterial contaminants that may have a fairly long 



Dan Kroll 375
incubation period and can be treated with antibiotics. It is, however, woefully 
inadequate in the case of a chemical or biotoxin contamination event.

By the time such an attack is detected via syndromic surveillance, it is 
too late to do anything to decrease the number of casualties and the damage 
incurred. Ironically, under Federal Superfund statutes, if industries were to use 
such means to monitor for public safety, such an approach would be viewed 
as illegal, or the equivalent of “using the public as guinea pigs.” The use of 
such technology as a stand-alone method becomes nothing more than a means 
to keep track of damage rather than to prevent it. Syndromic surveillance does 
have some merit when the stream of data being analyzed includes real-time 
water quality monitoring results. Recognizing this, the EPA is not relying solely 
on syndromic surveillance as some have advocated, but rather is using it as a 
supplement to water monitoring data.

The problem with detecting a water contamination emergency, whether it 
is terrorist-related or accidental, is how to respond effectively to limit the dam-
age to life and property. The simplest answer is that if we suspect a problem, 
we will simply shut the water off. This is an unacceptable answer for many 
reasons. It is unlikely that the public would accept frequent disruptions in their 
water supplies for false alarms. This requires certainty before we take any 
action as drastic as stopping supplies.

Some water delivery pipes are in such a poor state of repair that the reduced 
pressure that would result from the water supply being disrupted could lead to 
major pipe failure. Other utilities, especially those in large metropolitan areas, 
cannot shut down because of the necessity of maintaining a pressure head for 
fire suppression, sanitation, and other needed functions. However, if no action 
is taken, there is a grave risk of an event causing mass casualties. The prob-
lem then is basically one of the controlled responses. We must carefully weigh 
and balance the problems of overresponding with that of under-responding to 
ensure that proper steps are taken during each phase of a potential emergency. 
The key to initiating proper action is confidence in our analytical results. That 
is why redundant systems using more than one technology, along with rapid 
confirmatory tests, are critical.

With the current state of technology, there is no need for us to operate our 
water systems in the unsecured mode of the past. Admittedly, the instrumenta-
tion available today is not perfect, but it will show us a clear enough picture 
to avoid many of the hazards that we would surely encounter if we left the old 
paradigm in place.
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INTROduCTION

Existence of toxic levels of arsenic in groundwater and its severe health effects 
are prevalent in many countries around the world (Bhattacharya et al., 2002; 
Chakraborti et al., 2002, 2004; Mandal and Suzuki, 2002; Smedley and Kinniburgh, 
2002; Mukherjee et al., 2006; Rahman et al., 2006). Drinking of arsenic-contami-
nated water for a long time causes illnesses such as hyperkeratosis on the palms 
or feet, fatigue, and cancer of the bladder, skin, or other organs. Figure 1 shows an 
example of an arsenicosis patient with hyperkeratosis on the palms. It is believed 
that 1 in every 10 people ingesting high levels of arsenic (100 g/L) could die of 
cancer triggered by arsenic poisoning. Groundwater is the primary source of drink-
ing water in countries that have high levels of arsenic in water. It is estimated that 
more than half a billion people in the world may be drinking groundwater con-
taining arsenic. To mitigate the sufferings of people and the public health crisis 
in the affected areas, supplying clean potable drinking water is the only solution. 
Assuming groundwater has no toxic organic compounds, the potable water should 
conform to the inorganic water-quality parameters as shown in Table 1.

The sources of arsenic-safe potable water may be classified into two major 
categories: (i) alternative sources such as surface water, dug wells, rainwater 
harvesting, and (ii) filter technologies that can be used to remove toxic arsenic 
species from contaminated water (Milton et al., 2006). The primary intention of 
this chapter is to discuss various technologies based on sorption of arsenic spe-
cies from water as a rapid and inexpensive means for the purification of water. 

FIGuRE 1  Arsenicosis patient with hyperkeratosis on the palm.
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In particular, we are interested in iron-based technologies for arsenic removal 
because they have specific advantages over other sorbents and are environ-
mentally benign. The majority of studies found in the literature were proof-
of-concept work, mostly confined to the laboratory and had limited field test 
data or did not go through the environmental technology verification (ETV) 
tests by independent organizations. Here, we emphasize the technologies that 
were tested and used in the field, and some of them have gone through the ETV 
projects for arsenic mitigation (ETVAM).

The elimination of arsenic from drinking water, an urgent need for millions 
of people, was the subject of the inaugural Grainger Prize for sustainability, 
which was funded by the Grainger Foundation and administered by the National  

TABLE 1 Water Quality Parameters for Inorganic Species Accepted by 
USEPA, World Health Organization (WHO), and Bangladesh Standards in 
Comparison to Typical Groundwater Quality in Bangladesh

Constituent USEPA (MCL) WHO 
Guideline

Bangladesh 
Standard1

Typical 
Groundwater 
Composition

Arsenic(total) (g/L) 10 10 50 5–4,000

Arsenic(III) (g/L) 5–2,0002

Iron(total) (mg/L) 0.3 0.3 0.3 (1.0) 0.2–20.7

pH 6.5–8.5 6.5–8.5 6.5–8.5 6.5–7.5

Sodium (mg/L) 200 20.0

Calcium (mg/L) 75 (200) 12016

Manganese (mg/L) 0.5 0.1–0.5 0.1 (0.5) 0.04–2.00

Aluminum (mg/L) 0.05–0.2 0.2 0.1(0.2) 0.015–0.15

Barium (mg/L) 2.0 0.7 1.0 0.30

Chloride (mg/L) 250 250 200 (600) 3–12

Phosphate (mg/L) 6 12.0

Sulfate (mg/L) 100 0.3–12.0

Silicate (mg/L) – 10–26

1 mg/L  1,000 g/L.
1 Bangladesh standard values are given as maximum desirable concentration with maximum 
permissible concentration in parentheses.
2 In some wells As(III) concentrations could exceed 90% of the As(total).
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Academy of Engineering (NAE). The goal of the challenge was to encourage 
invention of affordable, reliable, low-maintenance, electricity-free technolo-
gies for reducing arsenic in drinking water to an acceptable level for human 
consumption. In February 2006, NAE announced three winners of the Grainger 
Prize (http://www.nae.edu/nae/grainger.nsf). The first place was awarded to 
SONO filtration system, which is based on a composite iron matrix (CIM). 
The SONO system, which has been extensively tested and used in Bangladesh, 
meets or exceeds local government guidelines for arsenic removal. NAE recog-
nized this innovative technology for its affordability, reliability, ease of main-
tenance, social acceptability, and environmental friendliness. The second place 
was awarded to a team for developing a community water treatment system 
based on activated alumina. The third place was awarded to Procter & Gamble 
for its PUR technology, which uses calcium hypochlorite (bleach) to kill a wide 
range of microbial pathogens and ferric sulfate to remove arsenic through floc-
culation–precipitation. These innovations generally cover the viable processes 
for arsenic removal in small-scale application and have potential for scaleup.

The aim of this chapter is to provide general descriptions of arsenic removal 
mechanisms and current literature review on the techniques in treating or 
removing arsenic from water. Tools involving surface-complexation reactions, 
sorption equilibrium and kinetics, field applications of arsenic removal tech-
nologies, and an evaluation of sustainability based on technical merits and 
technology verification criteria are presented.

PhySICOChEMICAl BASIS OF ARSENIC REMOVAl

This section is an introduction to theoretical tools necessary to study sorbent 
materials for arsenic removal. It covers, in brief, some basic reactions and mech-
anisms for arsenic removal and the dynamics pertaining to arsenic separation  
in small scale.

Speciation of Arsenic in Water

Arsenic in water exists in the form of arsenious acids (H3AsO3, H3AsO3
, 

H3AsO3
2), arsenic acids (H3AsO4, H3AsO4

, H3AsO4
2), arsenites, arsenates, 

methylarsenic acid, and dimethylarsinic acid (Bodek et al., 1998; Smedley et al.,  
2002). Inorganic forms of arsenic are the most common species in groundwa-
ter. Pentavalent, As(V), species predominate and are stable in oxygen-rich aero-
bic environments, whereas trivalent, As(III), arsenites predominate in reducing 
or anaerobic environments such as groundwater (Greenwood and Earnshaw, 
1984). Arsenic species are also pH-sensitive to mobilization (pH 6.5–8.5) under 
both oxidizing and reducing conditions (Smedley and Kinniburgh, 2005; Wang 
and Mulligan, 2006). The Eh–pH dependence on speciation of arsenic is dis-
cussed elsewhere (Ringbom, 1963; Gupta and Chen, 1978; Ghosh and Yuan, 
1987; Brookins, 1988; USEPA, 2000). Figure 2 shows pH-dependent speciation 
of inorganic arsenic species in the drinking water pH range. Assuming 50 g/L 
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each of As(III) and As(V), we calculate the distribution of most stable oxoanion 
arsenic species as a function of groundwater pH values. Clearly, three major 
species, H3AsO3, H2AsO4

, HAsO4
2 are evident. Even at the 50% distribution 

level, the concentration of H3AsO3 remains relatively unchanged at groundwa-
ter pH values (6.9–8.0) as the predominant species, whereas, the distributions 
of H2AsO4

 and HAsO4
2 are significantly dependent on the pH. Therefore, 

an effective filtration system must remove these species quantitatively, leaving 
total arsenic in the effluent water to 10 g/L.

Surface-Complexation Reactions

Surface complexation of arsenite and arsenate is the primary mode of arsenic 
removal with solid sorbents that contain iron and alumina. The primary active 
material in iron-based filters is made from hydrolysis of iron salts or from par-
tial rusting of Fe(0) or Fe(0) amended materials, sometimes through proprietary 
processes. These sorbents can remove inorganic arsenic species quantitatively 
through possible reactions shown in Table 2. Infrared spectroscopy (IRS) 
(Manning et al., 1998) and extended x-ray absorption fine structure (EXAFS) 
(Waychunas et al., 1993) show that arsenate and arsenite form bidentate, binu-
clear surface complexes with FeOH (or FeOOH or hydrous ferric oxide 
[HFO]) as the predominant species tightly immobilized on the iron surface. 
The primary reactions are as follows: FeOH  H2AsO4

→  FeHAsO4
  

H2O (K  1024) and FeOH  HAsO4
2→  FeAsO4

2  H2O (K  1029).  

FIGuRE 2  Inorganic arsenic species (1, H2AsO3
; 2, H2AsO4

; 3, HAsO4
2; 4, H3AsO3) near 

groundwater pH range.
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TABLE 2 Chemical and Surface-Complexation Reactions in Iron-Based 
Filters

Description Reactions

Oxidation of soluble iron
Oxidation of ferrous to 
ferric through active oxygen 
species

Fe(II)  O2→O2
  Fe(III)OH2



Fe(II)  O2
→Fe(III)  H2O2

Fe(II)  CO3
→Fe(III)  HCO3



Oxidation of As(III)
(Equations are balanced for 
reactive species only.)

As(III)  O2
→As(IV)  H2O2

As(III)  CO3
.→As(IV)  HCO3



As(III)OH→As(IV)
As(IV)  O2

→As(V)  O2


Formation of hFO in the 
presence of Fe(III)

FeOH  Fe(III)  3H2O→Fe(OH)3  
(s, HFO)  FeOH  3H

Fe(III) complexation and 
precipitation

(FeOH is surface of hydrated iron)

Surface complexation of 
arsenates

FeOH  AsO4
3  3H→  FeH2AsO4  H2O 

(29.31)
Surface complexation and 
precipitation of anionic 
species As(V) on HFO. log K 
values are shown in ( ).  is 
the surface potential.

FeOH  AsO4
3  2H exp(F/RT)→

FeHAsO4
  H2O (23.51)

FeOH  AsO4
3  H 2exp(F/RT)→

FeAsO4
2  H2O

FeOH  AsO4
3 3exp(F/RT)→

FeOHAsO4
3  H2O (10.58)

Precipitation of other metals
Surface precipitation of 
arsenate with soluble metal 
ions if surface concentrations 
exceed solubility limits. 
Many metal ions are also 
quantitatively removed this 
way.

FeOHAsO4
3  Al(III)→  FeOHAsO4Al(s)

FeOHAsO4
3  Fe(III)→  FeOHAsO4Fe(s)

FeOH·HAsO4
2  Ca(II)→  FeOH·HAsO4Ca(s)

M(III)  HAsO4
2→M2 (HAsO4)3 (s), M  Fe, Al,

M(II)  HAsO4
2→M(HAsO4) (s) and other arsenates

M  Ba, Ca, Cd, Pb, Cu, Zn, and other trace metals

Surface complexation of 
silicate species

FeOH  Si(OH)4→  FeSiO(OH)3(s)  H2O
FeOH  Si2O2(OH)5  H→  FeSi2O2 

(OH)5(s)  H2O
FeOH  Si2O2(OH)5→  FeSi2O3(OH)4(s)  H2O

Reactions with iron surfaces 
and silicates can produce 
a porous solid matrix with 
extremely good mechanical 
stability for long-term use.

Source: Wilkie and Hering (1996), Dzombak and Morel (1990), Schecher and McAvoy (1998), 
MINTEQA2 Model System (2001), Stephen et al. (2001), and Davis et al. (2002). All surface species 
are indicated by  X.
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These intrinsic equilibrium constants indicate very strong complexation and 
immobilzation of inorganic arsenic species.

A surface-complexation model (SCM) involves three steps: surface ioniza-
tion of solid surface, formation of an electrical double layer on the solid sur-
face, and formation of a complex between surface and the ionic species (anionic 
arsenates). In SCM, the double layer assumed to consist of an inner compact 
layer and an outer plane in which the diffuse layer starts. The inner layer is 
where the ions are located to form surface complexes. This model is appropri-
ate for low ionic strength solutions such as groundwater or surface water. The 
surface potential term  can be obtained from the Poisson–Boltzmann equa-
tion (Dzombak and Morel, 1990). Computational models such as MINTEQA 
(MINTEQA2 Model System, 2001) allow a speciation calculation based on 
SCM when the surface area of the solid sorbent, the double-layer capacity, site 
types, and site densities are known. The basic principle of MINTEQA is shown 
in Figure 3a. An example application of MINTEQA, using surface-complexa-
tion reactions, in understanding the breakthrough capacity of HFO(s) as solid 
sorbent for the removal of arsenate is shown in Figure 3b. The figure also shows 
that a system open to air CO2 does not change the arsenic removal capacity with 
HFO. These calculations are based on existing thermodynamic database in the 
program. Despite the limitations (assumed values for surface area, site density, 
and double-layer capacity) in using such models, one can gain some prelimi-
nary insight on sorbent capacity and possible interferences from ions such as 
phosphate, silicate, carbonate sulfate on the sorption capacity. The MINTEQA 
model also allows one to obtain natural attenuation of arsenic species from 
groundwater, which is critical in formulating synthetic water for filter testing, to 
identify possible mineral phases in the filter, and to model leaching of species 
from the mineral-saturated sorbents (Hussam et al., 2003).

Adsorption Isotherm Models for the Evaluation of Sorption data

Equilibrium-Based Sorption Models
The equilibrium isotherm models describe the adsorption process in terms of 
mathematical equations. The Langmuir and Freundlich models are the most 
frequently used ones to fit the isotherm data as shown in Table 3. There exist 
other models that are unnecessarily complicated, empirical, and provide no 
total capacity and no predictive advantages over simple models. This is specifi-
cally true for sorption of ionic species that form surface complexes and precipi-
tate out on the surface at high concentrations in a continuum.

Kinetic Models for the Evaluation of the Sorption data

Chemical reactions happen over a range of time from microsecond to years, 
depending on the type of reaction. Kinetic studies of solutes in aqueous  
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FIGuRE 3  (a) Basic principle for MINTEQA-based speciation calculation. (b) Breakthrough of 
total arsenic (as arsenate) based on MINTEQA calculation. Input arsenic 0.075–7.5 mg/L, surface 
area 600 m2/g, and site density 2.26 sites/nm2. Figure shows that a 50 ug/L breakthrough occurs 
when the solid HFO sorbed 60 mg As(total)/g sorbent. It also shows that a system open to the 
atmospheric CO2 does not alter sorbent capacity.

TABLE 3 Sorption Isotherm Models Used to Study Removal of Arsenic 
Species from Solution

Isotherm Equations Comments

Freundlich (1906) qe  Kd Ce
1/n Linear 

form: log qe  log Kd 
 (1/n) log Ce

An empirical model. Does not predict 
sorption maximum. Single Kd indicates 
adsorption energy is independent of 
surface coverage. Multiple slopes should 
not be over-interpreted. The reciprocal of 
“n” is called heterogeneity factor, and its 
value ranges from 0 to 1. The more the 
surface is heterogeneous, the closer to 
zero value of 1/n is.

Langmuir (1918) qe  KlCe/(1  LCe) 
Linear form: Ce/qe   
1/Kl  (L/Kl) Ce

Monolayer coverage represents maximum 
coverage, adsorption is reversible, no 
local movement of adsorbed species, 
and adsorption energy is independent of 
surface coverage

Explanation of terms and symbols: qe  amount of sorbate per unit mass of adsorbent (g/g), 
Kd  equilibrium constant indicative of adsorption capacity (L/g), Ce  equilibrium solute 
concentration in solution (g/L), 1/n  indicative of adsorption intensity in Freundlich equation, 
Kl  solute adsorptivity (L/g), L  a function of adsorption energy (L/g), and Kl/L  monolayer 
adsorption capacity.
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solution and solid adsorbent involve both chemical kinetics and transport kinet-
ics, and in most cases, transport kinetics is the rate-limiting step. The transport 
phenomenon involves transport in the bulk solution phase, particle diffusion, 
and film diffusion. The literature is scanty on the later aspect with respect to 
arsenic sorption on solid, presumably because of our inability to uncouple these 
processes. Sorption of arsenic species on a solid support follows rate processes, 
as shown in Table 4. The first-order process rarely depicts the experimental 
measurements. The pseudo-second-order model appears to fit many experimen-
tal data relatively well (Ho and McKay, 1998). It is difficult to impart physi-
cal significance of constants in this model. The power function model appears 
to fit a very wide range of experimental data, but its physical significance is 
not interpretable unless x  0.5. Rate constants are often normalized to surface 
area of the sorbent for a relative comparison. There is a tendency in literature 

TABLE 4 Kinetic Models Used to Evaluate Sorption Dynamics for Arsenic 
Species (Only Those Used for Arsenic Species)

Model Equation Comments

Pseudo-first order 
(Lagergren, 1898)

qt  qe[1  exp 
(k1t)]

A version of first-order process 
that fits data in dilute solution and 
monolayer sorption. Extensively used 
with other contaminants.

Pseudo-second order  
(Ho and McKay, 1998)

1/qt  (1/ (k2qe
2))/ 

t  (1/qe)
A plot of 1/qt vs. 1/t is a straight 
line. Parameters qe and k2 can be 
estimated from the slope 1/(k2qe

2) 
and the intercept (1/qe). Appears to fit 
a large number of experiments.

Elovich (1957) qt  (1/) ln(/)   
(1/) ln(t)

Originally developed for 
heterogeneous sorption of gases on 
solids. It appears to work for aqueous 
species. The slope may depend on 
solution/solid ratio.

Parabolic diffusion 
(Weber and Morris, 1963)

qt /qe  RDt1/2   
constant

Diffusion is rate limiting on a uniform 
cylindrical particle surface.

Power function  
(Kuo and Lotse, 1974)

qt  ktn Empirical equation turns into 
parabolic diffusion equation at 
n  1/2.

Explanation of terms and symbols: qe and qt are the sorption capacity (g/g) of the adsorbent 
at equilibrium and at time t (s), respectively; k1 is the pseudo-first-order sorption rate constant 
(s1); k2 is the pseudo-second-order sorption rate constant (g s/g); t is the time (s);  is the 
initial sorption rate constant (g/g s);  is the desorption constant (g/g); RD is a diffusion 
parameter (s1/2 ); and k and x are constants.
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to over-interpret kinetic models and extract mechanistic details. Such models 
should be used only for data fitting and interpolating some predictions.

Scaleup Approach: Fixed-Bed Column design  
by the Kinetic Approach

This approach considers kinetics of surface diffusion to the inside of the 
adsorbent pore. The kinetic approach can be used to determine the scaleup size 
for a known breakthrough volume. If the volumetric flow is low and an instan-
taneous equilibrium is assumed, the following equation is a good approxima-
tion for the breakthrough curve (Noble and Terry, 2004)

 ln ( / ) (   )/ (   )/C C k q M Q k C V Q0 1 0 1 01   

where C0  influent solute concentration, C  effluent solute concentration, 
k1  adsorption rate constant assuming Langmuir isotherm, q0  maximum 
concentration of solute in the solid adsorbent (g/g), M  mass of the adsorb-
ent (g), Q  fluid flow rate, and V  volume of effluent. The left-hand side of 
the equation vs. V is a straight line from which k1 and q0 are obtained. These 
parameters can be used to calculate the mass of adsorbent for scaleup. A plot of 
the left-hand side of the equation vs. V is a straight line from which k1 and q0 
can be obtained. These parameters can be used to calculate the mass of adsorb-
ent for scaleup. Figure 4 shows efficiency of a typical iron matrix–based fil-
ter column in laboratory experiments. It shows that water containing 500 g/L 
As(total) can be filtered to produce 50 g/L As(total) for about 2 years using 
10 kg of CIM at 80 L/day usage rate. This calculation is based on the Langmuir 
isotherm and instantaneous arsenic removal kinetics. It does not consider the 
increased efficiency of iron through slow HFO formation. These calculations 
should be used only as a guide to screen sorbent material. The actual filter effi-
ciency should be measured in the field with real groundwater that are anoxic 
and may contain high iron, calcium, and other ions.

ARSENIC REMOVAl PROCESSES

There are several methods available for the removal of arsenic from water. 
The most extensive review on this subject was reported elsewhere (Dinesh 
and Pittman, 2007). The available technologies can be placed into few broad 
categories: precipitation–coprecipitation (Gulledge and O’Connor, 1973; 
Cheng et al., 1994; Edwards, 1994; McNeill and Edwards, 1995; Scott et 
al., 1995; Karcher et al., 1999; Felds et al., 2000; Guo et al., 2000; Gregor, 
2001; Huang and Rong, 2001; Han et al., 2002; Zouboulis and Katsoyiannis, 
2002; Altundoğan and Tümen, 2003; Wickramasinghe et al., 2005), mem-
brane filtration (Farahbakhsh et al., 2004; Košutić et al., 2005; Shih, 2005), 
adsorption, surface-complexation, and ion-exchange processes (Shen, 1973;  
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Sorg and Logsdon, 1978; Cheng et al., 1994; Hering et al., 1996, 1997; Joshi 
and Chaudhury, 1996). Except for ion exchange, the conventionally used sorb-
ents are amorphous iron hydroxide (Pierce and Moore, 1982), HFO (Wilkie and 
Hering, 1996), granular ferric hydroxide (GFH) (Driehaus et al., 1998), ferri-
hydrite (Raven et al., 1998), red mud (Altundogan et al., 2002), activated alu-
mina (Rosenblum and Clifford, 1984; Lin and Wu, 2001; Singh et al., 2001), 
iron oxide–coated polymeric materials (Katsoyiannis and Zouboulis, 2002), 
iron oxide–coated sand (Thirunavukkarasu et al., 2003a), Fe(III)–Si binary 
oxide (Zeng, 2004), iron oxide impregnated activated alumina (Kuriakose et al., 
2004), blast furnace slug (Kanel et al., 2006), iron–cerium bimetal oxide (Dou 
et al., 2006), iron-coated sponge (Nguyen et al., 2006), nanoscale zero-valent 
iron (Kanel et al., 2005; Lien and Wilkin, 2005; Yuan and Lien, 2006), sulfate 
modified iron oxide–coated sand (Vaishya and Gupta, 2006), HFO incorporated 
into naturally occurring porous diatomite (Jang et al., 2006), crystalline HFO  

FIGuRE  4  (a) Figure shows a typical experimental plot for a laboratory experiment for 
the sorption of arsenate (1.0 mg/L arsenic) at 5.0 mL/min flow rate on 50.0 g sorbent placed 
between 10.0 g each of sand layers inside a column (diameter 2 cm). Estimated parameter values: 
k  6.24  103 L/min mg, qo  1.082 mg/g of sorbent. (b) Scaleup calculation based on 20 L/h 
flow rate using parameters extracted form above at three different thresholds.
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(Manna et al., 2003), crystalline hydrous titanium oxide (Manna et al., 2004), 
granular hydrous zirconium oxide (Ghosh et al., 2006), and iron(III)–tin(IV) 
binary mixed oxide (Ghosh et al., 2006). Other sorbents include greensand, 
GFH, iron oxide–coated sand, copper–zinc granules, zeolites, goethite, clay, 
kaolinites, chitosan beads, coconut husk, coal, fly ash, ferrous iron, zirconium 
oxide, red mud, petroleum residues, rice husk, human hair, sawdust, manga-
nese greensand, orange juice residues, akaganéite nanocrystals, etc. (Chwirka 
et al., 2000; Jekel and Seith, 2000; Lin and Wu, 2001; Manna et al., 2003; 
Thirunavukkarasu et al., 2003b; Singh and Pant, 2004). Clearly, the most widely 
investigated adsorbents for arsenic mitigation are iron-based.

Arsenic Removal Based on Iron

The use of iron and its oxides and hydroxides is becoming popular because of 
their chemical affinity toward arsenic and other toxic species naturally present 
in water, its availability, low cost, and its small footprint on the environment. 
Table 5 lists some iron and iron-based adsorbents, their arsenic removal capac-
ity, surface area, and the pH range of effectiveness. Iron-based sorbents can 
have a wide range of surface area and capacity (maximum 134 mg As/g of 
sorbent) but are not clearly understood with regard to removal mechanisms. 
The following is a discussion on some novel zero-valent iron and iron-based 
sorbents and their physicochemical characteristics.

Zero-Valent Iron
Zero-valent iron, Fe(0), was originally developed to mitigate chlorinated hydro-
carbon industrial solvents disposed in soil and many other toxic species includ-
ing arsenic in the environment (Lackovic et al., 2000; Balarama Krishna et al., 
2001; Farrell et al., 2001; Su and Puls, 2001a,b, 2003, 2004; Manning et al., 
2002a,b; Melitas et al., 2002a,b; Kim et al., 2003; Nikolaidis et al., 2003; Bang 
et al., 2005a,b; Lien and Wilkin, 2005). In recent years significant improve-
ments were made with iron-based technologies.

Nanoscale (1–120 nm diameter) Fe(0) was found to remove As(III) and As(V) 
in a first-order process with a rate constant of k  0.07–1.3 min1 (Kanel et al., 
2005, 2006). This rate was about 1,000 times faster than that of micrometer-sized 
iron with As(III) adsorption Freundlich capacity of 3.5 mg As(III)/g of Fe(0). 
This is a much smaller capacity for high surface area nanoparticles. An inner-
sphere surface-complexation mechanism was proposed based on light-scattering  
electrophoretic mobility measurements of Fe(0)–As(III) complex. Nanoscale 
iron-containing polymer-supported nanoparticles were formulated for As(III) and 
As(V) removal where hydrated Fe(III) oxide (HFO) dispersed on a polymeric 
ion-exchange resin, rendering them magnetically active polymeric particles 
(Cumbal et al., 2003). The high surface area-to-volume ratios of these nano-
scale particles favored both sorption and reaction kinetics. However, extremely 
high-pressure drops prevented fixed-bed column applications. They also lack 
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apacity 
g/g)

References

s(III) As(V)

0.136 – Thirunavukkarasu et al. (2005)

2.93 54.44 Matsunaga et al. (1996)

8 7 Lenoble et al. (2002)

5 Lakshmipathiraj et al. (2006)

1 10 Lenoble et al. (2005)

0.1 78.5 Zhang and Itoh (2005)

– 8.5 Driehaus et al. (1998)

3.39 Kundu and Gupta (2006)

– 0.13 Vaishya and Gupta (2004)

(Continued )
TABLE 5 List of Iron-Based Adsorbents and Their Capacity for Arsenic Removal from W

Number Adsorbent Surface Area (m2/g) pH C
(m

A

1 Iron oxide–coated sand – –

2 Iron(III)-loaded chelating resin – 9 for As(III) 3.5 for As(V) 6

3 HFO 200 9 2

4 Gothite 5 103

5 FePO4 (amorphous) 53.6 7–9 As(III) 6–6.7 As(V) 2

6 Iron(III) oxide metal slag 196 2.5 3

7 Granular ferric hydroxide 
(GIH)

– 8–9

8 Iron oxide–coated cement – 7

9 Sulfate modified iron  
oxide–coated sand

– 4–10
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Capacity 
(mg/g)

References

As(III) As(V)

0.14 – Vaishya and Gupta (2002)

7.64 36.64 Hlavay and Polyak (2005)

5.24 5.24 Isao et al. (1976)

0.20 Singh et al. (1996)

4.25 4.25 Ahamed and Husam (2007)

– 3.12 Nazmul et al. (2008)

– 2.3 Daus et al. (2004)
TABLE 5 (Continued)

Number Adsorbent Surface Area (m2/g) pH

10 Modified iron oxide–coated 
sand

2.9–7.9 4–10

11 Iron hydroxide–coated 
alumina

95.7 6.62–6.74

12 Ferric chloride–impregnated 
silica gel

–

13 Hematite 14.40 4.2

14 CIM 6.2 – 7.5

15 Iron-coated, light expanded 
clay aggregates

– –

16 Iron hydroxide granulates – –

( – ), not available.



Sad Ahamed, Abul Hussam, and Abul K.M. Munir 393
durability and mechanical strength in flow-through applications. Recently,  
modified nanosized Fe(0) particles such as NiFe and PdFe were synthesized by 
borohydride reduction of nickel and palladium salts on Fe(0) particles, and used 
for arsenate removal (Mondal and Lalvani, 2005). Increasing the temperature 
caused an increase in arsenate removal, while sorption of phosphate and sulfate 
inhibited arsenate removal.

As(V) removal in columns packed with iron filings was measured over 1 
year of continuous operation. The continuous generation of iron oxide was con-
firmed, based on As(V) removal on freely corroding vs. cathodically protected 
iron (Melitas et al., 2002a,b). As(V) diffusion through iron corrosion products 
determined the rates. Arsenate removal kinetics ranged between zero and first 
order vs. the aqueous As(V) concentration. The potential use of Fe(0) filings to 
remove monomethyl arsenate (MMA) and dimethyl arsenate (DMA) from con-
taminated waters was demonstrated (Cheng et al., 2005). The affinity of MMA 
for Fe(0) was comparable to that of inorganic arsenate, but lower for arsenite. 
In contrast, less DMA was retained by Fe(0) filings or their corrosion products.

It was found that oxic conditions can increase the rate of As(III) removal 
(Bang et al., 2005a, b). High dissolved oxygen content and low solution pH 
increased the iron corrosion rate and affected As(total) removal. As(V) was 
reduced to As(III) with Fe(0) under anoxic conditions, but no As(0) was 
detected in solution after 5 days. X-ray photoelectron spectra showed partial 
surface reduction of As(III) to As(0).

Plain Fe(0) still has problems associated with low capacity, weak capability 
of removing As(III) species, and uncontrolled leaching and rusting. The latter 
can clog the filter media and filter outlets and render the filter useless. Also, 
the complexity of regenerating and reusing the material in household filtration 
systems confirms that Fe(0) is not the preferred active material.

Iron Oxides and Iron Oxide–Amended Materials
Although Fe(0) is classified as a separate sorbent, the formation of iron oxide 
and hydroxides on the surface is the primary substrate where anions, cations 
and neutral species can adsorb and form complexes. Various forms of iron 
oxides including amorphous hydrous ferric oxide (HFO: FeOOH), goethite, 
and hematite (–Fe2O3) were used to remove both As(III) and As(V) from 
water (Ferguson and Gavis, 1972; Wilkie and Hering, 1996; USEPA, 1999; 
Altundogan et al., 2000; Thirunavukkarasu et al., 2003b; Roberts et al., 2004; 
Saha et al., 2005). Generally, high surface area amorphous HFO appears to 
have the highest adsorption capacity since it has the highest surface area. The 
transformation of HFO to form low surface area crystalline iron oxides dur-
ing preparation, however, can greatly reduce the As removal capacity. Surface 
area is not the only criterion for high removal capacities; surface-complexa-
tion reactions, ion–exchange, and surface precipitation can also play important 
roles. Some literature data on this sorbent are reviewed here.
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The adsorption of As(V) on GFH at concentrations ranging from 100 to 
750 g/L over the pH range of 4–9 was investigated (Saha et al., 2005). The 
adsorption decreased as the pH of the solution increased, and optimal adsorp-
tion was at pH 4, which is far below the circumneutral pH for groundwater. 
GFH also showed a greater affinity for arsenate adsorption compared to phos-
phate at the same pH. In another study, GFH demonstrated high treatment 
capacity of 30,000–40,000 bed volumes until a 10 g/L breakthrough limit was 
reached. The sorption capacity was 8.5 mg/g (Driehaus et al., 1998; Swedlund 
and Webster, 1999). Other studies show that at pH 7 the capacity reduced dras-
tically to 8 g As/mg dry GFH (Badruzzaman et al., 2004). Surface diffusion 
was invoked as the primary mass-transfer mechanism. Application of a homo-
geneous surface diffusion model yields the surface diffusion coefficient value 
of 2.98  1012 cm2/s. This value is six orders of magnitude lower than diffu-
sion in aqueous solution and signifies the slow equilibration on GFH surface.

Synthetic HFO was found to have a strong affinity for As(V), which is pH-
dependent, whereas As(III) sorption was found to be pH insensitive (Ranjan et 
al., 2003). It was also found that the columns lose their sorption affinity with 
further use and can be regenerated with 5 M NaOH. Column regeneration with 
concentrated NaOH produces highly toxic soluble sodium arsenate and arsen-
ite; therefore a special procedure needs to be implemented for waste disposal. 
Amorphous HFO immobilized onto a naturally occurring porous diatomite col-
umn (Jang et al., 2006) was used for both arsenite and arsenate removal. These 
were studied only in small scale, using small batch columns.

Studies show that, on ferrihydrite, adsorption of relatively high As concen-
trations was almost complete in a few hours, and As(III) reacted faster than 
As(V) species. As(V) adsorption was faster at low As (V) concentrations and at 
low pH. The high As(III) retention was believed to be because of the formation 
of a Fe(AsO4) solid phase and not because of simple adsorption on the surface 
(Raven et al., 1998). A continuously generated ferric oxyhydroxide in the form 
of dense granules in fluid-bed technology was developed for the removal of 
arsenic, where arsenic content of 50 mg As/g or more could be extracted (Stamer 
and Nielsen, 2000). It was found that 4- and 12-nm-sized Fe3O4 nanocrystals 
can be used to remove arsenic from water under the influence of a magnetic field 
(Yavuz et al., 2006).The particles appear not to act independently in the separa-
tion but rather reversibly aggregated through the resulting high-field gradients 
present at their surfaces. This is a method whose practice in the field is elusive.

Adsorption and desorption of methylarsonic acid [CH3AsO(OH)2], meth-
ylarsonous acid [CH3As(OH)2], dimethylarsinic acid [(CH3)2AsO(OH)], 
dimethylarsinous acid [(CH3)2AsOH], arsenate [AsO(OH)3], and arsenite 
[As(OH)3] on iron oxide minerals (goethite and two-line ferrihydrite) were 
reported (Lafferty and Loeppert, 2005). Monomethylarsonous acid and mono-
methylarsonic acid were not appreciably retained by goethite or ferrihydrite. 
In another study, arsenate and dimethylarsinate (DMA) adsorption kinetics on 
goethite were described using the Elovich equation (Zhang and Robert, 2005). 
Replacement of two hydroxyl groups by methyl groups reduces the affinity of 
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arsenic on goethite compared to that of one hydroxyl group. The low affinity 
of DMA to goethite was due to the formation of outer sphere monodentate sur-
face complexes (Zhang et al., 2007), while As(V) species were known to form 
bidentate and monodentate corner-sharing complexes (Zhang et al., 2005).

Electrochemical oxidation at steel electrodes in the presence of H2O2 is a 
promising As(III) remediation technology (Arienzo et al., 2002). The mecha-
nism is the adsorption of As(III) on solid HFOs. The removal was fast (3 min) 
and efficient at pH  6.5 and at [H2O2]  10 mg/L. The pH control, the avail-
ability of H2O2, and the need for electricity are the limiting factors for field 
deployment of this technology.

A fibrous polymeric/inorganic sorbent material was synthesized and used 
for arsenic remediation (Vatutsina et al., 2007). The sorbent included polymer 
filaments inside which nanoparticles of hydrated Fe(III) oxides were dispersed. 
These materials show uniform iron loading and a capacity of about 75–80 mg 
As(total)/g. In addition, As(III) sorption was not suppressed in the presence 
of SO4

2, Cl, HPO4
2 at a pH typical for drinking water. Supported HFO 

particles on anion exchanger offered a high removal capacity for simultane-
ous removal of both As(V) and As(III). It was found to have 10% of arsenic 
breakthrough after 30,000 bed volumes. Active material regeneration can be 
done by 2% NaOH and 2% NaCl (Greenleaf et al., 2006). The production of 
arsenic-concentrated, regenerating effluent solution that has to be decontami-
nated by the consumer is a drawback for this technology. Similarly, metal-
loaded polymers have been used to remove arsenic (Dambies, 2004). The 
reader can find good descriptions of various resins used for arsenic remediation 
in the review by Dambies (2004).

It was found that readily available iron turnings (cast iron, low and high car-
bon steel) can be processed into composite-iron granules (CIGs) by a controlled 
rusting process to produce mixed oxides of iron and other metals, for example, 
manganese and then into a CIM (Hussam and Munir, 2007). CIM is different 
from granular metal oxides in that the active substrate is made from CIGs into 
a solid, porous matrix through in situ processing inside the filter. The active 
material in the filter removes inorganic arsenic species quantitatively by gener-
ating new complexation sites on CIM through iron oxidation and surface chem-
ical reactions, as described in Table 2. The arsenic removal kinetics was found 
to be a zero-order process. The continuous generation of HFO was confirmed 
based on As(V) removal on freely corroding vs. cathodically protected iron 
(Melitas et al., 2002a,b). As(V) diffusion through iron corrosion products deter-
mined the rates and the removal kinetics ranged between zero and first orders 
vs. the aqueous As(V) concentration. Similar conclusions were reached through 
electrochemical corrosion rate analysis, which showed that arsenate removal 
was pseudo-first-order at low concentrations and approached zero order in the 
limit of high arsenate concentrations. It was argued that excess Fe2, Fe3, 
and Ca2 in groundwater could increase the positive charge density of the 
inner Helmholtz plane of the electrical double layer and enhances binding of 
anionic arsenates. This is also supported by others (Wilkie and Hering, 1996).  
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More than 90,000 arsenic filters based on CIM technology are functioning in 
Bangladesh and Nepal (Hussam et al., 2008).

Groundwater containing Fe(II) also plays a role where inorganic As(III) 
species are oxidized to As(V) species by the active O2

, which is produced by 
the oxidation of soluble Fe(II) with dissolved oxygen. The presence of manga-
nese (1–2% by wt in most raw iron turnings) can catalyze oxidation of As(III) 
to As(V). Therefore, the process does not require pretreatment of water with 
external oxidizing agents such as hypochlorite or potassium permanganate. 
In addition to arsenic species, FeOH is also known to remove many other 
toxic species (Darland and Inskeep, 1997; Alauddin et al., 2001; Munir et al., 
2001; Hussam and Munir, 2005). As(V) species (H2AsO4

 and HAsO4
2) are 

removed by surface-complexation reactions on the surface of hydrated iron 
(FeOH ). New FeOH is generated in situ as more water is filtered.

The removal of arsenic from groundwater can be influenced by the presence 
of other ions at much higher concentrations than arsenic and also by the pres-
ence of organic species known as natural organic matters (NOMs). Presence of 
competing ions such as phosphate (PO4

3), silicate (SiO3
2), and bicarbonate 

(HCO3
) showed negative effects on As removal efficiency (Meng et al., 2000, 

2002; Grafe et al., 2001; Holm, 2002). The sorption capacity would also depend 
on pH (Grafe et al., 2001; Dixit and Hering, 2003; Kuriakose et al., 2004).

NOM showed active redox behavior toward arsenic species on hematite. The 
NOM may greatly influence redox as well as complexation speciation of arsenic 
in freshwater environments. Incubation of NOM with arsenic species and 
hematite dramatically delayed completion of sorption equilibrium and dimin-
ished both As(V) and As(III) sorption (Redman et al., 2002). NOM displaced 
sorbed arsenate and arsenite when NOM and As were introduced sequentially. 
Furthermore, arsenic species displaced sorbed NOM in significant quantities. 
These observations are critical for the longevity of iron-based arsenic filters in 
countries like Bangladesh where NOM could be present in groundwater.

ARSENIC REMOVAl TEChNOlOGIES TESTEd  
IN BANGlAdESh, NEPAl, ANd INdIA

A number of arsenic removal technologies have been developed by different 
research organizations as well as business enterprises. Generally, the conven-
tional technologies have been scaled down to meet the requirements of house-
holds and communities in the rural environment. Some technologies utilized 
indigenous materials for arsenic removal. The government of Bangladesh 
(GOB) has taken some initiatives to test arsenic mitigation technologies through 
Environmental Technologies Verification Programs for Arsenic Mitigation 
(ETVAM) (BCSIR, 2003). In this project they have verified and found some 
suitable technologies for arsenic mitigation and have given temporary approval 
for installation in the arsenic-contaminated areas of Bangladesh. Figure 5 
shows four GOB-approved filters in use in Bangladesh. The recent ETVAM 
tests of these filters showed approximately 80% of SONO and Alcan, 65% of 
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Read-F, and 53% of Sidco were still generating filtered water with As(total) 
below 10 g/L (Technical Performance Monitoring—An Interim Report, 2008). 
Of these, only SONO removed dissolved manganese from groundwater and 
produced water that met WHO guidelines for both arsenic and manganese. It 
was claimed that none of these filters grew, fostered, and/or harbored patho-
genic bacteria.

In 1998, West Bengal, India, started installation of household and  
community-based arsenic removal technologies under government and pri-
vate initiatives (Hossain et al., 2005). A two-year study covering 18 arsenic 
removal plants (ARPs) for community use from 11 manufacturers, both local 
and abroad, were conducted (Hossain et al., 2005), in which 10 of the 18 ARPs 
failed to remove arsenic below the WHO provisional guideline value (10 g/L), 
while six plants could not achieve the Indian standard value (50 g/L). Only 
two filters (Oxide India and AIIH & PH) could meet the Indian standard value 
(50 g/L) throughout. The AIIH is not based on a solid adsorbent and, there-
fore, will not be discussed here. During the study almost all the ARPs under-
went major or minor modifications to improve performances. Seventy-eight 
percent of the units were no longer in use. This study points to maintenance 
and management problems, along with technical issues.

Most of the filters listed in Table 6 did not pass through rigorous ETV pro-
cedures and did not find extensive use. The filters that are described outside 

FIGuRE 5  Arsenic filters approved by Bangladesh Government through ETVAM testing. Some 
of these found extensive use in Bangladesh and Nepal for removal of arsenic from groundwater. 
(Source: BCSIR-OCETA Report on Performance Evaluation and Verification of Arsenic Removal 
Technologies, 2003.)
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TABLE 6 Arsenic Removal Filters and Procedures Tested in Bangladesh, India, and Nepal

Filter Principle of Separation Description

Safi Bangladesh Adsorption of anions on chemically 
treated active mesoporous material 
made of kaolinite and iron oxide

The SAFI filter, a household-level can
Bangladesh. The candle is made of po
and iron oxide on which hydrated fer
chemical and heat treatment.

Tetrahedron US Tetrahedron (United States) is based on 
anion-exchange resin-based technology 
to remove arsenate anions.

This filter consists of a stabilizer and a
facilities for chlorination using chlorin
stored in the stabilizer and subsequen
the tap is opened for collection of wa
water kills bacteria and oxidizes arsen

Shapla Bangladesh The adsorption medium is iron-coated 
brick chips manufactured by treating 
brick chips with a ferrous sulfate 
solution. It works on the same principle 
as iron-coated sand.

Shapla arsenic filter, a household-leve
and is being promoted by Internation
Bangladesh.

BUET Bangladesh Adsorption medium is iron-coated sand 
(Joshi and Chaudhury, 1996).

The BUET iron-coated sand filter was
basis and found to be very effective in
unit needs pretreatment for the remov
active filter bed.

Bucket treatment 
unit US (Meng et al., 
2002)

Based on hydrolysis of Fe(III) salt and 
its coagulation into hydrous ferric 
oxide and subsequent adsorption and 
coprecipitation of arsenate and some 
arsenites

This treatment unit consists of two bu
Chemicals are mixed manually with a
bucket by vigorous stirring with a woo
stirring for about 90 s. The mixed wate
lower green bucket, and water is colle
lower bucket. The modified bucket tre
in removing iron, manganese, phosph
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 the developer and owner of this ARP. The 
™-arsenic media, which consists of highly 
a composites, which are produced using 
ls are employed to produce particles with 
 for cost-effective removal of contaminants. 
llages in Bangladesh and West Bengal, 

ed and developed by International 
 association with Anir Engineering Pvt. Ltd., 
g of two columns set on a platform.

 University of Berlin, Germany and 
ltd. The Arsenic Removal Plant (ARP) has 
f the village people and to suit the realities 
stall and compact unit, requiring only 

d by Public Health Engineering Department 
r successive chambers: C1, C2, C3, and C4. 
plets over a hematite lumps (Fe2O3) bed 
ber (C1) at the bottom. The settled water 
, and C4 containing red hematite lumps, 
d alumina), respectively. Finally, arsenic-
mber C4.

s at Massachusetts Institute of Technology 
i filtration system using iron and a slow 
 arsenic adsorption on zero-valent iron and 
ides (Lien and Wilkin, 2005). The average 

s about 90%. Over 5,000 units are in 
ilm on sand is supposed to remove bacteria.
Apyron Technologies 
India Pvt. Ltd.

This is on activated hybrid aluminas. Apyron Technologies India Pvt. Ltd. is
technology is based on the Aqua Bind
activated hybrid aluminas and alumin
proprietary technology. These materia
enhanced pore and surface properties
The system has been tested in rural vi
India.

Anir Engineering 
India (Kiron and 
Iftekhar, 2001)

It is based on removal mechanism 
“adsorption,” and slurry/granular ferric 
hydroxide (S/GFH) is used as filter 
media.

This arsenic removal plant was design
Technology and Product, Germany, in
India. This is a compact ARP consistin

Pal Trockner (P) Ltd., 
India

The filter media is GFH (AdsorpAs®), 
and the arsenic removal mechanism is 
adsorption.

This ARP was developed by Technical
marketed in India by Pal-Trockner (P) 
been designed to meet the demand o
of rural areas. It is a simple, easy-to-in
3–4 ft2 space.

Public Health 
Engineering 
Department, West 
Bengal, India

The filter media is based on red 
hematite (Fe2O3) lumps, quartz, and 
sand-activated alumina based; arsenic 
species are removed by adsorption.

This ARP was developed and designe
(PHED, West Bengal India). It has fou
Contaminated water is sprayed in dro
before it is led to sedimentation cham
is conveyed through chambers C2, C3

quartz, and dual media (sand-activate
free filtered water comes out from cha

Kanchan Nepal 
(Buzunis, 1995; 
Ngai et al., 2003, 
2002)

It is based on adsorption and surface 
complexation of arsenic species on 
hydrous ferric oxide.

This filter was developed by researcher
(MIT), and is a combination of 3-kolsh
sand filter. The mechanism is similar to
arsenic adsorption on hydrous ferric ox
arsenic removal efficiency claimed wa
operation (Ngai et al., 2007). The bio-f
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this table passed through several ETVAM or similar technology verification 
tests and some of them found extensive use.

REAd-F Filter Based on hydrous Cerium Oxide on Polymer Sorbent

The READ-F arsenic filter is a product of Shin Nihon Salt Co. Ltd., Japan. 
READ-F displays high selectivity for arsenite and arsenates under a broad 
range of conditions and effectively adsorbs both species. The active material in 
READ-F is hydrous cerium oxide (CeO2·nH2O) deposited on ethylene–vinyl 
alcohol copolymer. Like hydrous ferric oxide (HFO) the hydrous cerium oxide 
is a very potent adsorbent and works on the same basic principle of surface-
complexation reactions. Breakthrough experiments show that 7,000 pore vol-
ume of water containing 1.0 mg/L arsenic can be treated to produce 0.01 mg/L 
arsenic in the effluent water. One household-treatment unit and one community- 
treatment unit based on the READ-F adsorbent are being promoted in 
Bangladesh. The units need iron removal by sand filtration to avoid clogging 
of the resin bed by iron hydroxide precipitate. In the household unit, both the 
sand and resin beds are arranged in a container. The community unit has sand 
and resin beds placed in separate containers. READ-F can be regenerated by 
adding sodium hydroxide, then sodium hypochlorite, and finally washing with 
water. The regenerated READ-F needs neutralization by hydrochloric acid and 
washing with water for reuse. The regeneration is generally done by the manu-
facturer, or the regenerant sludge has to be disposed in a safe manner.

Alcan Filter Based on Enhanced Activated Alumina

The Alcan filter is based on imported enhanced activated alumina. The primary 
process relies on the active surface of the media for adsorption of arsenate from 
water. Although activated alumina is not capable of removing As(III), it does 
remove As(III) to some extent, and the mechanism of As(III) removal has been 
discussed elsewhere (Sarkar et al., 2005). The unit is simple in design. Natural 
Fe(II) present in groundwater can assist in removing arsenite and arsenate through 
oxidation and complex formation, and can be regarded as a secondary removal 
step. Other ions such as phosphate present in natural water may compete for 
active sites on alumina and reduce the arsenic removal capacity of the unit. This 
filter is prone to clogging by deposition of HFO produced from oxidation and pre-
cipitation of natural iron (Fe(II)) in groundwater. The unit can produce more than 
3,600 L of arsenic-safe drinking water per day for 100 families. The inactivated 
alumina at the end of its life requires regeneration or appropriate safe disposal.

SONO Filter Based on Composite Iron Matrix

Some description of SONO has been covered earlier. The SONO filter was 
developed by a team of researchers from George Mason University, USA, and 
Manob Sakti Unnayan Kendro (MSUK), a local nongovernmental organization  
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(NGO) in Kushtia, Bangladesh. The SONO household filter uses CIM, sand, 
brick chips, and wood charcoal to remove arsenic and other toxic species from 
groundwater (Khan et al., 2000; Alauddin et al., 2001; Munir et al., 2001; 
Hussam et al.,2003, 2008; Hussam and Munir, 2007, 2008) through surface 
complexation and adsorption. CIM is manufactured from CIGs from various 
iron turnings through a patent-pending process. The CIG (size 0.065–2.00 mm in 
diameter) is manufactured from iron turnings in a proprietary process to enhance 
HFO formation. The CIG is turned into CIM inside the filter during the manu-
facturing of the filter. The CIM has active surface for complexation and immobi-
lization of inorganic arsenic and many toxic metal cations. The filtration system 
consists of two buckets where the top bucket contains the primary active mate-
rial CIM, coarse sand, and brick chips. The second bucket contains coarse sand, 
wood charcoal, fine sand, and brick chips. Tube-well water is poured in the top 
bucket and filtered water is collected from the bottom bucket. The filter does not 
require any chemical regeneration and does not produce any regenerant sludge.

About 90,000 SONO filters were deployed in many districts all over 
Bangladesh, including hundreds of primary schools (Hussam et al., 2008). 
Many of these filters have been in continuous use for over 5 years without 
breakthrough. An estimated billion liters of clean drinking water was con-
sumed from these filters and they continue to provide high-quality water for 
drinking and cooking. Recently, about 1,000 SONO filters were installed in 
Nepal. The original SONO 3-kolshi filtration system was tested in Nepal by 
an MIT group with an arsenic removal capacity up to 99% with an effluent 
arsenic to 10 g/L (Hurd, 2001; Ngai et al., 2007). The unit SONO filter and 
its predecessor 3-kolshi filter were also tested by other researchers (Milton  
et al., 2007). Recently, it was reported that SONO is the only technology that 
removes arsenic and manganese from groundwater and meets the WHO guide-
lines (Technical Performance Monitoring—An Interim Report, 2008).

Sidco Filter Based on Granular Ferric hydroxide (GFh)

This filter was developed by Harbauer GmBH and the Technical University 
of Berlin. This community filter is based on the sorption and surface compl-
exation of As(III) and As(V) on a high surface area GFH. It does not require 
any chemical regeneration and does not produce any regenerant sludge. It can 
filter 50,000–70,000 bed volumes and reduces As to 10 g/L from 250 g/L. 
Groundwater containing high phosphate may affect the performance and reduce 
the longevity of the filter. A recent test shows that only 53% of the installed 
filters are working to meet the WHO guideline (Technical Performance 
Monitoring—An Interim Report, 2008).

Oxide India (P) Based on Activated Alumina

This arsenic removal unit was developed in collaboration with a research group 
of the Department of Civil and Environmental Engineering, Lehigh University, 
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USA, and the Bengal Engineering College, India. It is based on adsorption of 
arsenic species on activated alumina (93.6% by mass), and the average size of 
the spherical adsorbent particle varied between 0.3–0.6 mm. Activated alumina is 
manufactured with indigenously available minerals. Since 1997, more than 135 
well-head arsenic removal units were installed in remote villages in India. The 
adsorption column mounted on top of the existing well-head. The unit comprises 
a cylindrical stainless-steel tank with two compartments. The upper empty cham-
ber of the column contains a splash distributor and atmospheric vent. Here, the 
oxidation of dissolved iron into insoluble hydrated Fe(III) oxides or HFO par-
ticles takes place. There is the fixed-bed activated alumina followed by gravels 
and water collection chamber below. The flow rate under gravity is 8–10 L/min.  
The column is backwashed for 10–15 min everyday and the backwash is 
passed through a coarse sand filter to retain the HFO particulates, which may 
otherwise clog the filter. This community unit serves approximately 200–300  
households and requires about 100 Kg of activated alumina. The units, often 
exceeding 10,000 bed volumes, are capable of removing arsenates from ground-
water and arsenite through a secondary mechanism. The deactivated media, 
upon exhaustion, is regenerated by backwashing with dilute NaOH (Sarkar et al.,  
2005). This process produces highly concentrated sodium arsenate that has to be 
contained through a cementation reaction and disposed appropriately.

Arsenic Filters Tested in the united States

In the United States, the lowering of the arsenic level in drinking water from 
50 to 10 g/L in January 2006 led to a significant increase in cost of supplying 
water. A consortium under the arsenic water technology partnership (AWTP), 
in collaboration with national laboratories and professional organizations, was 
formed to address the problem by developing and testing novel technologies 
(Siegel et al., 2006). Table 7 shows the list of participating vendors in 2005 
and their relative ranking, in parentheses, among 32 technologies tested dur-
ing 2003–2004. These rankings were based on proponents’ presentation and 
experts’ evaluation for possible pilot-scale testing.

SuSTAINABIlITy ANd MANAGEMENT OF SPENT MATERIAl

The management of spent material and sustainability of a viable filter are inter-
related. All filters, irrespective of the nature of physicochemical processes, must 
have a spent material management protocol. The toxicity of the spent material 
is generally found by leaching experiments where the sample is subjected to 
aqueous leaching solutions at different pH and measured for the equilibrium 
concentration. The U.S. Environmental Protection Agency (USEPA) developed 
such lab procedures, called toxicity characteristic leaching procedures (TCLPs) 
to characterize the waste for leaching of known toxic species. The TCLP sets 
the criteria for disposal of solid waste in sanitary landfill. The USEPA has a 
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TABLE 7 Arsenic Filters Tested in the United States Under AWTP Technology Verifica
2006)

Filter (Ranking) Principle of Separation Description

Purolite (1)
ArsenXnp; A-530E; A-520E;  
A-300E; C100E

Ion-exchange and adsorptive 
media

Hybrid polymeric media im
iron-impregnated anion re
regenerable SBA resins (A-
nitrate, and uranium simul
dynamics, high pressure c
no waste, and virtually no
Systems available for Poin
municipal applications. Re

Graver (3)
Technologies HydroGlobe  
Division/MetSorb G

TiO2 adsorptive media Non-regenerable titanium 
of mesh sizes from powde
sensitivity to common inte
and sulfates. It exhibits rap
thousand gallons of water 
as that for a nonhazardous

EaglePicher (16)
Filtration & Minerals/NXT-2;  
NXT-CF

Adsorptive media based on 
La(OH)3 (s)

Lanthanum hydroxide-bas
filtration arsenic removal, 
provides pH stability up to
without the need for chem
other contaminants such a

ResinTech (18)
ASM-10-HP

Hybrid resin/adsorbent Iron-based adsorbent disp
resin. Arsenic removal first
is adsorbed into the iron. T
robust.
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TABLE 7 (Continued)

ular bone char adsorbent with two 
ydroxyapatite [Ca10(PO4)6(OH)2]. The carbon 
ic, lipophilic, and weakly anionic molecules, 

e adsorbs strongly charged molecules together 
(metals).

 silicate sorbents are based on a process 
 sites are distributed onto an inert, inexpensive 
f the inexpensive silicate substrate allows for 

 iron at low cost.

l consisting of a proprietary nano alumina/
re. Laboratory testing shows it has about 2 to 

bayoxide E-33.

oups and microorganisms bind and remove 
 and dilute solutions. Arsenic is removed 
iological transformation. Pilot-scale tests in 
strated arsenic removal to less than detection 

eprecipitation of low solubility minerals, 
solid-state diffusion, and adsorption. 
t ability to remove As(V) from water, and field 
 Bauxsol™ to sulfidic rock reduced the As 
from 35 mg/L to less than 0.005 mg/L. Arsenic 
ned below 0.005 mg/L for five years since 
trations of trace metals have remained below 
Filter (Ranking) Principle of Separation Description

Brimac carbon (19) Carbon and bone char 
adsorptive media

Adsorption media is a gran
components: carbon and h
surface adsorbs hydrophob
whereas the hydroxyapatit
with many inorganic ions 

ADA Tech. (22) Fe(OH)3 amended silicates 
adsorptive media

Ferric hydroxide–amended
wherein active adsorption
silicate substrate. The use o
efficient distribution of the

Argonide (23)
Corporation/Alfox GR-3

Nano iron/alumina  
adsorptive aedia

Alfox is a granular materia
nano iron hydroxide mixtu
2.5 times the capacity vs. 

Inotec (24)
AsTECH

Chemical/biological Immobilized functional gr
arsenic from concentrated
by chemical binding and b
mining waters have demon
levels. Non-regenerable.

Virotec (26)
International Ltd. Bauxsol

Adsorption on bauxsol  
mineral

Ions are trapped through r
isomorphous substitution, 
Bauxsol™ has an excellen
trials show the addition of
concentration in leachate 
concentrations have remai
the treatment, and concen
regulatory limits.
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list of 39 regulated contaminants for which the permissible level is one hundred 
times the drinking water maximum contaminant level (MCL). For arsenic, this 
means if the TCLP yields As(total) concentration 1,000 g/L, the spent mate-
rials should be regarded as toxic waste and disposed in a sanitary landfill.

Several recent studies have shown that leaching of arsenic can be stimu-
lated or enhanced in a landfill or a hazardous waste site environment under 
high pH and reducing conditions (Ghosh et al., 2004). A long-term field obser-
vation of the Coakley Landfill Superfund Site (NH) showed dissolved arsenic 
levels increased modestly. These results indicate that reducing environments 
within organic contaminant plumes may release arsenic (Delemos et al., 2006). 
Clearly, these conditions must be avoided for all spent materials. It is also 
reported that iron-bound arsenic has the lowest bioavailability and iron amend-
ment was recommended as a means to remediate arsenic contaminated soil 
(Jonathan et al., 2007).

In the context of sorbent materials used for arsenic removal, those requir-
ing sorbent regeneration through chemical processing are the most vulnerable. 
This includes activated alumina, polymer-amended materials, ion-exchange 
resins, and some GFHs. For example, the spent regenerant solution containing 
high arsenic could be immobilized by making cement-cinder blocks. This adds 
to the cost and management problems for household filters; however, it could 
be successfully managed in a community-based system (Clifford and Ghuyre, 
2002). In contrast, the iron-based filters may have inherent advantages in that 
the spent materials are thermodynamically stable under oxic conditions, and 
they form self-contained minerals similar to that present in soil. Arsenic spe-
cies in most iron-based filters are in the oxidized state and similar to a self-
contained, naturally occurring compound in Earth’s crust. It is like disposing 
of soil on soil. For example, measurements on SONO household filter’s used 
sand and CIM-Fe by total available leaching protocol (TALP) show that the 
spent material is completely nontoxic with 5 g/L As(total) in the effluent, 
which is 100 times less than the amended EPA limit at 500 g/L (Final Report, 
2006). Similar results were also reported by ETVAM using EPA’s TCLP meth-
ods. Further tests on backwash of filter waste showed SONO produced the 
lowest concentrations of As(total), 93 mg/kg, in comparison to commercial fil-
ters based on microfine iron oxide—2,339 mg/kg, cerium hydroxide based ion-
exchange resin—105 mg/kg, and activated alumina—377 mg/kg in solid waste 
vs. the EPA limit of 500 mg/kg. These numbers, however, should be compared 
on a total volume basis under similar influent arsenic. Most importantly, the 
NAE tests of the used CIM of SONO filter was characterized as “nondetectable 
and nonhazardous (limit 0.50 mg/L)” by the TCLP (Final Report, 2006). It may 
be noted that USEPA’s recommended land disposal limit for arsenic is 2 kg/
hectare per year. This corresponds to arsenic from 10 million L of water with 
200 g/L of total arsenic (Khan, personal communication, 2007). According to 
this prescription, 4 m2 of land is sufficient for the disposal of the spent media 
from a household filter used for 274 years at 100 L/day usage.
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Sustainability of simple arsenic removal technologies requires more than 
production and distribution of the technology. In most underdeveloped coun-
tries, the majority of the production and distribution of humanitarian needs are 
still achieved through funding from NGOs and financial subsidy from foreign 
aid organizations. Commercialization through further product development is 
necessary for a sustainable future. Sustainability of such technologies requires 
indigenous production using locally available raw materials, recycling, and 
regeneration of products and active media. Furthermore, merely supplying 
the filter is not enough to solve the present water crisis. Besides filter man-
ufacturing and quality control, some of the overriding issues (Figure 6) are 
sanitation, education, training, motivation, medical referral to the arsenicosis 
patients, and social mobilization (i.e., women empowerment through formation 
of mother’s club, etc.) that must be integrated into a program for a sustainable 
and progressive solution to the arsenic crisis. These issues are now understood 
by most NGOs in Bangladesh and elsewhere. Many NGOs have also imple-
mented intensive training and cultural programs to motivate people to drink  
arsenic-free water.

FIlTER EVAluATION ThROuGh ENVIRONMENTAl 
TEChNOlOGy VERIFICATIONS

The evaluation of arsenic water filter is now an integral part of ETV programs 
(see Table 8). Countries where arsenic in drinking water is a health issue have 

FIGuRE 6  Example of an integrated arsenic mitigation program in Bangladesh as a sustainable 
model.
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TABLE 8 Criteria for Filter Evaluation

Criteria Description

Performance The filter must remove arsenic below the MCL (10 g/L), produce 
potable drinking water as per WHO, and meet local water quality 
standards (Table 1). The filter must produce enough water for a family 
of five for drinking and cooking (8–10 L/h). This criterion is essential 
for Bangladesh, India, and Nepal. The filter’s ability to meet the basic 
technical requirements for As removal and flow rate as specified above, 
as well as the potential for keeping it pathogen-free is paramount.

Technology The viability of a technology depends on its performance, availability 
of raw materials, ease of production, life of the active media, and 
durability of the hardware parts. Simple technologies using indigenous 
raw materials and filters that do not require electricity were given 
priority in NAE–Grainger Challenge. Filters tested under laboratory 
conditions may not succeed in rural circumstances, so all technologies 
must be tested in the field. The viability of the technology can also be 
assessed from the number of working units in the field, manufacturing 
capability of companies, and distribution network of the products. 
The viability of a novel technology is also enhanced by its scaleup 
potential, and the technology must be safe to use.

Cost Cost to users must be affordable. Capital cost of the device including 
transport, maintenance, monitoring, and media replacement should be 
considered. Cost for pretreatment of raw water, such as preoxidation 
of arsenite to arsenate, and any post-treatment of water should be 
considered.

Social 
acceptability

User friendliness is the first criteria for acceptability. The filtered water 
must be free of unpleasant taste. Space requirements, installation time, 
skill required for installation of the device at rural level in developing 
and less developed countries should be considered. Household filters 
requiring active media regeneration through chemical processes are not 
viable. Education and training should be a part of filter distribution and 
dissemination.

Environmental 
sustainability

All arsenic filters work on the basis of chemical reaction of arsenic 
species with an active sorbent. At some point, these materials need to 
be disposed in a manner safe to the environment. This aspect has been 
described in previous sections. Filters that do not require active material 
regeneration, produce non-leachable spent materials (based on TCLP, 
TALP, and modified leaching test procedures), and are environmentally 
benign should be given priority. Gravity-based pour-and-collect 
filters using no electricity have no carbon foot-print during use. The 
recycling and reuse of spent materials without an adverse effect on the 
environment are indicators for sustainability. Here, iron-based sorbents 
may have the best potential. 
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instituted ETVAM projects to screen filters for safe use. This is prompted by 
the concern that filters may be marketed as arsenic filters without approval and 
without any waste disposal oversight. In particular, commercial filters should 
be tested under field conditions and at different places with different water 
chemistries and varied As(III)/As(V), Fe(II), Mn(II), phosphate, sulfate, sili-
cate and other interfering ions. The evaluation may also include cost and social 
acceptability. Some of the ETVAM-tested filters have been discussed earlier. 
All verification projects must start with the knowledge of raw water through 
physical, chemical, and geochemical characterization of influent water. Each 
filter must also be tested with a customized protocol based on information from 
the proponent. The final test should be done in the field with the users, to assess 
its commercial and environmental potential. Here, we have compiled the com-
mon performance criteria from various test protocols (Sandia, ETVAM, and 
Grainger). Filter evaluation can be divided into five parts: performance, viabil-
ity of technology, cost, social acceptability, and environmental acceptability as 
shown in Table 8.

CONCluSION ANd OuTlOOK

The demand for clean potable water in the world is on the rise. The scarcity of 
drinking water is forcing millions of people in less developed countries to drink 
water from any source they can find. While the surface water is contaminated 
with toxic industrial chemicals and pathogenic bacteria of anthropogenic ori-
gin, groundwater is contaminated with toxic arsenic from natural origins. This 
chapter dealt with the present status of arsenic filters based on solid sorbent 
for the filtration of groundwater. Special emphasis is given to iron-based filters 
because they appear to be the most successful ones in the field, in terms of 
cost and performance. The basic surface chemical reactions and computational 
models, the thermodynamics, kinetics, and scaleup basis for sorbent evalua-
tion have been presented to support reported works. Arsenic filters, particularly 
those passed through ETVAM tests in Bangladesh, India, Nepal, and the United 
States are discussed. Finally, we have looked into the issues of sustainability 
management of spent material and also filter evaluation criteria applied during 
various ETVAM tests. Although there are some iron-based technologies that 
hold significant promise and have found extensive use in Bangladesh, India, 
and Nepal, much work is still needed to develop compact, efficient, afforda-
ble, and environment-friendly filters for arsenic and many other toxic species 
including pathogens. As potable water supplies become increasingly vulner-
able to contamination, the development of affordable water-filtration systems 
is becoming a more attractive option. This is especially true for the majority of 
the world’s population, where water treatment systems and piped water are not  
readily available.
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