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The removal of microbial populations from potable

water has been a practice with great importance towards

public health, as it has resulted in the reduction of

literally millions of cases of infectious disease. In the

United States, pathogenic organisms are most commonly

removed from drinking water through the application of

chlorine. Ninety-nine per cent of all U.S. potable water

treatment facilities that disinfect, rely on chlorine as

their sole or primary disinfectant, and over 175,000,000

Americans regularly consume chlorinated water.

In 1974, Rook and Bellar et al. published studies

which indicated that chlorine reacted with organic matter

in water during treatment to produce a wide-range of

halogenated by-products. Since that time, numerous

analyses have been performed to isolate and identify the

by-products of chlorination. Toxicologic and

epidemiologic studies have been performed, some of which

suggest that the use of chlorine as a disinfectant may be

contributing to the incidence of chronic disease in the

United States.



Because of the concern that the use of chlorine for

potable water disinfection may be contributing to chronic

disease, Amendments to the Safe Drinking Water Act (SDWA)

have been promulgated which strictly regulate

disinfectants and disinfection by-products. Future

disinfectant and disinfectant by-product regulations

(1992) will have a major impact on the purveyors of

potable water in the U.S.. Probably the largest challenge

U.S. water treatment utilities now face is in the attempt

to control for disinfectants and disinfectant by-products

while maintaining the microbiological integrity of the

water supply. The SDWA Amendments and their supporting

regulations will result in major changes in the way water

quality parameters are measured, and the way disinfection

and treatment strategies are practiced.

This thesis looks closely at the role of chlorine as

a disinfectant, the by-products arising from chlorine

reacting with organic matter, as well as the rationale

behind the disinfectant and disinfectant by-product

regulations. After examining the chemical, toxicologic

and epidemiologic evidence which fueled the new SDWA

regulations, available treatment strategies for meeting

the new regulations will be detailed and examined. A

water treatment strategy which best appears to maximize

the reduction of waterborne disease and minimize the risk

of chronic disease will then be offered.



An Evaluation of Chlorine as a Disinfectant
for Potable Water Supplies in the United

States: Weighing the Human Health Risks

by

Pegeen Monaghan

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed October 31, 1991

Commencement June 1992



APPROVED:

Redacteld for Privacy
Dr. Annette Rossignol, Chair, Department of Public Health

Redacted for Privacy
Dr. Annette Rossignol, Professor in charge of Major

Redacted Privacy
Dr. Maksud, Dean, College of Health and Human Performance

Dean of Gi

Redacted for Privacy

U

Date Thesis Presented: October 31, 1991

Typed by Researcher



This thesis is dedicated to Dr. Annette

Rossignol because of her wonderful input, insights,

and hard work in helping me complete this project.



TABLE OF CONTENTS
Section page

1. INTRODUCTION AND BACKGROUND 1

1.1 Introduction and History of
Potable Water Treatment 1

1.2 Waterborne Disease & Etiologic Agents 5

1.3 Conventional Potable Water Treatment
Methods in the United States 14

1.4 Policies and Federal Standards 21

2. CHLORINATION OF POTABLE WATER 34

2.1 The History of the Chlorination of

Potable Water 34

2.2 Chlorine Disinfection, Chemistry and
Kinetics 39

2.3 Reactions with and Evaluations of
Humic/Organic Substances in Treated
Water 44

3. BY-PRODUCTS OF CHLORINATION AND RISK ASSESSMENT..54

3.1 Introduction 54

3.2 Trihalomethanes 56

3.3 Haloacids 68

3.4 Haloaldehydes 79

3.5 Haloacetonitriles 82

3.6 Chlorohydroxyfuranones 93

4. CHLORINATED BY-PRODUCTS AND DISEASE 115

4.1 Introduction 115

4.2 Defining Human Exposure 116

4.3 Epidemiologic Studies 118

4.4 Chlorination By-Products and
Heart Disease 143

5. STRATEGIES FOR AND ALTERNATIVES TO THE USE OF...156
FREE CHLORINE AS A WATER DISINFECTANT

5.1 Introduction 156

5.2 Alternative Disinfectants 158

5.3 Modification in Conventional Water
Treatment Methods 175

5.4 Evaluating the Risks and Benefits
to Public Health 190

BIBLIOGRAPHY 207



LIST OF FIGURES

Figure
page

1.2: 1

1.2: 2

1.2: 3

1.3: 1

2.1: 1

2.1: 2

2.2: 1

2.2: 2

2.3: 1

5.3: 1

5.3: 2

5.3: 3

Average annual number of waterborne 8

disease outbreaks occuring in the U.S.
in community water systems, 1920-1984, in
community water systems.

Waterborne disease outbreaks in com- 9

munity water systems in the U.S. by year.

Total reported waterborne disease cases.... 10
by system type in the U.S., 1946-1980.

Type and typical sequence of potable 15

water treatment.

The concept of chlorine demand 36

An example of the dose-demand curve 38

and breakpoint for the chlorine-ammonia
reaction after approximately an hour.

The effect of pH on the concentration 40

of the ionic species of hypochlorous
acid.

Free and combined chlorine species 41

listed in order of disinfecting ef-
ficiency, from greatest to poorest.

Average TOC (total organic carbon) 46

levels in different source waters.

Process flow for granular activated 180

carbon (GAC) adsorption in the potable
water treatment process.

Schematic representation of the mem- 185

brane filtration process using pressure
as the driving force.

Selected separation processes used in 186

water treatment and approximate size
ranges of various materials found in

raw waters.



LIST OF TABLES

Table Ea=

1.2: 1 Waterborne disease outbreaks by year 10
and type of water supply system, U.S.
1978-1988.

1.2: 2 Waterborne disease outbreaks by etio- 13
logic agent and type of water system,
United States, 1985-1988.

1.3: 1 Chemicals used in water treatment in 16
the U.S., 1982 (1000 tons).

1.4: 1 Intiatial Maximum Contaminant Levels 25
set by the EPA (excluding radionuclides).

1.4: 2 EPA Drinking Water Priority List, 1988 27

2.3: 1 The chloroform content of water within 49
a treatment plant, at various points
within the treatment process sequence.

3.1: 1 Partial identification of the con- 55
stitutes of chlorinated humic acid in
drinking water.

3.3: 1 Halogenated acids, alcohols, aldehydes 78
and ketones proposed for regulation in
1991 under the Safe Drinking Water Act.

4.3: 1 OR's (odds ratios) for bladder cancer 132
with combined tap water ingestion levels
(1/day) and durations of exposure (years)
to chlorinated surface water source.

4.3: 2 The relative risks (RR) and 95% 134
confidence intervals for bladder cancer
accordingto reported daily tap water
consumption.

4.3: 3 The number of experimental subjects and... 137
the raw OR's for years (y) of chlor-
inated drinking water exposure utilizing
the four Methods of quantifying
chlorination exposure.

4.3: 4 Odds ratios of bladder cancer in 141
relation to type if drinking water dis-
infectant (chlorine vs. chloramine).



iv

5.2: 1 The concentration of disinfectant in 170
mg/1, required to inactivate 99% of a
particular pathogen, utilizing a
standardized contact time.

5.2: 2 Summary of disinfectant character- 171
istics relating to overall biocidal
efficiency and overall stability, where;
1 = best and 4 = worst.



AGI:

Brownian
Motion:

V

DEFINITIONS AND SYMBOLS

Sections 1-1 tem. 1-1

Acute Gastrointestinal Illness. A term
applied to gastrointestinal illness
attributed to a waterborne pathogen of
unidentified etiology.

The random displacement of small
particles due to random and unbalanced
impacts with other particles and on
the particles of water molecules in
thermal motion.

CDC: The Centers for Disease Control.

Community
Water System: Public or investor-owned water

systems that serve at least 15
service connections or 25 year-
round residents. Also known as
municipal water systems.

EPA: The United States Environmental
Protection Agency.

Individual
Water Systems:

MCLs:

MCLGs:

Those water systems used by
single or several residences or by
persons traveling outside populated
areas. Typically, these systems are
wells or springs.

Maximum Contaminant Levels.
Enforceable water quality standards
established by the EPA under the
requirements of the SDWA. The MCL is
set as close to the MCLG as is
technologically and economically
feasible.

Maximum Contaminant Level Goals.
Renamed from RMCLs, following the 1986
Amendments to the SDWA. The MCLG is
set at a level at which no known or
anticipated adverse human health
effects would occur upon the
consumption of a given contaminant,
along with a margin of safety.



Noncommunity
Water Systems: Public water systems that do not

satisfy the criteria for a community
water system, due to the small size
of service connections, or the
seasonal nature of the population
served. Examples are parks, trailer
courts, campgrounds, institutions and
industry.

vi

Potable Water: Safe water that may be consumed in any
desired amount without unreasonable
risk of adverse effects on health to
the consumer.

RMCLs: Recommended Maximum Contaminant
Levels. Nonenforceable health goals
for public water systems, established
by the EPA under the SDWA.

SDWA: The Safe Drinking Water Act of 1974,
P.L. 93-523.

Turbidity:

USPHS:

Chlorine Demand:

C12:

HOC1:

1:

mg/1:

MW:

NPTOX:

A measure of the cloudiness or clarity
of water. May indicate the presence
of microorganisms adhering to
suspended particulates.

The United States Public Health
Service.

Sections 2.1. La 2.3

The difference between the amount of
chlorine added to the water and the
amount (free residual or combined
residual) remaining at the end of a
specific contact period.

Elemental chlorine.

Hypochlorous acid.

Liter.

Milligrams per liter, also expressed
as parts per million.

Molecular weight.

Nonpurgeable total organic halogen.
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PPra :

THMs :

vii

Hypochlorite ion.

Parts per million.

Trihalomethanes, those volatile
disinfection by-products, currently
regulated by the EPA at 0.10 mg/l.
Included in this group are chloroform,
bromodichloromethane, dibromochloro-
methane, and bromoform.

THMFP: Trihalomethane formation potential.

TOC: Total organic carbon.

TOX: Total organic halogen, a surrogate
parameter used to describe those non-
THM, nonvolatile, disinfection by-
products (aka NPTOX).

ug/1: Micrograms per liter, also expressed
as partsper billion.

Sections 3.0 to 3.6

bw: Body weight (of test animal).

Chloral: Trichloroacetaldehyde.

CHO: Chinese hamster ovary (cells).

DCA: Dichloroacetic acid, also referred to
as DCAA.

DCAN: Dichloroacetonitrile.

DEN: Diethylnitrosamine.

ENU: Ethylnitrosourea.

g/1: Grams per liter.

GI tract: Gastrointestinal tract.

GST: Glutathione S-transferase.

LD50: In toxicology, a measure of a
chemicals potency to living organisms.
That dose at which death occurs in 50%
of the test population.



viii

MX: "Mutagen X", or 3-chloro-4
(dichloromethyl)-5-hydroxy-2(5H)-
furanone.

nmole: Nanomole.

NAS: National Academy of Sciences.

NCI: National Cancer Institute.

ng /l: nanogram per liter.

NPTOX: Nonpurgeable total organic halogen,
see TOX.

SNARL: Suggested no-adverse-effect level.

TCA: Trichioroacetic acid, also referred to
as TCAA.

TCAN: Trichloroacetonitrile.

TPA: 12-0-tetradecanoyl-phorbol-13-acetate.

Sections 4.1 to 4.4

CI: Confidence interval.

CVD: Cardiovascular disease.

dp/dt: Heart ventricular pressure and
pressure time, a measure of the rate
of rise of ventricular pressure.

lid: Liter(s) a day.

LDL: Low density lipoprotein.

mg /dl: Milligrams per decaliter.

N: The number of observational subjects
utilized in a study.

NCI: National Cancer Institute.

OR: Odds ratio. A parameter which can be
considered as the odds in favor of
disease incidence with the factor
(being studied) present vs. the
incidence with the factor absent.
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RR: Relative risk.

SC: Serum cholesterol.

SMR: Standard mortality ratio.

Sections 5.1 IQ 5.4

AWWARF: The American Water Works Association
Research Foundation.

AWWDC: The American Water Works Association
Disinfection Committe.

bw: Body weight.

C102: Chlorine dioxide.

C102-: Chlorite.

C103-: Chlorate.

GAC: Granular activated carbon.

HOC1: Hypochlorous acid.

mg/kg: Milligram per kilogram.

MW: Molecular weight.

NF: Nanofiltration.

NHC12: Dichloramine.

NH2C1: Monochloramine.

03: Ozone.

PCBs: Polychlorinated biphenols.

RO: Reverse osmosis.

UF: Ultrafiltration.



An Evaluation of Chlorine as A Disinfectant
for Potable Water Supplies J. the United
States: Weighing the Human Health Risks.

Section 11 Introduction and Background

1.1 Introduction and History of Potable Water Treatment

The need to take precautions with drinking water to

protect public health has been recognized as long as 4000

years ago. A Sanskrit manuscript of medical lore, the

Sus'ruta Samhita, dating from 2000 B.C. gives evidence

that people in India used methods of water purification in

the passage:

It is directed to treat foul water by boiling it,
exposing it to sunlight, and by dipping seven
times into it a piece of hot copper, then to
filter and cool in an earthen vessel. The
direction is given by the God who is the
incarnation of medical science.1

Egyptian inscriptions dating back to the same time period

also depict similar apparatuses in clarifying drinking

water, by siphonage through loosely woven fibers and

filtration (2) .

In his writings on public hygiene, the Greek,

Hippocrates (460-354 B.C.) stressed the importance of

boiling and straining rainwater as a means of maintaining

good health (3). Aristotle is said to have advised

Alexander the Great: "Do not let your men drink out of

stagnant pools. And when you carry water on the desert

marches it should first be boiled to prevent its getting

sour." Early water quality and engineering efforts

reached their greatest heights though, under the ancient

Romans. The Romans transported fresh water over long

distances through a series of elaborate aqueducts, in an

attempt to insure the purity of their water.
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During the Middle Ages, efforts to produce a potable

water of good quality were largely neglected, and it was

not until the 191h century that a renewed interest in

water quality was demonstrated. Early in the 19th century

advances were made through the mass filtration of potable

waters mainly in Scotland and England. The first filter

used to purify water supplied to an entire town was

completed by John Gibb at Scotland in 1804, though water

still needed to be carried to consumers' homes. Three
years later, filtered water was being piped directly to

consumers in Glasgow and more filtration plants were

forthcoming.

Water filtration started on a truly large scale in

1829 in London, when James Simpson introduced a "slow"

sand filtration process. In this type of filtration,

which is basically the same process being used today,

solid matter is removed from water by passing it through a

porous material such as sand or coal. Following Dr. John

Snow's discovery in 1854 of a link between contaminated

well water and cholera, the filtration of all river-source

waters in London was made compulsory (2). The perceived

benefit of mass filtration was further enhanced in 1892 by

Dr. Robert Koch's observation that a cholera outbreak was

related to consumption of unfiltered river water in

Hamburg, Germany.

Slow sand filtration of potable water was not

introduced in the United States until the early 1870's.

Soon after this time, it was observed by the Massachusetts

Board of Health that the process of the filtration of

water through sand reduced the death rate from typhoid by

seventy-nine percent (4). This announcement helped to

secure the fate of potable water treatment in the U.S.

Further developments were made in the purification of

potable water when the Louisville Water Company introduced

the combination of coagulation with sand filtration in

1890. This combination, still in use today, helped to
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eliminate approximately 99 percent of the bacterial

populations from the water supply in that area (4).

The public water supply industry is one of the oldest

industries in the United States. While in 1800, there

were only 16 public water systems in the United States,

this number grew to 83 by 1850, and to 1,878 by 1890 (5).

Currently, U.S. water utilities serve more than 200

million persons. There are slightly more than 220,000

public systems in the 57 states and territories under U.S.

jurisdiction (2).

Certainly, the quest for pure water over the past

century has been a pursuit of vital importance in the

public's health. The primary focus of concern for the

public water supply industry has changed dramatically over

the past hundred years. The predominant, if not sole,

public health concern around the turn of the century was

about those water contaminants that had acute, immediate

effects on its consumers (6). Waterborne disease was

prevalent in the United States around the end of the

nineteenth century; for example, in 1900, the typhoid

death rate was 36 deaths per 100,000 people (6). On a per

capita basis, that corresponds to more than we currently

lose to automobile accidents each year in the U.S.

While waterborne disease is still of great interest

to water utilities (Section 1.2), the current set of

concerns in public health reflect the changes which began

in the early 1970's with the application of more

sophisticated analytical procedures (7). The methodology

of water analysis has been distinctively changed and

refined by improved instrumentation and analytic

techniques. Now scientists are able to identify

previously undetected, and often unknown substances in

potable waters, in microgram to nanogram concentrations.

The detection and identification of the myriad of

organic and inorganic chemicals in the nation's water

supplies, has made the precise definition of the term
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"water contamination" open to debate (8). As a

consequence, much of these sophisticated analytical

findings have outpaced the ability to place the majority

of this new data into a meaningful conceptual framework.

The main regulatory and public health impetus now is

in identifying these "new" chemicals which have been

detected, and in determining their potential impact on the

consumers of potable waters. Thus, a shift has been made

from the former emphasis on bacterial contamination of

potable waters (and the subsequent acute effects on public

health), to an assessment of chemical contaminants and the

role these contaminants may play in causing chronic

diseases. Currently, most of the data implicating

chemical contaminants in potable waters to the etiology of

chronic disease in consumers remains speculative, although

consistencies in the findings are beginning to emerge

(Section 4).

This shift of concern in the contaminants found in

potable waters, has promulgated changes in the treatment

of these waters. Probably the most significant change now

occurring is in the examination and intensive regulation

of water disinfectants and their by-products (6). Because

chlorine is the most widely used chemical disinfectant in

the U.S., the practice of treating potable water with this

disinfectant has come under particularly intense scrutiny

(9). This reexamination is fueled by the observation that

chlorinating water during treatment results in the largest

contribution of the chemical component found in potable

waters (10).

The role of water disinfectants in reducing acute,

waterborne disease is well established (11). Dis-

infectants such as chlorine act as a safety factor in

removing microorganisms which coagulation and filtration

miss, as well as microorganisms introduced to the water

after the treatment plant. Conflict arises as to whether

this "new" emphasis towards reducing chronic disease
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through regulating water disinfectants will compromise the

microbial constituents of potable waters. Such a

compromise could increase the occurrence of acute

waterborne infections in the population.

An important public health issue has therefore been

raised: does chronic lifetime exposure to the chemical

contaminants contributed by water chlorination pose a

significant human health risk? On the other side of this

issue remains the question of whether intensive regulation

of the chlorination of potable waters to decrease the

potential risk of chronic disease may increase acute

waterborne infections in the population. If trade-offs

are made in the treatment of potable water, they must made

with microbial as well as chemical concerns in mind.

Certainly it is in the public's interest to find a balance

through the treatment of potable waters, in which the

resultant water quality minimizes both the occurrence of

infectious and chronic disease among the consumers of this

water.

1.2 Waterborne Disease and Etiologic Agents

The discovery that water could be a major vehicle of

disease transmission preceded the scientific verification

of the germ theory of disease in the late 1800's (11).

This discovery occurred in 1854 when John Snow made his

classic deduction that a water supply was responsible for

a severe cholera epidemic that had caused 500 deaths in

London, England. The severe outbreak was interrupted by

Snow's removal of the handle on the Broad Street pump,

which was the source for the cholera epidemic.

Worldwide, more than 1.5 billion people are without

microbially safe drinking water (12). Diarrheal disease

(cholera, dysentery, amebiasis, shigellosis) resulting

from waterborne microorganisms in both drinking and

bathing water remains one of the largest causes of death
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for infants and small children in developing nations. It

has been estimated that 25,000 such deaths occur each day

in these countries (13). Other waterborne diseases such

as, typhoid, salmonellosis, and hepatitis A are thought to

contribute an additional 5,000 deaths each day (12).

Throughout this century, remarkable strides have been

made in the United States towards protecting people from

waterborne pathogens. Water treatment processes such as

filtration and disinfection have been instrumental in the

virtual elimination of waterborne typhoid fever, cholera,

dysentery and shigellosis in the United States (13). The

epidemiologic data indicate that there has been a dramatic

decline of "classical" waterborne disease in the U.S.

since the early 1900's (14). This reduction has been one

of the most significant advances in public health of this

century. Even so, public health officials have been

cautioned not to disband water surveillance, for more

recent history has seen an upswing in "nonclassical"

waterborne disease (15).

The human pathogens of major concern in drinking

water follow the anal-oral route of transmission. The

reservoirs for microbiological diseases transmissible to

humans consist of people, as well as both domestic and

wild animals. Fecal discharges from infected humans,

animal pets, farm animals and wildlife continually are

being released, either directly to a water environment or

indirectly through runoff over the watershed.

General estimates for the number of infected,

shedding humans, domestic animals and wildlife range from

an average of < 1 to 25 percent of the total population

for a given warm-blooded animal type (16). The mammalian

intestine is the source of the majority of the waterborne

pathogenic bacteria. For example, the number of

individual humans excreting Salmonella at any one time

will vary from < 1 to 3.9 percent; while in dogs, this

number ranges from 6.9 to 18 percent; cattle, 2 to 35
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percent; chickens, 22 to 29 percent; and in ducks and

geese, the percent shedding Salmonella ranges from 0.7 to

37 (14). Virtually all of the pathogenic viruses are of

human intestinal origin, with more than 100 viruses being

excreted in human feces.

A waterborne disease outbreak is defined by the

Centers for Disease Control (CDC) as an incident in which

(a) two or more persons experience similar illness after

consuming or using water intended for drinking, and

(b) epidemiologic evidence implicates the water as the

source of illness (17). Since 1971, waterborne outbreaks

have been reported separately from foodborne disease via a

passive surveillance system run by state and local health

departments. Health departments use a standard reporting

form to relate this information to the CDC. In addition,

the Health Effects Research Laboratory of the United

States Environmental Protection Agency (EPA) contacts all

state water-supply agencies annually to obtain information

about waterborne disease outbreaks.

Despite this surveillance network, many waterborne

outbreaks of disease go unreported; therefore, much of

the data on which annual waterborne disease rates are

based are speculative. It is difficult to ascertain the

number of waterborne outbreaks that go undetected or

unreported. One estimate, based on data collected from

1946 to 1970, was that about one-half of the waterborne

outbreaks in community water systems* are detected,

investigated, and reported (18).

Current water disinfection practices in the United

States provide the means to control most pathogenic

bacteria, viruses, helminths, and protozoa responsible for

*Community water systems are public or investor-owned water systems

that serve at least 15 service connections or 25 year-round

residents.
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FIGURE 1.2: 1. Average annual number of waterborne disease

outbreaks occurring in the United States from 1920 to
1984, in community water systems (12).

the major waterborne diseases. Outbreaks still occur in

this country (Figure 1.2: 1) owing to continued problems

involving consumption of untreated water, errors of

maintaining adequate levels of disinfectant in potable

water distribution systems, and/or breaches in the

treatment or distribution systems (11).

The disturbing trend towards more frequent occurrence

of outbreaks of waterborne disease should serve as a

warning to individuals who share in the responsibility for

the delivery of safe potable water (19). The five-year

averages of waterborne disease have steadily increased

from an annual average of ten during 1951-1955. This

trend has continued for the average waterborne disease

rates in the 1980's. Waterborne disease rates in the

U.S., for the latest available data, is diagramed in
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FIGURE 1.2: 2. Waterborne disease outbreaks in
community water systems in the U.S. by year (20).

Figure 1.2: 2. Despite the smaller number of reported

outbreaks in recent years, some individual outbreaks were

large. More individual cases of water-related illness

were reported in 1987 than in any other year since CDC and

EPA began tabulating these data in 1971 (20).

Each outbreak may represent up to thousands of

individual cases of illness. Over the past 30 years, there

have been over 100,000 reported cases of disease

associated with water supply deficiencies, or an average

of 3,500 cases per year (14). Individual cases of disease

due to contaminated water is especially prevalent when the

source is a community water system (Figure 1.2: 3), as

opposed to a noncommunity system (camps, parks,

industries, institutions, and resorts) or individual

system (wells and springs). This phenomenon is attributed

to the greater number of consumers drinking water from

this source. A breakdown of waterborne disease by the
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FIGURE 1.2: 3. Total reported waterborne disease cases(%)
by system type in the U.S., years 1946-1980 (21).

TABLE 1.2: 1. Waterborne disease outbreaks by year
and t pe of water supply system, U.S., 1978-1988 (20).

YEAR COMM* NONCOM** INDIV*** ITOTAL ICASES

1986
1987

50...X.X.9000,00X9XWAX(.0

1988

12 5

7 14

10 10

TOTALS

*Community water system, **Noncominunity water system,

***Individual water system

11,435
9,841

20,045
4,537
3,588

21,036
1,800
1,946
1,569

22,14 149

2, 128

00,074
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type of water system affected and individual cases of

illness is outlined in Table 1.2: 1.

Recent epidemiologic evidence shows that the actual

number of deaths attributed to waterborne diseases

outbreaks has declined in the last fifty years (1). For

example, the total number of deaths from waterborne

disease was 45 per 100,000 people in the years 1938-40.

By the years 1966-70, the total death rate had declined to

15 per 100,000 people. It has been estimated that today

the overall mortality rate due to waterborne infectious

disease is 0.65/100,000 deaths per year in the U.S. (22).

As mentioned earlier in this section, the etiology of

waterborne disease in the U.S. has changed dramatically

since the early 1900's. The bacterial agents which were

once of primary concern, such as Salmonellae typhi,

Vibrio cholerae and Shigella dysenteriae, have been

replaced by the less virulent genera and species,

Salmonellae enteritidis, Shigella sonnei, and

Campylobacter jejuni. Furthermore, while early diseases

associated with drinking water were predominantly diseases

of bacterial etiology, more recent outbreaks appear to be

dominated by gastrointestinal illness associated with

protozoa and viruses (12).

Of the 56 percent of waterborne outbreaks attributed

to a specific etiologic agent, Giardia lamblia ranks as

the leading cause of illness (18). During the years 1978

to 1982, Giardia accounted for 19.9 percent of all

waterborne outbreaks in the U.S. (23). In 1985,

Cryptosporidium, another waterborne enteric protozoan,

emerged as another major cause of waterborne outbreaks of

gastrointestinal illness. Cryptosporidium was responsible

for the largest outbreak of waterborne disease in the

U.S., when, in 1987, 13,000 individuals in Georgia became

ill with a cholera-like illness.

Enteric viruses have been emerging as a major cause

of waterborne disease (23). More than 100 types of human
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enteric viruses have been identified in potable waters,

including the hepatitis A virus, Norwalk virus, reovirus,

rotavirus and andenovirus. Of these viral agents, the

Norwalk virus and rotavirus are thought to be responsible

for 77 percent of acute waterborne gastroenteritis, though

because of problems in identification, this percent is

speculatory (24).

As a rule, the identification of a virus as the

etiologic agent in waterborne disease is more difficult

than identifying agents for parasitic or bacterial disease

(25). This difficulty is due in part to the longer

incubation period for viral diseases, which complicates

both outbreak identification and implication of the

vehicle of disease transmission. For this reason, viruses

most often are implicated as the leading etiologic cause

of outbreaks for which no specific agent has been

identified.

Reviews of common-source outbreaks of nonbacterial

gastroenteritis of unknown etiology have suggested that

many are most likely due to the Norwalk virus and related

viral agents (25). This supposition is based on the

examination of the incubation period, duration of illness,

and symptoms of individual cases. Waterborne diseases of

this unidentified type are commonly classified as Acute

Gastrointestinal Illness (AGI) by the CDC and EPA's

Waterborne Outbreak Surveillance system.

The major etiologic agents responsible for reported

waterborne disease outbreaks in the United States from

1985 to 1988 are diagramed in Table 1.2: 2. Protozoan

agents comprise the largest identifiable cause of disease

during this time period. Most reported outbreaks were

associated with community and noncommunity public water

systems, as has typically been the case for most years

since 1971 (20). Deficiencies in water treatment were

identified as causing 46 percent of the outbreaks, while
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untreated groundwater was implicated in 32 percent of the

outbreaks (20).

Numerous other bacterial and viral pathogens have

been identified in potable water. Bacterial pathogens

include such genera as Aeromonas, Pseudomonas, Listeria,

Legionella, Escherichia, Vibrio and Flavobacterium.

Further, viral organisms implicated in sporadic waterborne

disease outbreaks include the hepatitis A virus, the Snow

Mountain agent, and the poliomyelitis virus.

Recent publications have indicated that shortcomings

in the treatment and disinfection of potable water are a

primary contributor to waterborne disease (26,27). Not

providing disinfectant where it was needed, and not

properly applying disinfectant where it was provided, was

implicated as causing or contributing to one-half of the

waterborne disease in public water systems (26). For

example, 69 percent of waterborne giardiasis outbreaks

Table 1.2: 2. Waterborne disease outbreaks, by etiologic agent and
type of water system, United States, 1985-1988 (20,25).

INDIVIDUAL CASES OF DISEASE BY WATER SYSTEM TYPE:

AGENT COMMUNITY NONCOMM. INDIVIDUAL TOTALS

AGI* 1,762 1,643 103 3,508

CGI** 0 72 0 72

Giardia 1,849 161 0 2,010

Crypto-
sporidium 13,000 0 0 13,000

Norwalk 0 5,474 0 5,474

Salmonella 130 0 0 130

Shigella 1,825 927 8 2,760

Campylobacter 400 iS 1 420

TOTALS: 18,966 8,296 112 27,374

*AGI= Acute gastrointestinal illness of unknown etiology

**CGI= Chronic gastrointestinal illness of unknown etiology
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from the years 1965 to 1986 were associated with community

water systems. Of these community outbreaks, 91 percent

of the cases were traced to surface water supplies that

were inadequately treated (28).

While the United States has made great progress over

the past century in the virtual elimination of classical

waterborne disease, clusters of infectious disease due to

waterborne pathogens continue to occur. While the

frequency of these diseases is low, and their

proportionate toll in illness and death of the population

is small, most of this morbidity and mortality is

preventable. Too many waterborne diseases still occur in

the United States (7).

1.3 Conventional Potable Water Treatment Methods

in the United States.

It is estimated that there are 220,000 public water

systems in the nation, of which approximately 60,000 are

community water systems (1) . Using round figures, 10

percent of the nation's community water systems serve 90

percent of the population; 90 percent of the systems

serve the remaining 10 percent of the population (29).

Almost 38,500 of our water systems serve fewer than 500

people each. On the other hand, only 0.5 percent of the

community water systems serve more than 43 percent of the

U.S. population (5).

The EPA estimates that there are 200 million

community water system users, and 20 million noncommunity

water system users in the U.S. (30 million individual).

Approximately 1 to 2 billion gallons of drinking water are

provided each day to these users of public water systems

(29). Average individual consumption is approximately 168

gallons per day per person (7). Of this volume, only 2 to

4 quarts per person per day is utilized for drinking or
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cooking. Bathing, cleaning, toilet flushing and lawn

sprinkling account for the major household water demand.

Potable waters may originate from either surface or

underground sources. Surface water is the primary source

for 18.9 percent of community water systems, serving 65.8

percent of the utilizers of these systems. Groundwater is

the primary source for 81.1 percent of community water

systems, and for 34.2 percent of the population using

community systems (5). Generally, it is the surface water

sources that contain the larger amounts of pathogens.

Public health officials believe that it is necessary

to adopt a multibarrier approach in order to protect the

public from sickness attributable to waterborne pathogens

(24). Therefore, in the prevention of the transmission of

disease by water, a complex sanitary fabric has been

developed to reduce the number of pathogens that the

population is exposed to in potable water. Conventional

community water treatment processes include

prechlorination, coagulation, flocculation, sedimentation,

and filtration followed by terminal disinfection (see

Figure 1.3: 1).

Chemicals

(chlorine,

coagulant...)

Raw water

Potable Water Treatzent:

Sedimentation

Rapid mix
%,,%.-
Flocculation

Disinfectant

'Filter

////

Sludge

Figure 1.3: 1. Type and typical sequence of
potable water treatment.
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When raw water enters a municipal treatment plant

chemicals first are applied to it to enhance such

properties as disinfection, coagulation, softening,

corrosion control and iron removal. More than 1.2 million

tons of about 60 bulk chemicals are used for potable water

treatment in the United States each year (12). It is

estimated that over $272 million is spent on the purchase

of these chemicals by water utilities each year(29). A

breakdown of some of the chemicals used in treatment is

presented in Table 1.3: 1. The chemicals used for

disinfection and oxidation account for the largest percent

of the total.

Table 1.3: 1. Chemicals used in water treatment in
the United States, 1982 (1000 tons) (29).

Coagulation Softening
Alum 250.0 Calcium oxide 350.0
Ferric chloride 80.0 Hydrated lime 170.0
Ferric sulfate 100.0 Sodium hydroxide 135.0
Polyelectrolytes 4.5 Carbon dioxide 18.0

Soda ash 200.0
Disinfection
Chlorine 500.0 Miscellaneous
Ammonia 2.5 Fluoride compounds 38.0
Sodium chlorite 6.4 Activated carbon 10.0
Hypochlorite 2.5 Sodium chloride 6.5

Phosphate 16.0

The initial application of chlorine to raw water is a

process known as prechlorination or primary disinfection.

Prechlorination serves several functions: it acts as an

oxidant and an aid to coagulation, it suppresses unwanted

biological growths in treatment tanks, filters and

transmission mains, and it allows an extended contact time

during which microorganisms can react with the biocidal

properties of this disinfectant.

Conventional treatment then proceeds with the rapid

dispersion and mixing of a coagulant. This process begins

with the application of a metal salt (aluminum sulfate
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[alum], ferrous or ferric sulfate, or ferrous or ferric

chloride) or a synthetic organic polymer (poly-

electrolytes) into the flow stream, followed at once by

violent agitation (the agitation process is referred to as

initial, rapid, or flash mixing). The coagulant

neutralizes or destabilizes the predominantly negative

charge on suspended solids in raw water and forms

flocculation particles. This destabilization reaction is

swift. Consequently, it is desirable to disperse the

coagulant in a rapid fashion. If water softening is

practiced, the softener is added before the addition of

the coagulant.

Coagulation and settling are ancient processes. The

practice has progressed from centuries of using almonds,

beans, and nuts, to the use of alum, iron salts, magnesium

and polyelectrolytes, to remove substances prior to

filtration (7). Coagulants aid in the chemical

destabilization of particulates, which results in the

condensing and precipitation of these particulates into

larger aggregates called floc. Coagulated particles

flocculate as they settle because of interparticle contact

brought about by Brownian motion, fluid motion and gravity

(30). In the U.S. the most widely used coagulants are

hydrolyzing metal salts and positively charged synthetic

organic compounds.

The two most commonly used methods for rapid mixing

in the U.S. are hydraulic mixing and mechanical mixing.

Hydraulic mixing utilizes energy available in the

treatment system to cause turbulence in the water flow

pipeline following the application of the coagulant.

Mechanical mixing utilizes a turbine-powered stirring

device with single and double pitched blades to impel

water following the application of the coagulant.

Flocculation typically follows rapid mixing. During

this stage in treatment, the water is gently mixed to

provide the opportunity for particles to make contact with
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and to promote the agglomeration of small particles into

the larger floc particles. With this process, the

flocculant, now condensed and precipitated to the bottom

of the sedimentation tank, can then be removed as sludge

through sedimentation, or can be filtered off.

Filtration is the most important step in the chain of

treatment processes towards removing solids from water

(5). It is the final step used for solid-liquid

separation in the water treatment process, and hence

represents the last defense for particle removal.

Filtration helps to eliminate large-sized microorganisms

which may be resistant to disinfection (protozoan cysts),

and solid particles that can interfere with chlorination.

A filter normally consists of a bed of sand or crushed

coal from 20 to 40 inches thick, supported by a bed of

gravel or some coarse porous material.

The two basic filtration processes in use today are

"slow" sand and "rapid" sand. The difference between the

two is simply how fast the water passes through the

filter. With the rapid sand filter, less land area is

required by the treatment works, so it is more appropriate

for cities. Slow sand filters need more space for

treatment, so it is typically used in more rural areas.

The filter area that would be required for a plant

treating 100 million gallons of water a day (for a

population of approximately 500,000) by slow sand

filtration would be 33 acres (31). Ninety percent of all

U.S. community treatment systems utilize the rapid sand

filter type (2) .

In large treatment plants, gravity filters typically

are used in which the filter is open at the top. Dual

media filters, consisting of a layer of coarse anthracite

coal on top of a layer of silica sand, have essentially

replaced the monomedium (solely sand) filters in most new

treatment plants (31). These dual media filter beds offer

a gradation with a broad distribution of grain sizes for
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filtration. This gradation results in a fine grain on the

top of the filter and coarse grain on the bottom of the

bed to promote filtration within the interstitial spaces

of the bed rather than filtration by simply straining at

the top of the bed. Filtration within the bed rather than

on the top also decreases the amount of times a filter

must be cleaned (backwashed) and therefore increases

filter efficiency (5).

Following filtration, additional chemicals are

applied to the water. The predominant agents used here

are fluoride and the final disinfectant. The application

of fluoride became commonplace during the 1970's. By the

end of 1979, approximately half of the U.S. population

drank artificially or naturally fluoridated water (7).

Final disinfection is the treatment process most

responsible for the relatively low incidence of waterborne

disease in the U.S., as this additional dose of chlorine

can react with pathogens remaining in the water following

pretreatment, and can react with pathogens contributed to

the water from the distribution system (5).

Disinfection, as the word implies, is the removal of

infectious agents. Disinfection should not be confused

with sterilization, the complete inactivation of living

material. The intention of the disinfection of potable

water was never sterilization. The final disinfection

process is the intentional addition of biocidal agents to

inactivate pathogenic microorganisms. About 97 percent of

U.S. surface water supply systems disinfect as a final

step in potable water treatment (2).

Chlorine is the disinfectant that has been and

continues to be used in the United States for potable

water disinfection, almost to the exclusion of all other

types of disinfectants (5). Ninety-nine percent of water

treatment facilities that disinfect utilize chlorine as

their sole or primary disinfectant following filtration

(32) .
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The post-chlorination step serves two vital

functions. The first function is to deactivate

microorganisms which may have survived the coagulation-

flocculation-filtration treatment steps. The second

function is to leave a residual of free reactable chlorine

to facilitate further disinfection in holding tanks and

distribution systems, if needed. The regrowth of

remaining organisms, cross-connection contamination,

groundwater backflow, or biologic growths on pipes may all

contribute to the contamination of potable water after

leaving the treatment plant.

A drinking water distribution system often is more

than simply a means of transporting treated water to the

tap. It also serves as a storage system and may be a

source of organic or inorganic contamination. The

presence of bacteria within the distribution system pipe

surfaces and on suspended particles recovered from potable

water has been well documented (33). Pathogens found in

water distribution systems increase with an increase in

distance from the water treatment plant (34).

Microorganisms commonly associated with water

distribution systems are of the bacterial genera Bacillus,

Flavobacterium, and Pseudomonas, and less commonly may

include such genera as Legionella, Klebsiella and

Staphylococcus (34,35). The residual of chlorine that is

maintained in the distribution system for hygienic reasons

also serves to repress the growth of nuisance

microorganisms, which may dislodge from pipes and cause

sediments at consumers' taps (8). Therefore, chlorine has

been heavily relied upon by community water systems to

maintain the integrity of treated water following its

release from the treatment plant.
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1.4 Policies and Federal Standards

Federal authority for drinking water standards in the

United States originated with the National Quarantine Act

of 1878. This act, entitled "An Act to Prevent the

Introduction of Infectious or Contagious Diseases into the

United States", resulted in the promulgation of the

Interstate Quarantine Regulations of 1890 (U.S. Statutes

at Large, vol. 26, ch. 51, p. 31). The Interstate

Quarantine Act authorized the surgeon general to make and

enforce regulations to prevent the introduction,

transmission, or spread of communicable diseases in the

U.S. Through this Act, the transfer of such contagious

diseases as cholera, small pox, and plague (only the first

of which is waterborne) from one state to another was

punishable by federal law.

The Interstate Quarantine Act was amended in 1893,

1894, and again in 1901 to grant additional quarantine

powers and to impose stricter duties to those responsible

for the interstate spread of communicable disease.

Amendments also included specific instructions for the

handling of drinking water on maritime vessels. Serving

contaminated water on marine vessels could result in a

maximum penalty of $500, or imprisonment for one year

(18). This emphasis on marine vessels reflected the great

importance of maritime commerce in that time.

In 1912, all commissioned officers of the Public

Health Service traveling under official orders on trains

and vessels in interstate traffic were directed to observe

sanitary conditions and to submit reports about these

conditions. One such report cited the occurrence of 122

cases of gastroenteritis, 42 typhoid-like cases and 5

deaths among the 235 passengers on a Great Lakes steamer

(18). Following this report, the Interstate Quarantine

Act was amended further in 1912 with a provision which
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prohibited the use of a common drinking water cup on

interstate carriers.

On October 21, 1914, the Secretary of the Treasury,

William Gibbs McAdoo promulgated the first modern drinking

water standards; these standards prescribed limits for

bacteria. During this time, the United States Public

Health Service (USPHS) was then part of the U.S. Treasury

Department; therefore these standards were referred to as

the "Treasury Standards." The Treasury Standards included

a 100 mg/1 limit for total bacteria in potable waters,

determined by a plate count.

Although the Treasury Standards were were legally

binding only on water supplies used by interstate

carriers, they were widely adopted by state and local

governments as guidelines (5). Because of their

widespread use, the Treasury Standards were revised in

1925 to include physical and chemical limits for potable

waters. With the exception of the standard for lead,

these limits were primarily set for aesthetic reasons

(36) .

By 1942, further revisions were made on the USPHS

standards to include limits for arsenic, fluoride, and

selenium. These revisions, as well as the ones following

four years later, also made the water authority or the

water purveyor responsible for water quality at the

consumer's service connection and at the consumer's tap.

It was apparent that the regulatory emphasis was beginning

to be focused on municipal water systems, rather than on

interstate carriers, though they still were only legally

binding for the later group.

In 1962, the USPHS standards were revised again.

These standards were considered the best written, and most

comprehensive federal drinking water standards of their

time (5). The 1962 revisions included limits for

nitrates, radioactivity, cadmium, cyanide, alkyl benzene

sulfonate, carbon chloroform extract, and silver. For the
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first time, a criteria section was added, which presented

the scientific information on which the standards were

based.

The 1962 standards were endorsed by the American

Water Works Association. The standards were accepted by

all 50 states with minor modifications, either as

regulations or guidelines for the now 19,236 community

water systems (37). As an enforcement tool however, the

USPHS Drinking Water Standards were only federally

enforceable to those common carriers in interstate travel,

which by this time only represented 2 percent of the

nation's water supply systems (36).

Compliance with the 1962 standards varied from state

to state. The results of a nationwide USPHS Community

Water Supply Study in the late 1960's showed that only 59

percent of the 969 community water systems evaluated met

the 1962 USPHS Drinking Water Standards (37). This

finding generated congressional interest in federally

endorsed water quality regulations to be applied to the

purveyors of potable waters in the U.S. (36).

Beginning in 1968, a series of fourteen bills were

introduced in both houses of Congress under the general

heading of Safe Drinking Water Act or Bottled Water

Control legislation. The last two bills (HR 13002 and

S 433) became The Safe Water Drinking Act (SDWA) which was

signed by President Ford in December 1974 as Public Law

93-523. This far reaching piece of legislation required

the establishment of primary drinking water regulations

designed to ensure safe drinking water for the consumer.

The Safe Drinking Water Act took many of the water

protection functions away from the USPHS and placed them

under the direction of the EPA. These regulations were

the first to apply to all community water systems in the

U.S.

The SDWA is an extensive piece of legislation that,

among other things, mandated federal control over
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community water supplies. Provisions in the Act strongly

emphasized that the states were to have primary

responsibility for enforcement over water purveyors, and

authorized funds to finance state programs. It appointed

a National Drinking Water Advisory Council to guide the

EPA, and directed the National Academy of Sciences to

study the health aspects of the water supply.

The theory of the SDWA was quite straightforward

(38). This legislation basically had only two parts.

First, the EPA was required to establish national

standards for drinking water quality. These standards

indicate the maximum allowable concentration of selected

hazardous contaminants in drinking water. Following 1974,

the EPA adopted the USPHS Drinking Water Regulations of

1962, and soon added other contaminants to the list of

hazardous contaminants.

The second part of the theory of the SDWA is that

water suppliers of the nation's community water systems

were responsible for monitoring the quality of the water

that they delivered to consumers. These suppliers needed

to be aware of the EPA's standards, and to put them into

practice. Therefore the federal government was for the

first time, responsible for research on the health effects

of water contaminants, and local governments became

responsible for compliance with federal standards.

The EPA has been given the large task of establishing

both Recommended Maximum Contaminant Levels (RMCLs) and

Maximum Contaminant Levels (MCLs) for substances in

potable waters which may compromise the health of water

consumers. A RMCL is a nonenforceable health goal for a

contaminant for which "no known or adverse effects on

health of persons occur and which will allow an adequate

margin of safety" (39). A RMCL may or may not become a

MCL, which is an enforceable standard set in the primary

drinking water regulations. MCLs must be set as close to

RMCLs as is feasible. "Feasible" means with the use of
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the best technology, treatment techniques, and other means

which the EPA finds generally are available, with the

consideration of economic constraints (39). The SDWA

requires the EPA to identify the best available technology

for meeting the MCL for each contaminant (40).

During the first ten years of the SDWA, the EPA

developed final Maximum Contaminant Levels for 26 water

contaminants (Table 1.4: 1). Included in these MCLs were

ten inorganic chemicals, six organic chemicals, five

radionuclides, turbidity, and bacteria (coliforms) (41).

In 1979, the EPA established Secondary Drinking Water

Regulations for 12 contaminants that may adversely effect

the aesthetic qualities of drinking water. Unlike the

MCLs, these secondary levels were nonenforceable.

Included in the Secondary Drinking Water Regulations were

copper, foaming agents, sulfate, corrosivity, odor, and

total dissolved solids.

With the evolution of sophisticated analytical

techniques, the detection of more and more contaminants

associated with potable waters became possible. By the

mid-1980's, over 700 different organic, inorganic,

biological, and radiological contaminants had been

detected in the nations drinking water supplies (38).

Table 1.4: 1. Initial Maximum Contaminant Levels set by
the EPA.(excluding radionuclides) (5).

INORGANIC CHEMICALS:
Arsenic
Barium
Cadmium
Chromium
Lead
Mercury
Natural fluoride
Nitrate
Selenium
Silver

TURBIDITY:
1 ntu monthly average

ORGANIC CHEMICALS
(Common Names)
Chlorinated hydrocarbons:
Endrin
Lindane
Methoxychlor
Toxaphene
Chlorophenoxys:
2,4-D
2,4,5-TP (Silvex)
Trihalomethanes

BACTERIA:
<1/100 mL coliform average
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During this time, the EPA was criticized for not

proposing new MCLs to protect the public from exposure to

these newly detected agents. Prompted largely by growing

public concern that contaminants were compromising

human health, the U.S. Congress responded by the formation

of amendments to the SDWA (42).

On June 19, 1986, President Reagan signed into law a

new drinking water program. The bill had passed both

houses of Congress by overwhelming margins. The 1986

Amendments to the SDWA went beyond the simple two-part

program of the original SDWA, and included a series of

regulatory strategies which required the EPA to set

standards for drinking water contaminants at a faster

pace. This accelerated regulation of contaminants is

probably the single most important provision of the new

SDWA (43) .

First, the EPA was required to establish standards

for a list of 83 named contaminants within a three-year

period. These 83 contaminants previously had been

identified by the EPA as candidates for regulation.

Included in the list were 14 volatile organic chemicals,

23 inorganic chemicals, 33 non-volatile organic chemicals,

and five microbiological organisms. This list of priority

contaminants, which was to be evaluated for inclusion in

the National Primary Drinking Water Regulations, was

termed the Drinking Water Priority List (DWPL).

Following the establishment of MCLs for the 83

contaminants on the DWPL, the EPA is required through the

1986 Amendments to issue both Maximum Contaminant Level

Goals (MCLGs) (now renamed from RMCLs), and MCLs for an

additional 25 contaminants by 1991. These additional

contaminants are required to be selected from a priority

list prepared by the EPA. Furthermore, this priority list

is required to be updated every three years, to include

contaminants not included in the previous list.
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The revised regulations to the SDWA stipulate that

the DWPL contain only substances which are known or

anticipated to occur in public water systems and which may

have an adverse effect on the health of persons (44). For

each substance being considered for the National Primary

Drinking Water Regulations, a detailed assessment must be

produced, which includes environmental occurrence, human

exposure, toxicology, analytical methods, treatment

technology, unit costs, implementation forecasts, costs to

communities, and a national impact assessment. This

development and review process for proposed and final EPA

regulations is extensive, and also includes public

participation at several levels, through public hearings

and the notification and request for public comment in the

Federal Register (45).

Table 1.4: 2. EPA Drinking Water Priority List, 1988 (46).

Contaminant or Contaminant Group to be Regulated:
Aluminum
Ammonia
Boron
Bromobenzene
Bromochloroacetonitrile
Bromodichloromethane
Bromoform
Chloramine
Chlorate
Chlorine
Chlorite
Chloroethane
Chloroform
Chloromethane
Chloropicrin
o-Chlorotoluene
p-Chlorotoluene
Cryptosporidium
Cyanazine
Cyanogen chloride
Dibromoacetonitrile
Dibromochloromethane
Dibromomethane
Dicamba
1,1-Dichloroethane
Dichloroacetonitrile

1,3-Dichloropropane
2,2-Dichloropropane
1,3-Dichloropropane
2,4-Dinitrotoluene
ETU
Halogenated acids,
alcohols, aldehydes
and ketones
Hypochlorite ion
Isophorone
Methyltertbutylether
Metolachlor
Metribuzin
Molybdenum
Ozone by-products
Silver
Sodium
Strontium
2,4,5-T
1,1,1,2-Tetrachloroethane
1,1,2,2 Tetrachloroethane
Trichloroacetonitrile
1,2,3-Trichloropropane
Tribluralin
Vanadium
Zinc



28

Congress has underestimated the time required to

develop credible regulations because of this lengthy

assessment procedure for each of the DWPL contaminants

(46). At present, the development of the revised DWPL has

fallen behind on the timetable established by Congress.

The first DWPL was finalized on January 22, 1988, and

contained 53 contaminants that occur in public water

systems at levels of concern (Table 1.4:2) (47). The EPA

is slated to promulgate final MCLGs and MCLs for 25 of

the contaminants listed in Table 1.4: 2 by January 1993.

Disinfectants and disinfection by-products are

represented numerous times in EPA's 1988 DWPL (48).

Disinfectants proposed to be regulated are chlorine,

chlorite, chlorate, chloramine, hypochlorite ion, ammonia,

and ozone. Disinfection by-products proposed to be

regulated in the 1988 DWPL include chloroform, bromoform,

dibromochloromethane, bromodichloromethane, bromochloro-

acetonitrile, dibromochloromethane, chioropicrin, and

halogenated acids, alcohols, aldehydes and ketones.

When finalized, the 1986 amendments to the SDWA will

generate numerous regulations for the drinking water

industry, and will especially impact the practice of

disinfection (49). Today's water purveyors are faced with

the difficult challenge of addressing traditional water

treatment regulations, soon to be compounded by the

emergence of stricter federal regulations, standards, and

penalties. The SDWA Amendments and their supporting

regulations will make major changes in the way water

quality parameters are measured, and the way disinfection

and treatment strategies are practiced (50).

This paper will look more closely at the role of

chlorine as a disinfectant, as well as the rationale

behind the disinfectant by-product regulations. After

examining the scientific evidence which fueled the new

SDWA regulations, available treatment strategies for

meeting the new regulations will be detailed and examined.
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Section Z. Chlorination of Potable Water

2.1 The History of Chlorination of Potable Water

The first use of chlorine as a continuous process in

the disinfection of potable water was in the small town of

Middelkerke, Belgium in 1902. For the treatment of water

in Middelkerke, chlorine gas was generated by mixing

potassium chlorate and oxalic acid. Prior to this time,

chlorine had been used predominantly as a bleaching agent

for textiles and paper, and less frequently as a temporary

expedient to stay epidemics of typhoid and puerperal

fever.

The first successful use of water chlorination in the

United States is credited to George A. Johnson, who in

1908 utilized chloride of lime to disinfect water supplied

to Chicago stockyards. In that same year, Johnson was

hired to chlorinate the Jersey City water supply in New

Jersey. Jersey City had been experiencing contamination

problems from a recently constructed reservoir. The

resulting chlorination plant was an enormous and

cumbersome facility, consisting of three 10,500 gallon

concrete chloride of lime solution storage tanks at the

reservoir outlet (1).

After several months of practical operation, the

bacterial content of the Jersey City water supply was

reduced from 200 to 200,000 organisms per liter, to 20 to

30 organisms per liter. The practice of water

chlorination was endorsed by New Jersey Chancellor Magie,

who in 1910 stated:

I am of the opinion and find that [water
chlorination] is an effective process which
destroys in the water the germs, the presence
of which is deemed to indicate danger, including
pathogenic germs, so that water after this
treatment attains a purity much beyond that
attained in water supplies of other municipalitiesl-
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During this time, toxicologists were sought by Jersey City

officials to declare the process of chlorination a

poisonous one, but no one could be found who had this

opinion.

Following the Jersey City experience, chlorination

became widely adopted by U.S. municipalities. In fact, no

other process of water disinfection came into use as

rapidly or as widely as chlorination (2). This early

interest in the use of chlorine as a water disinfectant

was followed with rapid technological advancements towards

applying chlorine in the potable water treatment setting.

The story of the progress of chlorination since the

discovery of the biocidal effectiveness of chlorine has

been principally a story of equipment development (3).

The first important development in the application of

chlorine was the development of an apparatus that could

utilize chlorine gas directly from a cylinder. Liquid

molecular chlorine compressed in steel cylinders became

available for use in the U.S. as early as 1910.

Refinements on the direct feed cylinders came rapidly

and soon included gas pressure gauges, temperature

pressure compensating devices and an inverted glass siphon

for measuring low rates of chlorine gas flow. Late in

1913, solution-fed chlorinators were developed which

proved to be more reliable than the direct-feed units. By

1919, chlorine gas cylinders had been installed as far

west as California, and there were service facilities for

this apparatus in major cities throughout the U.S..

In the growing experience with chlorination, it was

found that in addition to destroying disease-producing

organisms, chlorine also could destroy those nuisance

organisms which often caused taste and odor problems,

fouled filter beds, and degraded the quality of the water

in the distribution system. Still, one of the primary

objections to the use of chlorine at this time was the

chlorinous taste of the treated water. This objection
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soon rallied many opponents of chlorination from within

the general public (3).

In 1919, Wolman and Enslow made a significant

contribution to the understanding of the practice of

chlorination by demonstrating that the chlorine consumed

could vary widely from water to water (4). Thus began the

first concept of chlorine demand, defined as the

difference between the amount of chlorine added to the

water and the amount of chlorine remaining (residual) at

the end of a specific contact period (Figure 2.1: 1). The

chlorine demand is the result of a variety of reactions in

which chlorine is consumed by various constituents of the

water and by decomposition. Soon it was discovered that a

more palatable water could be produced by determining the

chlorine demands of individual water supplies, and

chlorinating accordingly.

In 1925, B.A. Adams introduced an entirely new

approach to disinfection of potable water (5). He

demonstrated that atmospheric constituents (probably

phenols) were absorbed by water, and in the presence of

chlorine, produced the characteristic "iodoform" taste.

Adams showed that if the water contained a trace of

ammonia, this taste did not develop. This began the

ammonia-chlorine (chloramination) process for taste and

odor control of potable waters in the U.S..

In the use of ammonia with chlorine to prevent

"chlorinous" tastes resulting from phenols or phenol-like

compounds, ammonia was applied before the chlorine was

added and allowed to mix thoroughly with the water. This

chloramine process virtually replaced the traditional

chlorine demand = chlorine dose chlorine residual

Figure 2.1: 1 The concept of chlorine demand (4).
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chlorination-only process, and had its greatest popularity

between 1929 and 1940. The reason for its decline was

twofold: first, during World War II, there was a shortage

of ammonia nitrogen compounds available to water

utilities, and second, there was the discovery by Griffin

in 1939 of the breakpoint phenomenon (3).

The breakpoint phenomenon describes the reactions of

chlorine with ammonia. This phenomenon is complex and

still not understood completely (6). Simply stated,

chlorine reacts with ammonia which is either naturally

occurring in the water or intentionally added during

treatment, to produce a series of chlorinated ammonia

compounds called chloramines. Eventually chlorine

oxidizes the ammonia into nitrogen gas or a variety of

nitrogen containing chlorine-free products. These

oxidized products may include nitrogen, nitrous oxide,

nitric oxide, nitrite, nitrate, and hydrazine.

Chloramine formation and the oxidation of ammonia by

chlorine combine to create a unique dose-residual curve

upon the addition of chlorine to ammonia-containing

solutions (Figure 2.1: 2). As the chlorine dose

increases, the chlorine residual at first rises to a

maximum level. Then, as the chlorine dose is increased

further, the chlorine residual falls to a value close to

zero. The chlorine dose which corresponds to this minimum

level is called the "breakpoint" dose. The theoretical

breakpoint generally occurs at a C12/NH3 ratio of 1.6

moles chlorine per 2.0 moles of ammonia (7).

An examination of the nature of the chlorine residual

present prior to the breakpoint will reveal that it is

composed almost entirely of chloramines, or what is

referred to as "combined chlorine residual." After the

breakpoint, the chlorine residual is composed almost

entirely of chlorine (012), hypochlorite ion (001-), and

hypochlorous acid (HOC1), which are known as "free

chlorine residual" (6). The importance of the form of
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Figure 2.1: 2. An example of the dose-demand curve and breakpoint
for the chlorine-ammonia reaction after approximately an hour (6).

residual chlorine for disinfectant purposes is

significant. It has been shown that the free chlorine

residual has the germicidal efficiency 100 times greater

than that of chloramine (combined residual chlorine) (1).

For example, it has been shown that combined chlorine

requires 6 hours to inactivate the same amount of

rotavirus as free chlorine (HOC1) will inactivate in 15

seconds (8) .

The discovery of the breakpoint phenomenon marked the

beginning of the free residual chlorine process. It also

sparked a great deal of interest in the kinetics of

chlorination, and in the development of analytical methods

for the determination of the various chlorine residual

fractions (3). Free chlorine once again became the

predominant disinfectant of potable water, and remains so

today.
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2.2 Chlorine Disinfection, Chemistry, and Kinetics

The primary reason for the use of chlorine for

treatment of community water supplies is its potent

germicidal activity. For more than 75 years now, the

application of aqueous chlorine in sufficient concen-

tration to satisfy the chlorine demand of the water has

been practiced. For the past 50 years, the use of the

breakpoint reaction to accomplish disinfection with an

assured residual of free aqueous chlorine has also been

practiced by water treatment facilities. The following

discussion takes into account only the chlorine species

which occur as a residual after the breakpoint, as this is

the predominant form now used in the disinfection of

potable water.

Chlorine is applied to potable water in several

forms. At the present time, it is most often used as a

gas, generated from the vaporization of liquid chlorine

stored under pressure. Facilities not using chlorine gas

may use chlorine salts such as sodium hypochlorite,

calcium hypochlorite, or bleach (Na0C1).

The term aqueous chlorine, as it is used in water

treatment, does not refer simply to the elemental chlorine

species C12. When elemental chlorine gas is dissolved in

water it initially hydrolyzes (within seconds) into the

chemical species hypochlorous acid (HOC1):

C12(g) + H2O <=> HOC1 + H+ + Cl-

Hypochlorous acid is a relatively weak acid, and at water

pH values above 7.5, the oxidized chlorine species

hypochlorite ion (0C1-) will form:

HOC1 + H2O <=> H30+ + 0C1-

Therefore, C12, HOC1, and 0C1- are the chemical species

which comprise what is called "free residual chlorine."

The reactions of free aqueous chlorine in water

chlorination are not indiscriminate and unpredictable,

but, follow well defined and well understood pathways, in
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which the relative amounts of the various chlorine species

is a function of pH (Figure 2.2: 1). At a pH below 5 and

at a concentration of chlorine greater than 1,000

mg/liter, chlorine may be present in the elemental state.

At a pH of 5, all chlorine occurs as HOC1, but as the pH

increases, more hypochlorous will dissociate, forming

hydrogen and 001-. At pH 7.5, the activities of HOC1 and

001- are equal. At pH values above 7.5, 001- becomes the

predominant species (9). For example, at pH 7, the

dissociation of chlorine produces 83.3% HOC1 and

16.7% 0C1-, while at pH 9, the association is 4.5% HOC1

and 95.5% 0C1-.

This shift in ionization with pH, which is common

with all weak acid-base systems, is particularly

significant for aqueous chlorine for two reasons. First,

the pH range characteristic of most natural waters is 6.0

to 8.5, which coincides with the rapidly changing

distribution of HOC1 and 0C1-. In this pH range, the two

chemical species are in equilibrium, as one of the two is

consumed in the reaction, therefore the concentration of

both chemicals increases or decreases proportionately.
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Figure 2.2: 1. The effect of pH on the concentration of the ionic
species of hypochlorous acid (13).
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C12 > HOC1 > 0C1- > NHC12 > NH2C1 > R-NHC1
{--FREE CHLORINE -} {---COMBINED CHLORINE -}

Figure 2.2: 2. Free and combined chlorine species listed in order
of disinfecting efficiency, from greatest to poorest (10).

Second, the chemical reactivity and germicidal potency of

aqueous chlorine is entirely dependant on the distribution

of the active chlorine species present (11).

The predominant chlorine species present is of more

than academic interest because the disinfecting ability of

HOC1 is generally regarded to be far greater than that of

0C1-. For example, HOC1 is about 80 to 100 times more

effective at killing Escherichia coli than is 0C1-. In

addition, the HOC1 form is usually estimated to be 150 to

300 fold more effective biocidally (overall) than

0C1- (12). To illustrate, a breakdown of the overall

disinfecting efficiency of both free and combined chlorine

species is presented in Figure 2.2: 2.

The germicidal efficiency of HOC1 is due to the

relative ease with which HOC1 can penetrate cell walls.

This penetration is comparable to that of water, and can

be attributed to the modest size (low molecular weight) of

HOC1 as well as to its electric neutrality (13). On the

other hand, due to its negative electrical charge, 001- is

a weaker disinfectant because of its inability to diffuse

through the cell wall of microorganisms. In the treatment

of potable water, the pH is often adjusted to a lower

desirable level prior to chlorination, so that HOC1 will

be the predominant chlorine species.

The ability of chlorine to adequately disinfect is

dependant on other variables besides the pH and the

disinfectant species available. Other variables

influencing disinfection are the water temperature

(increased disinfection with increasing water temperature)
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(12), disinfectant contact time, concentrations of

microorganisms, the chlorine dose, and the presence of

interfering substances.

The time in which the applied chlorine has to react

with water during treatment is known as the contact time.

Disinfection rates increase with an increase in contact

time, and because of this, treatment plants are often

designed to maximize water retention following

chlorination. Most water treatment facilities provide a

minimum of 30 minutes contact time for the purpose of

disinfection (11).

The surface area of the disinfectant available to

inactivate microorganisms is important. A contact

disinfectant, such as chlorine, has only a small number of

reactive sites on its surface. Ideally, the contact and

inactivation of a microorganism with chlorine should be

brief, with immediate and complete release of the

inactivated microorganism and thus regeneration of the

biocidal attachment sites on the surface of the

disinfectant. A limited "life span" of chlorine may occur

in waters with a high number of microorganisms, since

there is a greater likelihood for the incomplete release

of the inactivated microorganism by the disinfectant, thus

reducing the regeneration of chlorine's biocidal

properties (13) .

Another variable influencing the effectiveness of

chlorine is the amount or "dose" applied to the receiving

waters. As would be expected, the greater the chlorine

dose applied following the breakpoint, the greater the

ability for chlorine to disinfect. Chlorine dosage rates

vary widely, and there is little consistency from

treatment plant to treatment plant.

Animal feeding studies conducted in the 1950's and

1960's indicated that chlorine posed no health hazard at

concentrations up to 200 milligrams per liter (mg/1) of

drinking water; therefore, high levels were frequently



43

applied to potable water during treatment (14). This

practice was changed when, in the 1970's, the EPA

recommended a reduction of chlorine dose (and subsequent

chlorine residual) to the amount of 0.5 to 1.0 mg/1 of

free residual chlorine for a 30 minute contact period.

Interestingly, the disinfectant concentrations and

contact times used by different water utilities still

varies widely (12). Because the EPA recommendation of 0.5

to 1.0 mg/1 chlorine residual is only a guideline and not

a Federal requirement, several states have established

their own requirements. For example, Washington State

regulations require a minimum free chlorine residual of

0.2 mg/1 following a 30 minute contact period.

After the EPA recommendation of a reduction in

chlorine dose/residual, a questionnaire was developed in

1978 by the American Water Works Association and mailed to

water utilities. The purpose of the questionnaire was to

document the current practices of a variety of U.S. water

utilities (n=350) with respect to their application of

chlorine. The chlorine dosage range reported was from a

minimum of 0.2 mg/1 to a maximum of 40 mg/l. The maximum

dose reported by 96% of the respondents was 15 mg/1 (1).

When chlorine is introduced into water, it not only

reacts to form biocides but also reacts with other

substances in the water to form organic and inorganic

compounds. These compounds often have little or no

disinfection capacity. For example, the chlorine atom in

HOC1 no longer has oxidizing properties if it becomes

bound to carbon (11). Therefore, reactions with organic

and inorganic substances constitute chemical interference

with disinfection by consuming part of the applied

chlorine in a phenomenon described earlier as the chlorine

demand. An example of the significance of such

interference is the requirement of 8.32 mg/1 of chlorine

to oxidize 1 mg/1 of hydrogen sulfide into sulfates (15).
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Problems with chlorine disinfection also are

attributed to particulate matter found naturally in water,

but for two very different reasons. First, microorganisms

trapped within the matrix of particulate matter are

shielded from the effects of disinfection. Such

particulates provide protection and permit the survival of

microorganisms even after long (>60 minutes) chlorine

contact periods (15).

The second problem associated with naturally

occurring particulates in chlorinated water will comprise

the scope of the rest of this paper. Through the

chlorination of naturally occurring particulates (humic

matter), a wide variety of chemical by-products are

produced. Recently, there has been great concern as to

the nature of these compounds and their potential

consequences to public health. The following sections

will examine this potential in detail.

2.3 Reactions With and Evaluation of Humic/

Organic Substances in Treated Water

Until about 15 years ago, concern about toxic

chemicals in drinking water centered on the problem of

contamination of water supplies from various industrial

and municipal discharges (16). As the potentially harmful

effects of these industrial and municipal pollutants began

to be recognized, the potential health effects of chlorine

and its by-products also started to be examined. Although

Lederberg (17) cautioned in 1969 that both chlorine and

chloramines and their reaction products formed either in

water or in vivo could be genotoxic, research on the

disinfectants and their by-products was not pursued

vigorously for several years.

Although sporadic reports of the presence of

chloroform and other chlorinated organics called

trihalomethanes (THMs) in finished drinking water had
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occurred in the early 1970's, reports in 1974 by Rook (18)

of the Rotterdam Water Utility in the Netherlands and by

Bellar et al. (19) of the EPA clearly demonstrated that

these contaminants are formed during the water treatment

process as a result of chlorination. While the reaction

of chlorine to produce trihalomethanes undoubtedly has

been occurring as long as chlorine has been in use in

water treatment, the detection of these compounds awaited

the development and application of gas chromatographic

techniques to drinking water. Later refinements in

instrumentation led to the identification of still more

chlorinated organic compounds (Section 3).

Since these early discoveries, considerable effort

has been expended attempting to pinpoint the sources of

the THM precursors. In 1974, Rook postulated that THMs

were a result of a reaction of chlorine with naturally

occurring organic materials. Rook (20) and Stevens et al.

(21) subsequently confirmed that the chlorination of humic

or fulvic acids resulted in trihalomethane formation. In

addition to humic materials and fulvic acids, various

other precursors to THMs have been proposed, including

algal materials, inorganic bromide, and an assortment of

aromatic substances (22).

Natural sources contribute the majority of organic

materials in potable water via soil, the decay of

vegetation and animal tissues, animal excretion,

photosynthetic by-products and extracellular release of

organic matter by plankton and aquatic macrophytes. Humic

substances are by far the most frequently occurring

natural material in drinking water supplies (23). Other

organic products found in natural waters include fulvic

acids, tannins, amino acids, terpines, proteins, and a

variety of nitrogen and sulfur containing substances.
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Figure 2.3: 1. Average TOC levels in different source waters (24).

20

Because of their complexity, variety, and water

solubility, naturally occurring organic compounds are

usually not identified individually but rather in

surrogate general parameters such as color, total organic

carbon (TOC), or total organic nitrogen (TON). The

average concentrations of TOC in source waters range from

about 0.1 mg/1 in deep groundwaters, to 1 to 5 mg/1 in

many surface waters, to 20 to 25 mg/1 in some highly

colored surface or groundwaters (23). Figure 2.3: 1 shows

the average concentrations of TOC in various water

sources.

Humic substances have been studied extensively and

are the best known components of aquatic TOC (25).

Aquatic humic substances are defined differently than soil

humic substances. Aquatic humic substances are defined

operationally as colored, polyelectrolytic acids that may

be isolated from water by sorption onto weak-base ion

exchange resins, or by a comparable procedure. They are

nonvolatile, amorphous, and chemically complex

macromolecules which range in molecular weight (MW) from

several hundred to hundreds of thousands MW (26).
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Aquatic humic substances most often originate in

plant and soil systems, where they are leached into the

watershed. Waters that contain algal productivity also

contribute significantly to the pool of aquatic humic

substances. Therefore, seasonal variations in the humic

acid component of natural waters is expected to correspond

with algae growth and decomposition.

Fulvic acids are the second largest contributor to

the natural organic load of source waters. Fulvic acids

are chemically similar to humic acids. However, fulvic

acids differ from humic acids in that they are in true

solution (dissolved) and not colloidal (27). The greater

solubility of fulvic acid is thought to be due to the

larger number of carboxylic acid functional groups on this

compound then on humic acids, as well as to its lower

molecular weight (from 800 to 2000) (27) .

Dissolved organic nitrogen compounds are the third

important humic component of natural waters, as they have

been shown to comprise as much as one-third of the total

dissolved organic matter in some surface waters (28).

Organic nitrogen levels can vary widely with water source

and season, but levels of 0.5-1.0 mg/1 are common. The

contributions of these compounds as THM precursors are not

generally as significant to the trihalomethane formation

potential (THMFP) of natural waters as are humic and

fulvic acids. Even so, significant contributions to the

THMFP by nitrogen compounds have been demonstrated.

Scully et al. found proteins (total dissolved amino

nitrogen) to account for 8 to 11% of the THMFP of

chlorinated lake water (28). Nitrogen levels were found

to correspond in a positive linear relationship with algal

activity.

Chlorine can react with naturally occurring organics

in basically two different ways. First, chlorine can

oxidize organics by accepting electrons from the organic

substrate. Second, chlorine can substitute into the
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organic matrix. A disinfectant that reacts by

substitution will form higher concentrations of total

organic halogen (TOX), especially if it does not first

oxidize away the TOX precursors (29). The chlorine

species HOC1 and 0C1- are unpredictable in their TOX

formation potential because they are both strong

substituting agents and strong oxidants.

The chlorination of humic acid results in a highly

complex chain of reactions. It is essentially an

oxidative, halogenating, degradation reaction, with

simultaneous substitution, addition, elimination,

rearrangement, and hydrolytic reactions taking place (25).

The pattern of the reaction is the successive replacement

of hydrogen by chlorine on the alpha carbon (the carbon

atom that bears the halogen atom) to a carbonyl group,

followed by eventual hydrolysis to produce CHX3. The

mechanism is believed to involve an initial proton

dissociation from the alpha carbon, producing an enolate

carbon anion which is then subject to electrophilic attack

by HOC1 or 0C1- (9).

The result of the chlorination of humic materials is

numerous halogenated end products, which remain to be

fully characterized (Section 3). In general, the TOX

produced is divided into its volatile (THMs or purgeable

TOX) and nonvolatile (TOX or nonpurgeable TOX) fractions.

The importance of this distinction will become apparent in

the following section. The chain reaction produced from

the chlorination of humic acids and the subsequent

formation of THMs and TOX is highly dependent upon such

variables as the water pH, chlorine dose, chlorine contact

time, and total organic carbon present.

The production of both THM and TOX is strongly

influenced by pH. While it is true that THM (volatile

fraction) levels will decrease with a decrease in pH,

moving to a lower pH also will increase the TOX

(nonvolatile fraction) formation (29). Thus, decreasing
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pH will reduce THM production only at the expense of a

much larger production of TOX. At a higher pH, the

reverse is true. Trihalomethanes are generally considered

to be cleaved from products that are part of the

nonpurgeable TOX (NPTOX or TOX) fraction. Therefore, a

decrease in the pH to deter the reactions that produce

THMs will increase the TOX (29).

The chlorine dose also will affect the distribution

between THMs and TOX. At low chlorine doses, substitution

reactions and products dominate. At higher chlorine

doses, oxidation and cleavage products (and ultimately

THMs) predominate. Thus, again, there is a trade-off

between the THM and the TOX fractions where a change in

treatment conditions as a strategy to decrease the

concentration of one product will increase the

concentration of the other product (29).

Investigators have shown clearly that both THM and

TOX levels increase with an increase in chlorine contact

time (29,30). The contact time directly following the

prechlorination step during water treatment is

consequential for THM and TOX formation because the

Table 2.3: 1. The chloroform content of water within a treatment
plant, at various points within the treatment process. EPA
National Environmental Research Center Data (19).

SAMPLE SOURCE FREE CL2 (PPM) CHLOROFORM (UG/L)
Raw river water 0 0 0 9

River water treated
with chlorine and alum,
contact time -80 min 6 0 22 1

Three-day old
settled water 2.0 60 8

Water flowing from
settler to filters 2.2 127 0

Filter effluent 83.9

Finished water 1 75 94 0
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greatest level of humic matter is present to be reacted

with. Coagulation, sedimentation, and filtration remove

successively increasing amounts of organic precursors

(-50%), but organic matter present following these

treatment steps, and organic matter contributed by the

distribution system will also increase the likelihood of

THM and TOX formation (28).

The substitution onto the alpha carbon atom by free

chlorine is generally a slow reaction. Increasing the

total contact time (from chlorination to consumption)

facilitates the conditions that increase the likelihood of

this reaction with the remaining organic matter present

Table 2.3: 1 illustrates this increase within the water

treatment setting, using the primary THM, chloroform.

The level and specific types of TOC present in the

raw water prior to chlorination greatly influences TOX

formation. With such a diversity in the sources and

processes contributing to aquatic organic matter, each

potable water source can be thought of as having a

characteristic organic chemical signature. Upon

comparison, waters with a similar composition of natural

organic material will show a wide variance of reaction

products following chlorination (29).

Surface water sources generally contain more organic

matter than groundwaters and are therefore more likely to

produce higher THM and TOX concentrations. However, in

some cases, specific waters with high TOC levels show a

very low THMFP. This phenomenon may be attributable to

the composition of the organic matrix which may be less

reactive to free chlorine in such waters (31). This

widely differing organic component of various waters

explains why attempts to correlate the THMFP of natural

waters with a simple chemical parameter such as TOC has

been unsuccessful (31).
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Section .1. By-products of Chlorination and

Risk Assessment

3.1 Introduction

A diverse amount of chemical structures have been

shown to arise through the reaction of chlorine with

organic material that is present in drinking water

sources. Nearly 1,100 different organic chemicals were

identified in a survey of drinking waters from five U.S.

cities; approximately twice as many were detected but not

identified (1). Currently, a database with over 780

compounds that are formed by the reaction of chlorine with

humic acids has been compiled by EPA inhouse studies (2).

In comparison with other organic chemical

contaminants found in potable water, it is interesting to

note that the concentration of chlorination by-products

surpasses the concentration of contaminants from

agricultural and industrial sources. For example, the

trihalomethanes average concentration in potable water are

some two orders of magnitude higher than the average

concentration of chemicals of industrial or agricultural

origin (1). For this reason, the EPA has been very

interested in assessing the possible toxic effects of

chlorination by-products on humans.

In an attempt to evaluate the health risk posed by

the presence of chlorinated by-products in drinking water,

the identification of these chemicals has been avidly

pursued (3). The task of identifying specific chemical

contaminants, however, has proven difficult for a number

of reasons. First, the large number and variety of

organic by-products makes identification difficult,

especially since the majority of these compounds are

present at concentrations of less than 1 ug/l.
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To further complicate by-product identification, an

estimated 90 percent of the dissolved organic content of

drinking water is comprised of relatively non-volatile

compounds (4). These non-volatile compounds are likely to

be polar and of high molecular weight. Because of these

properties, such compounds are difficult to separate and

analyze using conventional gas chromatographic/mass

spectrometric methods. Even after isolation of specific

compounds, research is often hindered by the instability

of stored extracts, for the isolated fraction may retain

very little of its original form.

Table 3.1: 1 lists some of the products that have

been identified following the chlorination of humic acid

to provide an indication of the types of chemicals that

can be formed. The chemicals listed in Table 3.1: 1 are

Table 3.1: 1. Partial identification of constitutes of chlorinated
humic acid in drinking water (5,6).

ITihslia212111,111ra
*Trichloromethane (chloroform)
Tribromomethane (bromoform)
Dichlorobromomethane
Dibromochloromethane

Bal °acids
*Dichloroacetic acid (DCA)
*Trichloroacetic acid (TCA)

Haloaldehydes
Dichloroacetaldehyde
*Trichloroacetaldehyde (chloral)
Dichloropropanal
Trichloropropanal
2-Chloropropanal
Trichlorobutanal
Dichlorobutenal

Baloketones
1-Chloro-2-propanone
Hexachloroacetone
Pentachloropropanone
3-Chloro-2-butanone

galoacetonit riles
Chloroacetonitrile
*Dichloroacetonitrile
*Trichloroacetonitrile
Dichloropropenenitrile

Aromatics
2,4,6-Trichlorophenol
Tetrachlorothiophene

Chlassgisula
Nitrochloroform
Nit rot richloromethane
Trichloronitromethane

Chlorophenols
Monochlorophenols
Trichlorophenols

Chlorohydroxy-
furanones
*3-Chloro-4(dichloro-
methyl)-5-hydroxy-2
(5H)-furanone (MX)
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the most researched of the chlorinated by-products (5).

An asterisk prior to the chemical name indicates those by-

products which will be reviewed in this section. The

chemical species being reviewed are those for which the

most information exists, and which represent the best

understood of the chlorination by-products.

The remainder of Section 3 will include chemical and

toxicologic information on specific chlorination by-

products. It must be recognized that for large numbers of

the by-products of chlorination, an assessment of the

hazards of these compounds must be based upon products for

which information exists, and often there is no

information available. Therefore, risk assessment may

underestimate the actual risk of the consumption of these

products in their entirety (6), or may ignore potential

interactive effects that these chemicals may exert upon

each other in actual circumstances (2).

3.2 Trihalomethanes

Trichloromethane(chloroform): CHC13

Bromodichloromethane: CHC12Br

Dibromochloromethane: CHC1Br2

Tribromomethane(bromoform): CHBr3

Ever since 1974, when Rook and Bellar published their

classic studies on the presence of trihalomethanes (THMs)

in chlorinated water, particular attention has been given

to these substances, particularly chloroform. In fact,

more toxicologic data exists for chloroform than for any

other disinfection by-product found in drinking water (7).

The studies of chloroform have also shown the greatest

divergence and discrepancies in their findings.
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Trihalomethanes are found ubiquitously in treated

drinking water. Although chloroform is most often the

predominant THM species, brominated THMs can occur in raw

waters containing the bromide ion. In waters with high

bromide levels, there is a shift in the distribution of

halogenation of THMs to the brominated species. Bromoform

has been shown to increase while chloroform decreases as a

nonlinear function of initial bromide (8). In the near

future, the results of carcinogenesis bioassays of the

three major brominated THMs should be available from the

National Toxicology Program. In the absence of this

information, data on chloroform carcinogenicity will be

used in this review.

Liquid chloroform is a colorless, highly refractive

substance, which is slightly soluble in water. It is a

heavy, sweet tasting liquid which is very volatile but

nonflammable. Chloroform was used in the past as a

component of cough syrups, toothpastes, liniments, and

toothache compounds until the Food and Drug Administration

initiated regulations restricting its use in any human

drug or cosmetic in 1976.

Following the discovery of THMs in chlorinated

drinking water and just prior to the passage of the Safe

Drinking Water Act in 1974, EPA administrator Russle Train

announced that he would conduct a nationwide survey to

determine the concentration of THMs in drinking water.

This survey, known as the National Organics Reconnaissance

Survey (NORS), included 80 geographically distributed

water suppliers, 79 of which practiced free residual or

combined residual chlorination. These suppliers were

chosen to represent a variety of potable water sources in

the United States.

The NORS data, published in 1975, determined that all

of the water utilities which utilized free residual
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chlorine in their treatment practice had THMs (9). The

median concentration of THMs found in finished water was

chloroform 21 ug/1 (range 0.8-311), bromodichloromethane

6 ug/l, and dibromochloromethane 1.2 ug/l. Bromoform was

not found in the finished water of 69 percent of the

supplies surveyed. It also was observed that higher

concentrations of THMs were found when surface water was

used as the water supply source, prechlorination was

practiced, and/or more than 0.4 mg/1 free residual

chlorine was used (9).

Following the NORS findings, the National Cancer

Institute (NCI) initiated a study to determine if

chloroform showed evidence of carcinogenic properties

(10). This study employed high concentrations of

chloroform dissolved in corn oil that were administered to

B6C3F1 mice and Osborne-Mendel rats by stomach gavage.

Treatment continued for mice and rats of both sexes, at

two dose levels (90 or 180 mg/kg body weight [bw]) five

times weekly for 78 weeks.

In the NCI study, significant increases (p <0.001) in

hepatocellular carcinomas for the mice of both sexes were

observed in all treated groups; an incidence of 98% for

males and 95% for females given the high dose, and 36% for

males and 80% for females given the low dose. This

finding was compared with a 6% incidence in matched

control males, and 0% incidence in matched control

females. The male rats were shown to develop renal tumors

(renal tubular adenomas and adenocarcinomas) following

chronic chloroform exposure. The low dose group had an 8

incidence, and the high dose group had a 24% incidence,

compared to a 0% incidence in the controls (p = 0.0016).

Responding to the findings of the NCI study, in 1978

the EPA published proposed regulations for the control of

THMs in drinking water. After public hearings, the EPA
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promulgated an amendment to the SDWA for THMs, requiring a

MCL of 100 parts per billion (0.1 mg/1 THM) in November

1979 (11). Water systems serving more than 75,000 persons

were required to meet this standard by 1981, and systems

serving 10,000 to 75,000 were given until 1983 to comply.

Because chloroform was administered in corn oil by

stomach gavage and only at high doses, it was felt that

the results of the 1976 NCI study were inadequate for the

purposes of estimating cancer risks to humans consuming

very low concentrations of chloroform in their drinking

water. To address this concern, a larger study of

chloroform was cosponsored by the NCI and the EPA (12).

This study differed from the previous NCI study in that

chloroform was administered to the test animals in

drinking water, and the treatments were extended to lower

doses with substantially expanded group sizes. Chloroform

was administered to female B6C3F1 mice and male Osborne-

Mendel rats at daily average doses of 0, 34, 65, 130, or

263 mg/kg bw for mice, and 0, 19, 38, 81, or 160 mg/kg bw

for rats. Treatment lasted for 104 weeks. The control

group was paired to mimic water intake of the dosed group.

The renal tumor incidence rate for the male Osborne-

Mendel rats substantially supported the previous results

obtained from the 1976 NCI study. The high dose rats had

a 14% incidence of adenomas and adenocarcinomas of the

renal tubules, compared to a 1% incidence in controls.

This finding was consistent with, although slightly lower

than, the findings from the previous investigation.

Neoplastic lesions other than renal tumors in rats

included increased incidence rates (as compared to

controls) of neurofibromas, leukemias, lymphomas and

thyroid adenomas, though these were not dose-related or

statistically significant (12).
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In sharp contrast to results in the rat, the results

obtained from this newer study for the female B6C3F1 mice

were substantially different from those obtained in the

original NCI study. In the former case, there was no

evidence of a dose-related increase in the incidence of

hepatocellular carcinomas. Projecting from the response

observed in the 1976 NCI study, a greater than 80%

incidence of hepatocellular carcinoma should have been

observed in the group with the highest dose administered.

Instead, a 2% incidence was observed relative to the 5=-L

incidence seen in the control group.

Therefore, the later NCl/EPA study failed to confirm

that chloroform was capable of inducing hepatocellular

carcinomas in female B6C3F1 mice. This result is

consistent with the lack of hepatic tumors in four

different strains of mice in the studies of Roe et al. in

which chloroform was administered in a toothpaste base,

though a dose-related increase in epithelial kidney tumors

was shown for one strain of mice (male ICI-Swiss mice)

(13). It was suggested that a corn oil/chloroform

interaction may have been responsible for the increased

tumor yield observed in the original NCI study, as corn

oil was the mode of chloroform administration (12).

A physiological explanation was given for the

hypothesis that the use of corn oil may have contributed

to the chloroform-induced development of hepatocellular

carcinomas in the first NCI study. Carcinoma development

could have been caused by a synergistic interaction, by

imposing a large lipid load on a liver whose function had

been compromised by chloroform (12). Thus, tumors arising

from chloroform treatment may have been secondary to

hepatic tissue necrosis and repeated reparative

hyperplasia.
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The argument that chloroform only induced tumors in

mice secondary to overt tissue necrosis due to hepatic

lipid interactions is further supported by the findings of

R.J. Bull et al. (14). In this study, male and female

B6C3F1 mice were given chloroform either in corn oil or in

an aqueous suspension with 2% Emulphor (an emulsifying

agent used to produce aqueous emulsions of lipophilic

chemicals in water). One hundred and sixty mice of both

sexes were divided evenly into one of the two treatment

vehicles and given chloroform by gavage doses of 0, 60,

130, or 270 mg/kg bw per day. After 94 days, all animals

were killed for necropsy.

This study determined that there was a decrease in

body weight and an increase in liver weight from

chloroform treatment regardless of the vehicle, but the

effects were greater in those mice given the corn oil

(14). The chloroform in corn oil caused more marked

hepatotoxic effects in the mice than did chloroform in

Emulphor or corn oil alone. It was concluded using gross

measurements of liver weight, clinical chemistry, and

direct histopathological examination, that chloroform

administered in corn oil is more hepatotoxic to the liver

of B6C3F1 mice than when administered in a vehicle

containing little or no unsaturated lipids (p < 0.05).

Adding to this argument of the lack of strong

evidence for the carcinogenic properties of chloroform,

are the findings that chloroform and its metabolites do

not interact extensively with DNA in the liver or kidney

of mice (15,16). Moreover, chloroform has been tested in

several of the standard tests designed to detect mutagenic

(and hence presumably carcinogenic) potential. The

results have been generally found to be negative. For

example, several groups reported that chloroform failed to

induce mutations in either Escherichia coli or Salmonella
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typhimurium (17-20). Chloroform also failed to induce

chromosome damage or sister-chromatid exchange in human

lymphocytes treated in vitro (19).

On the other hand, Callen et al. (21) showed that

chloroform induced genetic defects in yeast, and it was

reported by another group to induce sister-chromatid

exchange in human lymphocytes in vitro and mouse bone

marrow cells in vivo (22). In a more recent study, Varma

et al. found chloroform to show marked mutagenic activity

in four different strains of Salmonella typhimurium (23).

The response to chloroform was more pronounced with

increasing dosages. It was concluded by Varma et al. that

chloroform itself may be more mutagenic than its metabolic

intermediates. To further cloud this issue, chloroform

treatment has been reported to increase spermhead

abnormalities in mice in one study (24), yet was shown to

be without such effects in another (25).

The difficulties in interpreting the data on

chloroform carcinogenesis is hampered by more than the

inconsistencies found in experimental results. There also

has been a failure to demonstrate clearly the existence of

a mechanism for chloroform-induced cancer (6). For

example, Pereira et al. were unable to demonstrate either

tumor-initiating or tumor-promoting activity of chloroform

in the rat liver (26). Even so, due to the low genotoxic

activity of chloroform, the common consensus at this point

is that chloroform induces liver and renal tumors by a

mechanism involving tumor promotion (16).

In an attempt to understand this possible mechanism

for chloroform-induced carcinogenesis, a new line of

research has emerged which, ironically, has indicated

possible antitumorigenic properties of chloroform. In the

first of such studies, CD-1 Swiss mice were administered

intraperitoneal doses of ethylnitrosourea (ENU), a known
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hepatic carcinogen initiator, at levels of 0, 5, or 20

mg/kg bw (27). After ENU treatment, 23 to 29 mice at each

dose level were given drinking water containing 1,800 ppm

chloroform. Other groups of 25 to 36 of the ENU treated

mice were given 500 ppm sodium phenobarbital (a known

liver carcinogen promoter) in drinking water to act as a

positive control. After 46 weeks of exposure, mice were

killed for necropsy.

The results of the necropsy showed a dose related

development of liver adenomas, hepatocellular carcinomas,

and lung tumors in mice, that was attributable to the ENU

alone. As was expected, phenobarbital treatment was shown

to increase the incidence of liver tumors among the ENU

treated mice. Yet, the administration of chloroform was

shown to inhibit both spontaneous and ENU-induced liver

tumor development in mice that had received both the

chloroform and ENU (p < 0.05). The authors concluded that

they were unable to demonstrate that chloroform in

drinking water presented a carcinogenic hazard for it did

not appear to act as a tumor initiator or promoter (27).

In a similar study, chloroform was tested for cancer

initiating and/or promoting activity using a rat liver

foci bioassay (28). The endpoint of this assay was the

occurrence of altered foci of hepatocytes that are

indicative of preneoplastic lesions. In this study,

chloroform was tested for its ability to act as a co-

carcinogen, utilizing both male Fischer 344 and male

Sprague-Dawley rats. Chloroform (1800 ppm in drinking

water) was given concurrently with weekly doses of

diethylnitrosamine (8.2 mg/kg bw). Diethylnitrosamine

(initiator) at 8.2 mg/kg bw, and phenobarbital (promoter)

at 500 ppm, were administered to one group of rats which

were used as the positive control.
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Treatment was continued for either 16 or 32 weeks, at

which time each rat liver was removed, cut into sections,

stained, and analyzed for the presence of altered cellular

foci. As expected, phenobarbital was shown to increase

the incidence of altered liver foci in both strains of

rats treated with diethylnitrosamine. At neither time

point, however, did the did co-administration of

chloroform and diethylnitrosamine increase the incidence

of altered liver foci compared to the incidence observed

in animals that received only diethylnitrosamine or in

animals that received only the water vehicle (28).

In one final study exploring the potential of

chloroform to act as a tumor promoter, three groups of

male Fisher 344 rats (40 rats per group) were administered

different chloroform treatment regimes (29). First, each

rat was given a subcutaneous injection of 200 mg/1 of

1,2-dimethylhydrazine, which is a known gastrointestinal

tract carcinogen in this animal strain. Following

injection, each rat was placed into one of the three

groups which were given either 0, 900, or 1800 mg/1 of

chloroform in their drinking water, for a period of 39

weeks.

When tumors from the gastrointestinal tract were

pooled, there was a highly significant (p < 0.001)

decrease in the total number of tumors per group with an

increasing concentration of drinking water chloroform. In

the control group (0 mg/1 chloroform), 36% of the animals

developed tumors of the gastrointestinal tract. In

contrast, the cumulative incidence of tumors in the two

groups of rats given chloroform in their drinking water

was significantly lower; with the 900 mg/1 chloroform

group incidence at 12.8%, and the 1800 mg/1 chloroform

group incidence at 12.5%. The authors concluded that, at

levels where chloroform induced kidney tumors in the
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Osborne-Mendel rat in the 1976 NCI study (10), it could

also inhibit tumor formation at other sites in both rats

and mice (29) .

The considerable divergence in the findings of the

carcinogenic potential of chloroform gives rise to a

complex set of issues in risk assessment. In estimating

the carcinogenic risk to people from consuming chloroform

in drinking water, all of the above data must be

considered. At present, it is clear that chloroform is

capable of producing renal tumors in one strain of mice

(13) and one strain of rats (10,12). Under the

circumstances that involved administering chloroform via a

gavage with corn oil, chloroform induced liver tumors in

one strain of mice (10). However, in separate experiments

where the influence of corn oil gavage was removed, tumors

did not develop at similar dose levels (12-14).

Furthermore, recent studies have failed to indicate a

mechanism for chloroform-induced carcinogenesis (27-29).

Although the evidence from various studies on

chloroform indicates that it does pose a cancer risk,

there is considerable controversy as to the magnitude of

that risk. There also are discrepancies as to which

organs are the most likely targets for chloroform-induced

cancer from the ingestion of drinking water. It is not

surprising then, that the upper and lower limits for

various human cancer risk estimates for a lifetime (70

years) exposure to chloroform in drinking water, ranges

from 10-2 to 10-7 (7) .

Following the initial NCI (1976) chloroform study,

the National Academy of Sciences (NAS) reported that a

lifetime exposure to 40 ug/day of chloroform would result

in one excess case of cancer per 33,333 persons (30).

Subsequent risk estimates made by the NAS, utilizing a

linearized multistage model and following a more extensive
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chloroform data base consisting of studies published post-

1976, have been more conservative. The current NAS risk

estimate for a lifetime exposure of 1 liter/day drinking

water, at the current EPA-regulated level of 100 ug/1 THM,

is one cancer case per 100,000 persons (31). The NAS also

made the recommendation that the current MCL for

chloroform and the other THMs* of 100 ug/1 (0.1 mg/1), be

reduced by the EPA.

In January 1986, the EPA indicated its intention to

establish a new, stricter THM standard, for inclusion in

the Drinking Water Priority List. This stricter MCL

standard for THMs, ranges from the proposed values of 5,

25, to 50 ug/l, but if finalized for regulation in 1992,

will probably be within the range of 5 to 25 ug/1 (32).

An American Water Works Association survey of 910 U.S.

water utilities determined that the average THM level

during the years 1984-1986 was 42 ug /l; 60 and 82 percent

of the utilities surveyed at this time were in excess of

the THM levels of 25 and 5 ug/1 respectively (33).

Therefore, if finalized, the stricter THM regulation

could have dramatic effects on current water treatment

practices. To meet a trihalomethane MCL of 5-25 ug/l,

water utilities would need to make changes in their use of

free chlorine, or possibly abandon the free chlorine

disinfectant practice altogether. Spokespeople from water

industry have voiced concerns that they may be forced into

utilizing an alternative disinfectant which is biocidally

inferior to free chlorine (32). The ramifications of this

occurrence may seem a bit severe, as one author put it,

for a contaminant whose carcinogenic importance may have

been overstated (34).

*The NAS concluded that the three other THMs, bromoform,
dibromochloromethane, and bromodichloromethane, did not have enough
valid data to warrant classification as carcinogens or to allow
cancer-risk estimations.
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The betes noires of the water industry, trihalo-

methanes, may represent only the regulatory antecedent of

what has become an expanding list of proposed regulations

for the other by-products of disinfection. These other

chemicals are of increasing concern, and recently,

scientific interest in the aqueous chlorine-humic acid

reaction has shifted from the formation of trihalomethanes

to the formation of the other chlorinated by-products

(35). The non-THM by-products of chlorination are

nonvolatile, higher molecular weight compounds that

frequently are classified under the collective parameter

TOX (total organic halogen), or NPTOX (nonpurgeable TOX).

The TOX fraction in potable waters reportedly exceeds

the volatile THM fraction upon the chlorination of humic

substances in water supplies, and represents the majority

of bound halogen in these waters (1,2,34-37). Ratios of

TOX to THMs of 3.4 to 1 have been demonstrated utilizing

the averages of twelve different full-scale treatment

plants in six states (36). Reckhow et al. showed that

chloroform comprised an average of only 20% of the total

bound halogen in treated waters, even though it was the

largest by-product constituent on a per weight basis (37).

The TOX by-product fraction is generally comprised of

hundreds to thousands of individual chlorinated compounds

at parts per billion (ugh') to parts per trillion (ng/l)

concentrations (2,39). Scientific interest has shifted

towards these compounds as it has been shown that the

mutagenic activity of chlorinated water is more closely

tied to this nonvolatile fraction (35,40-42). In the Ames

assay, THMs have been shown to account for less than 2% of

the total mutagenic activity of the sum of disinfection

by-products (43). These findings will be discussed

further in this section.
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The remainder of Section 3 will examine the

toxicologic data relating to several of the better

researched TOX constituents. It will begin with an

evaluation of the haloacids, and then examine the

haloaldehydes, haloacetonitriles, and finally the recently

discovered chlorohydroxyfuranones. While these selected

TOX constituents are a small sample of the thousands of

individual TOX compounds, they are the best understood of

these compounds to date, and offer representative examples

of the TOX fraction in disinfected waters.

3.3 Haloacids

Trichloroacetic Acid (TCA or TCAA): CC13COOH

Dichloroacetic Acid (DCA or DCAA): CHC12COOH

Trichloroacetic acid (TCA) takes the form of

nonflammable, colorless crystals which have a sharp,

pungent odor. The compound is used as a reagent for the

detection of albumin, used in medicine for the removal of

warts and as an astringent, and utilized in various

herbicides. Trichloroacetic acid also has been shown to

form as a result of the hepatic metabolism of chlorinated

ethylenes, most notably trichloroethylene (44).

Dichloroacetic acid (DCA), a colorless liquid with a

pungent odor, is soluble in water. It is used as a

chemical intermediate in industry, as a fungicide in

agriculture, and utilized in both pharmaceuticals and

medicine. Although TCA and DCA are structurally similar,

chlorination studies of humic acids indicate that TCA

formation does not proceed through a DCA intermediate;

rather both form independently (45).
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In an analysis of the nonvolatile TOX fraction of

disinfection by-products, the dominant chemical group

found are the haloacids (46). Uden and Miller examined

tap water samples from two water treatment plants in

Massachusetts and found TCA and DCA at concentrations

comparable to, if not exceeding, the concentration of

chloroform produced (47). The concentrations of TCA and

DCA found in these water samples ranged from 34 to 160

ug/l.

Norwood et al. analyzed water samples from ten water

treatment facilities in three different states, and found

TCA to be ubiquitous in drinking water with values ranging

from 4.2 to 53.8 ug/1 (48). In this. study, chloroform

values were shown to exceed TCA values. In an earlier

study by Norwood of nine different treatment facilities,

TCA was found to be at least as concentrated as

chloroform, and in many instances, more so (34). The

combination of both THMs and TCA was shown to account for

an average of 47.3% of the total bound halogen of the

treated waters sampled (34).

In the determination of the potential toxicity of TCA

and DCA in drinking water, subchronic assays have been the

predominant experimental format utilized. In the first

subchronic assay performed, DCA was administered orally to

rats and beagle hounds for a three-month period (49).

Fifty CD rats were intubated with an aqueous solution of

DBA at either 0, 125, 500, or 2,000 mg/kg bw per day.

Twenty-eight beagle dogs ingested DCA in gelatin capsules,

at either 0, 50, 75, or 100 mg/kg bw a day.

In rats, 2,000 mg/kg bw proved to be lethal; in

dogs, the lethal dosage was at the 75 mg/kg bw level.

Both DCA-treated species of animals experienced a series

of physical changes including reduced food consumption,

body weight gain, hind limb weakness, frequent urination,
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progressive reduction in erythrocyte counts and hemoglobin

levels, reduced blood levels of glucose and lactate,

vacuolation in the cerebellum, and degeneration of

germinal epithelium of the testes. In addition, the dogs

also had atrophy of the prostate gland, hyperplasia of the

gall bladder, and eye lesions. No suggested physiologic

mechanism of DCA was given for these results.

Several years later, in response to the limited data

base associated with the effects of TCA and DCA on animal

models, Correa et al. undertook a study to assess the

effects of TCA on the respiration and ammonia excretion

rates of the dragonfly Somatochlora cingulata (50). The

S. cingulata species is widely used as an indicator

organism for the assessment of environmentally-induced

physiological stress. In this study, fifty-six dragonfly

nymphs were monitored during an eight hour exposure to

either 0.00, 0.01, 0.1, or 1 mg/1 of TCA in pond water.

Oxygen consumption was shown to be markedly and

progressively enhanced in S. cingulata as a result of the

TCA treatment. Correa et al. determined that there was a

significant difference (p < 0.01) between controls and the

experimental animals, with the respiration rate at 1 mg/1

being twice that of controls. Ammonia excretion rates

also were shown to be significantly different (p < 0.05)

between controls and experimental animals, with a dose-

related increase in ammonia excretion with increasing TCA

exposure. The authors concluded that further research was

needed on TCA to assess the mechanisms behind the

physiological effects observed in this study (50).

In another subchronic toxicity assay, male and female

Sprague-Dawley rats were exposed to either DCA or TCA in

their drinking water (51). In the first group, DCA was

administered for 14 days at either 0, 10, 40, 150, or

600 mg/kg bw a day. In the second group, TCA was
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administered at either 0, 24, or 240 mg/kg bw a day for

21 days. During the course of this study, the rats were

observed for an indication of haloacid-induced renal

toxicity.

In both groups of rats, excretion of ammonia in urine

was measured as an index of the renal adaptation to the

acid load. In the DCA-treated group, no effects were

observed in either males or females at or below the

150 mg/kg bw dose. Exposure at the highest concentration

caused lower outputs of urine and elevated urine

osmolalities, though this result was not statistically

significant. The author suggested that there was a

sufficient renal compensation and adaptation for the acid

load posed by DCA-treatment (51).

In the TCA treated rats, the high dose (240 mg/kg bw)

group had significantly lower body weights than the other

two groups (p < 0.05). However, the results from the

urine volume and osmolality tests showed no significant

differences among the three treatment groups (p < 0.05).

The author concluded that TCA did not significantly impair

the rats renal functions or their urine concentrating

ability (51).

Several studies have attempted to determine the

carcinogenic potential of the haloacids. The mutagenic

(and presumably carcinogenic) potential of both TCA and

DCA has been explored in vitro. Rapson et al. found no

evidence of a mutagenic effect by TCA at levels of 100 ng,

1 ug, 10 ug, 100 ug, and 1 mg, per plate in Salmonella

typhimurium (18). Similarly, Waskell found no mutagenic

properties of 0.45 mg TCA in S. typhimurium (52). Herbert

et al. also were unable to demonstrate the potential for

mutagenicity to S. typhimurium by either TCA or DCA at

similar concentrations (53).
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Although most of the available evidence indicates

that the haloacids have little potential for inducing

genotoxicity in bacterial systems in vitro, other research

suggests that TCA and DCA may possess carcinogenic

potential in the liver of mice and rats. These studies

utilized mouse and rat hepatic enzyme-altered foci

bioassays to assess the carcinogenic potential of the

haloacids. In such assays, experimental animals are dosed

with the suspect chemical, and later are examined for

evidence of liver peroxisome proliferation. Chemicals

that have been found to induce peroxisome proliferation in

rodents include hypolipidemic drugs and industrial

plasticizers (54). Several of these chemicals have been

reported to produce liver tumors in rodents, and yet they

failed to exhibit genotoxic activity in a variety of in

vitro bacterial assays.

The scientific rationale behind using the endpoint of

hepatic peroxisome proliferation comes from the

observation that compounds that induce liver tumors often

stimulate hepatic peroxisome proliferation in rats and

mice (55). The mechanisms by which peroxisome

proliferator chemicals induce liver neoplasia involves an

excess production and subsequent metabolism of hydrogen

peroxide and other oxygen metabolites, resulting from the

activities of peroxisomal enzymes. The accumulation of

hydrogen peroxide and reactive intermediates initiate

carcinogenesis by damaging cellular DNA in the liver.

This damage may in turn yield mutations and chromosomal

aberrations.

Parnell et al. examined the cancer-initiating and

promoting potential of TCA by evaluating rat liver

peroxisome activity (56). These researchers utilized Male

Sprague-Dawley rats to determine the carcinogenic

potential of TCA. Rats were separated into one of two
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different treatment regimes to detect if TCA exhibited

either cancer initiating or promoting effects.

Diethylnitrosamine (DEN) (a known liver carcinogen

initiator) was administered to a separate group of rats to

act as a positive control in the cancer "initiation"

group, and phenobarbital was administered to a separate

group of rats to act as a positive control in the cancer

"promotion" group.

The initiating group received either a single oral

dose of 10 mg/kg bw of DEN, or 1500 mg/kg bw of TCA.

Other rats in this group were administered TCA at either 0

or 5000 mg/1 in their drinking water for 10, 20, or 30

days. The promoting group of male Sprague-Dawley rats

were given an oral dose of 0, or 10 mg/kg bw of DEN. Two

weeks later, these rats were given either 0, 50, 500, or

5000 mg/1 TCA in their drinking water for either 0.5, 1,

3, or 6 months.

The results from the TCA-induced cancer initiation

group found no evidence of significant genotoxicity in the

male Sprague-Dawley rats. Only the positive control group

(DEN only) showed a statistically significant increase in

peroxisome proliferation after 6 months of treatment. The

TCA treated rats failed to demonstrate a significant

induction or stimulation of hepatic peroxisome (56).

The results from the TCA-induced cancer promotion

group, however, did indicate a significant alteration in

liver function following TCA treatment. After a six month

interval, all three dose levels of TCA promotion resulted

in a statistically significant (p < 0.05) increase in

peroxisome proliferation of 10 to 20% when compared to the

negative controls. No dose-response relationship between

the concentration of TCA treatment and peroxisome levels

was observed. This finding led the authors of this study
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to conclude that TCA may possess weak cancer-promoting

activity in the rat liver (56).

DeAngelo et al. utilized B6C3F1 mice to examine the

ability of haloacids to induce peroxisome proliferation

and liver tumors (57). Half of the non-control

experimental animals received a single initiating dose of

ENU prior to TCA or DCA treatment. Two weeks later, mice

were administered either 0, 2, or 5 grams per liter (g/l)

DCA or 0, 2, or 5 g/1 TCA in drinking water. After 12

weeks, a random sampling of the mice were necropsied for

indications of peroxisome proliferation. The remaining

mice continued their treatment regimes for a total of 61

weeks.

Hepatic peroxisome proliferation was found to be

similar at 12 and 61 weeks for either TCA or DCA exposure.

TCA was found to be a more effective inducer of peroxisome

proliferation than DCA, though both showed significant

increases in peroxisome activity when compared to controls

(p < 0.01). The increase in TCA-induced peroxisome

activity was the same for both doses and both times of

exposure (57).

Exposure to both TCA and DCA was found to result in

an increased incidence of liver tumors and liver cancers

in the B6C3F1 mice when compared to controls (p > 0.001).

Prior treatment with an initiating dose of ENU was not

required for TCA or DCA to produce the tumorgenic effect,

giving them the appearance of being functionally complete

carcinogens in themselves for B6C3F1 mice. Hepatoceliular

carcinomas were observed in 81% of the animals receiving

DCA, and in 32% of those receiving TCA without prior

initiation with ENU. No hepatocarcinomas occurred in

controls. A dose-response relationships was not observed

between the low and high doses of either haloacid (57).
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The authors concluded that TCA is the more effective

inducer of peroxisomes, and DCA the more potent carcinogen

of the two haloacids. This finding does not directly

support peroxisome proliferation as the dominant mechanism

for the hepatocarcinogenecity of the haloacids. To better

understand this unexpected finding, DeAngelo et al.

further examined the toxicity of TCA and DCA utilizing a

larger variety of experimental animals than in their

initial study (58).

DeAngelo et al. performed a short-term toxicity study

to examine the alteration in peroxisomal enzyme activity

following exposure to the haloacids (58). Sprague-Dawley

rats and B6C3F1 mice were fed doses of either TCA or DCA

in their drinking water at either 0, 1, 2, 4, or 5 g/l.

Furthermore, two other strains of rats (Osborne-Mendel and

F344) and three other strains of mice (Swiss-Webster,

C57BL/6, and C3H) were fed TCA in their drinking water at

either 0, 2, or 4 g/l. Treatment continued for all groups

of experimental animals for 14 days, after which time all

animals were necropsied and their livers were examined for

peroxisomal activity.

The Sprague-Dawley rat appeared relatively

insensitive to the induction of peroxisome activity by

either haloacid. Only the highest dose of DCA (5 g/l)

increased the hepatic peroxisome activity (234% above

control levels). The B6C3F1 mouse however, responded with

an increase in peroxisome activity to both TCA and DCA.

TCA was the more potent of the two acids, increasing

peroxisomal activity to 959% of the control value (5 g/l),

and increasing activity in a dose-dependent manner. This

compared to a 430% increase seen for DCA in the 5 g/1

dosage group (58).

In the other rodent strains, the F344 rat showed a

163% increase in peroxisome activity and the Osborne-
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Mendel rat displayed a 238% increase in activity at the

highest TCA dose level (4 g/l), when compared to controls.

Relative to the rat, TCA was a better inducer of

peroxisomal activity in all the mouse strains examined.

TCA increased peroxisomal activity in a dose-dependent

manner, and was equally effective in the C3H, Swiss-

Webster, and C57BL/6 strains, showing increases of 746,

749, and 2000% respectively, above controls at the high

dose level (58) .

DeAngelo et al. demonstrated that the mouse is a more

sensitive species than the rat to the hepatic effects of

the haloacids (58). This study also substantiated the

previous observation that TCA was a stronger inducer of

peroxisomal proliferation in the B6C3F1 mouse than DCA.

Because DCA was found to be a more potent hepato-

carcinogen, the hypothesis concerning the role of the

peroxisome proliferative processes as the primary

mechanism in the induction of cancer by the haloacids

becomes more questionable (57). These authors concluded

that peroxisome proliferation may play a necessary, albeit

insufficient, role in the etiology of haloacid-induced

liver cancer (58).

The findings of DeAngelo et al. have left uncertain

the precise mechanism for the potential carcinogenic

properties of the haloacids. The haloacids repeatedly

have displayed no mutagenic potential in vitro (18,52,53),

and yet in vivo assays have demonstrated either cancer

initiating (57) or cancer promoting (56) properties of

these compounds. Certainly, more chronic toxicity assays

are needed to help understand the etiology and

pathophysiology behind haloacid-induced carcinogenesis.

One final line of research into the potential

toxicity of the haloacids has involved an examination of

the reproductive effects of these compounds in rodents.
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Katz et al. (49) and Yount et al. (59) reported that DCA

exposure resulted in arrested testicular maturation and

degeneration of germ cells in the rat. The testicular

changes noted by Katz et al. were still present in some

animals following a 4-week recovery period (49).

Smith et al. evaluated the developmental effects of

TCA on the pregnant Long-Evans rat (60). Virgin rats were

dosed by oral intubation on gestation days 6-15 with 0,

330, 800, 1,200, or 1,800 mg/kg bw a day TCA. Maternal

changes were observed following treatment, and fetuses

were examined for external, skeletal and soft tissue

malformations.

No maternal deaths associated with TCA toxicity

occurred. A reduction in maternal weight gain was

observed at the 800 (p < 0.007), 1,200 (p < 0.001), and

1,800 (p < 0.0004) mg/kg bw TCA levels. Maternal liver

weights were unaffected by TCA treatment, however, both

spleen and kidney weights increased in a dose-dependent

manner at all TCA levels (p = 0.0001).

TCA treatment produced a substantial increase in

embryolethality at 800 (p = 0.003), 1,200 (p < 0.001), and

1,800 (p < 0.001) mg/kg bw. Live fetuses showed dose-

dependent reductions in weight and length. External

malformations were not significantly different in TCA-

exposed fetuses at any dose level, from those observed in

controls. Total soft tissue malformations were

significantly increased in all TCA-exposed groups (330

mg/kg bw [p = 0.029] 800 1,800 mg/kg bw [p < 0.0001]),

with malformations occurring primarily in the

cardiovascular system. Skeletal malformations also were

observed, and were significantly elevated above the

control at the maternal TCA levels of 1,200 (p = 0.0012)

and 1,800 (p < 0.0001). Based on these observations,

Smith et al. reported that TCA was considered to be
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Table 3.3: 1. Halogenated acids, alcohols, aldehydes and ketones
proposed for regulation in 1991 under the Safe Drinking Water Act.

Monochloroacetic acid
Dichloroacetic acid
Trichloroacetic acid
Trichloroethanol
Chloroacetaldehyde
Dichloroacetaldehyde
Trichloroacetaldehyde

1,1-Dichloroacetone
1,3-Dichloroacetone
1,1,1-Trichloroacetone
1,1,3,3-Tetrachloroacetone
Pentachloroacetone
Hexachloroacetone

developmentally toxic in the pregnant rat at doses of 330

mg/kg bw and above (60).

Cancer risk assessments for the haloacids have not

been formulated yet. Utilizing the no-observed-effect

level of 25 mg/kg bw a day for TCA and DCA presented

through the research of Davis (51), the National Academy

of Sciences estimated a suggested no-adverse effect level

of DCA to be 0.42 mg/1 a day, and TCA to be 0.175 mg/1 a

day, for human consumption (NAS 1986). The NAS based its

estimate on a 70 kilogram adult consuming 2 liters of

water a day.

Currently, the haloacids are among the contaminants

proposed for regulation by the EPA in 1992. These

substances fall under the heading of Halogenated acids,

alcohols, aldehydes, and ketones outlined in Table 1.4: 2,

as part of the EPA's Drinking Water Priority List.

Table 3.3: 1 presents a breakdown of the 13 contaminants

that are included under this heading, which the EPA

currently is evaluating for the development of Maximum

Contaminant Level Goals.
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3.4 Haloaldehydes

Trichloroacetaldehyde (chloral): CC13CHO

Chloral Hydrate: CC13CH {OH }2

The haloaldehydes include such chemicals as

chloroacetaldehyde, dichloroacetaldehyde, and

trichloroacetaldehyde. All three of these by-products are

proposed for regulation by the EPA, as shown in

Table 3.2: 1. Because research on the haloaldehydes is

sparse, and trichloroacetaldehyde is the best researched

of the haloaldehydes, this review will focus only on

trichloroacetaldehyde.

Trichloroacetaldehyde, commonly known as chloral, is

a chemical intermediate in the human catabolism of both

trichloroethylene and vinyl chloride. Chloral is not

stable in water, but instead reacts in water to form its

stable, monohydrate form, chloral hydrate. Chloral

hydrate has a long history of use as an anesthetic and

hypnotic agent in human medicine, but is no longer widely

used clinically because it becomes habit-forming with

prolonged use. Much of the toxicity data on

trichloroacetaldehyde comes from the literature on

trichloroethylene, vinyl chloride, and chloral hydrate.

Uden and Miller analyzed the treated water from two

utilities in Massachusetts and found chloral to be

ubiquitous in these waters at concentrations averaging 3

to 16 ug/1 (47). This concentration was lower than that

found for chloroform and for the haloacids by a factor of

ten. A recent study analyzed the individual chlorination

by-products of ten U.S. water treatment facilities which

utilized free chlorine as their primary disinfectant (2).

The study found chloral hydrate in every sample, at
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concentrations ranking third, behind chloroform and the

haloacids.

The U.S. Department of Health and Human Services

(NIOSH/OSHA) has reported that chloral is corrosive and

destructive to lipids, mucous membranes, and the

respiratory tract, causes irritation of the eyes (3 on an

irritation scale of 0 to 3 at a concentration of 0.25%),

and causes irritation to the skin (3 on a scale of 0 to 3

at a concentration of 7.5%)(61). The toxic dose of

chloral hydrate to humans is 10 grams. Death usually

results from respiratory depression and hypotension at

this level, though liver and kidney damage may also be

induced.

The majority of animal toxicity studies of chloral

and chloral hydrate have been subchronic assays. In one

early subchronic assay, Sprague-Dawley rats were

administered 0, 2.2, or 4.5 mg/kg bw of chloral by

intraperitoneal injection (62). Mortality at the end of

the study for the chloral-dosed animals was 25% and 67%

respectively.

After 30 days, hematocrit, hemoglobin, and

erythrocyte counts were significantly depressed in the

high dose group (p < 0.05). The low dose group had an

increase count of segmented neutrophils and monocytes and

a decrease in lymphocytes. Weight gains were

significantly depressed in both chloral-treated groups,

though the high dose group had increased organ-to-body-

weight ratios for the brain, gonads, heart, liver, kidney,

lung, and spleen (p < 0.05). There was no significant

difference in liver function among the groups.

Sanders et al. investigated the subchronic effects of

chloral hydrate on CD-1 mice (63). One thousand and

eighty mice of both sexes were given chloral hydrate in

their drinking water at doses of either 0, 14.4, or 144
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mg/kg bw. At the end of 90 days, the mice were examined

for a variety of physiologic responses.

Blood counts and coagulation values were found to be

normal in all treatment groups. Male CD-1 mice gained

weight in a dose-related manner, but no effect on weights

of females was apparent. Males receiving the high dose

had a decrease in serum calcium and phosphorus and an

increase in low density lipoprotein and serum glutamic

oxaloacetic (p < 0.05). This pattern was differed

somewhat in the high dose females, who showed significant

increases in potassium, phosphorus, glucose and total

cholesterol (p < 0.05). After examining organ sizes and

weights of all treatment groups, the authors concluded

chloral hydrate affected the liver the most, with males

being more sensitive than females (63).

No recent data on the carcinogenicity of chloral or

chloral hydrate were found in the literature. Some

indication of the potential mutagenicity of these

compounds has been demonstrated in vitro. All of the

haloaldehydes were found to be mutagenic in one or more

strains of Salmonella typhimurium by various researchers

(64-67). Haloaldehydes were also shown to possess

mutagenic activity in Streptomyces coelicolor and in

Aspergillus nidulans (65). Furthermore, the halo-

acetaldehydes were reported to possess the ability to

react with the DNA of a calf thymus in vitro (68).

There is a paucity of basic toxicological data for

the haloaldehydes. This scarcity is unfortunate,

considering their ubiquitousness in drinking water and the

millions of people who are exposed to these chemicals at

low levels each day. Existing research suggests that

these substances possess mutagenic capabilities and that

the liver is the primary target organ in the body for the
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haloaldehydes. No risk assessment data currently exist

for the haloaldehydes.

3.5 Haloacetonitriles

Dichloroacetonitrile(DCAN): CHC12CN

Trichloroacetonitrile(TCAN): CC13CN

There has been considerable recent scientific

interest in the haloacetonitriles. The haloacetonitriles

are volatile liquids which are colorless to yellow. The

chlorinated acetonitriles have been used as insecticides

for grains, as general fungicides, and as biological

growth inhibitors in cooling towers. When administered

orally, haloacetonitriles metabolize into cyanide and

phosgene in the intestine and are later excreted in the

urine as thiocyanate (69).

In an examination of the finished water from ten U.S.

treatment facilities, haloacetonitriles were found in

every sample (2). One investigation in Florida reported

that the dichloroacetonitriles (DCANs) were present in

treated waters at concentrations up to 42 ug /l, though

this value is high compared with values in other reports

(70). After an analysis of 35 water utilities, Krasner et

al. determined the concentrations of DCAN and the other

haloacetonitriles to average 2.5 to 8.0 ug/1 in finished

water (46). Other researchers have reported similar

findings, with haloacetonitriles averaging 0.3 to 8.1 ug/1

(71). In general, the haloacetonitriles have been shown

to represent about one-tenth of the concentration of THMs

(46), or about 10% of the THM concentration on a molar

basis (71) .
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The predominant toxicological studies performed on

the haloacetonitriles have been assays utilizing a chronic

disease, such as neoplasms, as the endpoint. One

subchronic toxicity assay does exist through the work of

Hayes et al. (72). In this assay, DCAN in a corn oil

vehicle was administered to male and female CD rats by

stomach gavage. Treatment continued for 90 days at DCAN

levels of 0, 8, 33, or 65 mg/kg bw a day. Rats were

evaluated at the end of the study for mortality and for

DCAN-related changes in body weight, blood chemistry, and

organ weights.

A significant level of mortality relating to DCAN

treatment was observed at the completion of the 90 day

study (p < 0.05). At the 65 mg/kg bw dose, 50% of the

male and 25% of the female rats had died; at a 33 mg/kg

bw DCAN dose 10% of the males and 5% of the females had

died, and at the 8 mg/kg bw level, 5% of the male rats

died. Body weight gain was shown to be significantly

depressed in rats of both sexes, but only at the 65 mg/kg

bw dosage (p < 0.05). No consistent, DCAN-related adverse

effects were observed in any of a series of hematological

parameters measured (72).

Hayes et al. observed several significant, dose-

dependent changes in serum chemistry in the DCAN-treated

groups (p < 0.05). These effects included an elevated

level of serum glutamic-pyruvic transaminase and a

lowering of total cholesterol, suggesting possible liver

involvement (72). The biochemical data failed to identify

specific target organs of DCAN, but organ weight and ratio

data led the authors to suggest that the thymus, liver,

spleen, and gonads may be possible target organs for this

compound.

Concern about the potential mutagenicity of the

haloacetonitriles was heightened by data from Simmon
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et al., who were the first to document that DCAN tested

positive in the Salmonella typhimurium assay (73).

Subsequent tests by Bull (74) and Meier et al. (75)

confirmed that DCAN produced point mutations in the

S. typhimurium assay in the three different strains

utilized. A later study by Bull et al. further

demonstrated the direct-acting mutagenic capabilities of

DCAN as well as a brominated-DCAN species in two

additional S. typhimurium strains (76). In this study,

trichloroacetonitrile (TCAN), and two other

haloacetonitrile species failed to induce dose-related

point mutations in the three bacteria strains utilized.

In an effort to further understand the mutagenic

capabilities of the haloacetonitriles, Bull et al.

evaluated the ability of these substances to induce sister

chromatid exchanges in Chinese hamster ovary cells (CHO)

in vitro (76). All five of the haloacetonitrile species

tested (including DCAN and TCAN), were found to produce

significant sister chromatid exchanges (p > 0.01) in this

assay. The ability of these chemicals to produce sister

chromatid exchanges in CHO cells was seen to follow an

orderly progression with the degree of chlorine

substitution, and was further enhanced by the brominated

haloacetonitrile species (77).

Attempts have been made to determine whether the

mutagenic activities of the haloacetonitriles could be

demonstrated in the induction of micronuclei in

polychromatic erythrocytes, and in the induction of

spermhead abnormalities in vitro. None of the

haloacetonitriles demonstrated the capability of inducing

micronuclei in the polychromatic erythrocytes isolated

from the bone marrow of CD-1 mice treated orally with five

consecutive daily doses of 0, 12.5, 25, and 50 mg/kg bw

(76). This same dosing schedule also failed to induce
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spermhead abnormalities in B6C3F1 mice necropsied at 1, 3,

or 5 weeks following the last dose of any of the five

haloacetonitriles tested (78).

Lin et al. evaluated the potential for the

haloacetonitriles to produce DNA strand breaks in cultured

human lymphoblastic cells (T-cell origin) (69). The

extent of DNA strand breaks after a one hour exposure to

one of five haloacetonitrile species was determined in

this assay utilizing a procedure which unwinds DNA and

examines it microscopically. The haloacetonitriles

exhibited a wide range of potency, with TCAN being the

most potent, causing twice as many DNA strand breaks as

the known genotoxic methylating agents methyl-

metanesulfonate and methylnitrosourea (positive control).

The ability of the brominated haloacetonitriles to induce

DNA strand breaks was greater than that of DCAN (69).

Bull and Robinson evaluated the oncogenic effect of

four of the haloacetonitriles on the lungs of female A/J

mice (77). In this experiment, a single oral dose of 10

mg/kg bw of one of the four haloacetonitriles was

administered 3 times weekly for a period of 8 weeks. The

mice were sacrificed at nine months. Although all of the

haloacetonitriles increased the incidence of lung tumors,

only in the case of TCAN, chloroacetonitrile, and

bromochloroacetonitrile were the increases statistically

significant (p < 0.05), with a 32, 28, and 31% cumulative

incidence respectively (77).

The ability of five of the haloacetonitrile species

to initiate neoplasms in mouse skin was investigated,

utilizing female Sencar mice (76). One of the five

halogenated acetonitriles was applied to the shaved back

of each mouse at concentrations of 0, 4, 8, or 16

mg/mouse. Six doses were applied over a two week period

for one group, following a topical application of
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tetradecanoyl-phorbol-13-acetate (promoter) was given to

the mice 3 times weekly for 20 weeks. For the second

group of mice, 0, 6, or 8 mg/mouse of one of the

haloacetonitriles dosages was continued for 24 weeks.

Animals then were maintained for one year to determine the

incidence of squamous cell carcinomas resulting from the

exposure to haloacetonitrile compounds.

The experiment with the Sencar mouse demonstrated

that several of the haloacetonitriles were active as tumor

initiators under both of the experimental conditions. All

of the haloacetonitriles produced increases in the average

cumulative number of tumors per animal, but in the cases

of DCAN and TCAN, these increases were not statistically

significant (p < 0.05). Clear dose-related increases in

tumor yields were observed with chloroacetonitrile

(p < 0.02) and bromochloroacetonitrile (p < 0.01).

Dibromoacetonitrile produced significant increases in

tumor incidence (p < 0.01), but not in a dose-dependant

manner. The authors of this study concluded that the

haloacetonitriles probably constitute a relatively low

carcinogenic hazard to humans (76).

A recent study evaluated the ability of eight of the

haloacetonitrile species to inhibit glutathione S-

transferase (GST) activity in the male Sprague-Dawley rat

(79). The GST enzymes have an important physiological

role in the detoxification of reactive intermediates and

alkylating electrophilic substances in vivo. Because the

intracellular concentration of a reactive chemical

intermediate is a function of the rate of its formation

and its subsequent degradation, the activity of hepatic

GST is thought to be an important determinant of the

potential adverse effects of a xenobiotic. The inhibition

of GST activity may lead to the decreased detoxification
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of reactive chemicals in vivo, and a potential for an

increased incidence of tissue damage and cancer (79).

Eight of the haloacetonitrile species was evaluated

for their in vitro effects on rat hepatic GST activity

using 1-chloro-2,4-dinitrobenzene as the chemical

substrate. Each of the haloacetonitriles were evaluated

individually in concentrations of 0 or 10 ul per 1.5 ml

rat liver extract. The GST enzyme activity was monitored

for 3 minutes in 20 second intervals after the addition of

100 ul of glutathione. Inhibition of rat hepatic GST

activity was determined as a percentage of the remaining

GST following 0 or 10 ul haloacetonitrile application.

The results of this study found that three of the

haloacetonitrile species (monofluoro-, monochioro -, and

monobromacetonitrile) had a minimal, but significant

inhibitory effect on GST activity (p < 0.05). Aceto-

nitrile had no significant inhibitory effect on rat GST

activity. Monoiodo-, dibromo-, dichloro-, and tri-

chloroacetonitrile, on the other hand, were found to be

relatively potent, although insignificant (p < 0.05)

inhibitors of hepatic GST activity. Of these four

compounds, TCAN and dibromoacetonitrile were the most

potent GST inhibitors, with greater than 50% inhibition

observed (79) .

The haloacetonitriles are absorbed systemically and

converted to toxic metabolites as demonstrated by their

excretion as thiocyanates (69) and in their inhibition of

rat liver GST activity (79). One study demonstrated a

carcinogenic response (lung tumors) upon the oral

administration of haloacetonitriles in female A/J mice.

The authors concluded that the haloacetonitriles possessed

weak cancer-initiating capabilities (77). However, the

haloacetonitriles have failed to induce spermhead

abnormalities or micronuclei in the polychromatic
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erythrocytes in bone marrow of CD-1 mice (76), and have

failed to produce DNA adducts in the liver of Fischer-344

rats following oral haloacetonitrile administration (69).

The inability of haloacetonitriles to demonstrate

consistent systemic mutagenic activity in vivo has been

hypothesized to result from the failure of these compounds

to reach the target organ (69). The tumor-initiating

activity of the haloacetonitriles in mouse skin when

applied topically, suggests that a carcinogenic hazard may

exist at the site of application. Therefore, the halo-

acetonitriles, which are present in drinking water or

which are formed in the gastrointestinal tract after the

consumption of water containing a chlorine residual, have

been suggested to represent a carcinogenic hazard which

would be limited to the gastrointestinal tract (GI tract)

in humans (69).

One final line of research on the haloacetonitriles

has suggested that these compounds possess reproductive

toxicity. Smith et al. examined five of the halo-

acetonitriles and the non-halogenated parent compound,

acetonitrile, for developmental toxicity in the Long-Evans

rat utilizing an in vivo teratology screen (80). Pregnant

rats were exposed to a single dose of either 0 mg/kg bw

haloacetonitrile; 50, 150, 300, or 500 mg/kg bw

acetonitrile; 55 mg/kg bw chloroacetonitrile, DCAN, or

TCAN; or 50 mg/kg bw dibromoacetonitrile, following their

first week of gestation. The reproductive success in the

dams and the viability and growth in the pups were then

monitored.

With the exception of bromochloroacetonitrile, all of

the haloacetonitriles induced a reduction in maternal

weight gain (p > 0.05). Acetonitrile, DCAN and TCAN all

produced reductions in the number of viable litters

delivered. Of the pups who were live-born, all of the
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haloacetonitriles except acetonitrile caused reductions in

birth weight and, reduced weight gain during the first

four days of postnatal life (p < 0.05). Both TCAN and

DCAN caused significant (p < 0.05) increases in neonatal

mortality, with pup mortalities of 34%, 31% and 23%,

compared to the 4% mortality observed in controls (80).

A later study further evaluated the developmental

toxicity of five of the haloacetonitriles, as well as

acetonitrile, on the Long-Evans rat (81). Pregnant rats

were given a single dose level of one of the compounds of

interest by intubation following their first week of

gestation. Either acetonitrile, DCAN, TCAN,

chloroacetonitrile, bromochloroacetonitrile, or

dibromoacetonitrile was administered to each rat at a dose

of 0.1 milliliter/100 grams bw. Each dosage group had a

concurrent control group of equal size. Researchers

monitored the body weight of females, duration of

pregnancy, litter size, litter weight, and survival and

weight gain of offspring up to 42 days following birth.

Acetonitrile did not produce developmental effects,

nor was maternal weight gain significantly affected by

treatment (p < 0.05). Of the halogenated compounds, DCAN

and TCAN treatment resulted in significant reductions in

fertility and early implantation by 18 to 38% (p < 0.05).

Prenatal exposure to the haloacetonitriles caused

reduction in pup birth weight in all cases, but neonatal

mortality was increased only for DCAN and TCAN (p < 0.05).

This result agrees with the previously cited study (80).

Perinatal survival of the pups was adversely impacted

by both DCAN and TCAN. Postnatal growth was reduced by

DCAN, which in turn impacted pup mortality at weaning,

because pups were too small to reach the water source.

Persistent reductions in body weight for pups was found

only for TCAN at postpartum day 42 (p < 0.05). The
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authors of the study suggested that TCAN and DCAN merited

further evaluation with respect to their developmental

effects (81).

In a later study, pregnant Long-Evans rats were

intubated with TCAN following their first week of

gestation (82). TCAN was administered at doses of either

0, 1, 7.5, 15, 35, or 55 mg/kg bw. Dams and pups were

observed for survival, viability, weight gain, and

malformations following treatment.

Lethality due to TCAN treatment occurred at the two

highest dose levels. Maternal weight gain was decreased

in a significant and dose-dependent manner. Similarly,

fetal weight and viability were decreased in a dose-

dependent manner with increasing TCAN doses (p < 0.05).

The percentages of embryolethality varied from 13.9% at

the lowest TCAN dose, to 78.4% at the highest dose.

Resorption of the entire litter was observed at TCAN

dosages of 7.5 mg/kg bw and above (82).

Pup malformations were reported to result from TCAN

treatment, with adverse developmental outcomes detected at

doses of less than one-fifth of the dose causing

detectable maternal effects. Cardiovascular (septal

defect, levocardia, common carotid, and right-sided aortic

arch) and urogenital (general hypoplasia, missing,

misplaced, or fused kidneys, and hypoplastic uterus)

malformations were the most frequently observed defects in

the offspring. The prevalence of pup malformations was

significant and dose-dependent, ranging from 8 to 35% at

the 1.0 and 35 mg/kg bw doses, respectively (p < 0.001).

An analysis of skeletal defects in the pups revealed no

significant effect of TCAN on this body system (81).

The developmental toxicity of DCAN also was analyzed

by Smith et al. utilizing pregnant Long-Evans rats (83).

Animals were dosed by oral intubation after the first week
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of gestation, at concentrations of either 0, 5, 15, 25, or

45 mg/kg bw each day for a period of 13 days. Researchers

observed all animals for indications of DCAN-related

defects in maternal weight, pup weight and viability, and

the prevalence and type of DCAN-related malformations.

Maternal mortality was observed only at the highest

DCAN dose level (9%). Maternal weight loss for the DCAN-

treated groups was significant and dose-related

(p < 0.0001). Embryolethality averaged 6% per litter at

the low dose level and 80% at the high dose, and was

significant at 25 (p < 0.004) and 45 (p < 0.0001) mg/kg bw

a day concentrations. DCAN treatment also resulted in a

significant and dose-related increase in maternal liver,

spleen, and kidney weights (p > 0.004) relative to body

weight (83).

Physical malformations in pups, related to DCAN

treatment, were observed predominantly in the

cardiovascular and urogenital systems. Cardiovascular

malformations were found to increase in a dose-related

manner (p < 0.0004), and were manifested most frequently

as levocardia and interventricular septal defects.

Malformations in the urogenital system similarly increased

in a dose-dependent manner (p < 0.0002), and were

manifested most frequently as hydronephrosis. Skeletal

malformations increased in a dose-dependent manner,

significant at the 45 mg/kg bw dose (p < 0.014), and were

primarily of fused and cervical ribs.

The authors of this study remarked on the evidence of

a commonality of mechanism or metabolite responsible for

the sequelae produced by both TCAN and DCAN in

developmental studies (83). The metabolism of the

haloacetonitriles has not been documented, and the

moiety(s) responsible for their in utero toxicity are not

known presently. It has been suggested that the
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teratogenic effects of DCAN and TCAN can be attributed to

the formation of cyanide as an intermediate product during

their metabolism (82).

Cancer risk estimates have not been formulated for

the haloacetonitriles, though the National Academy of

Sciences has determined a suggested no-adverse-effect

level (SNARL) for humans consuming both DCAN and

dibromoacetonitrile (NAS 1986). The SNARL for DCAN was

calculated based on the no-observable effect level of

8 mg/kg bw, reported by Hayes et al. in their work with CD

rats (72). The NAS utilized an uncertainty factor of

1,000 in their SNARL of 0.056 mg/1 DCAN for a 70 kilogram

human consuming 2 liters of water a day. The NAS

committee did not recommend that this SNARL be utilized

for regulatory purposes because of the concern about

DCAN's possible carcinogenicity.

A SNARL for dibromoacetonitrile also was calculated

by the NAS, based on the no-observable-effect level of 23

mg/kg bw per day reported by Hayes et al. in CD rats (72).

A "conservative" uncertainty factor of 1,000 also was used

in the calculation of this SNARL because of the general

lack of toxicological data and the positive finding in the

Sencar mouse skin initiation model (77). The NAS

estimated that the SNARL for a 70 kilogram human consuming

2 liters of water a day be 0.161 mg/1 for

dibromoacetonitrile. The committee also recommended that

further toxicological data be developed for the

haloacetonitriles to better understand their human health

effects (30).

It is likely that an evaluation of the teratological

data for the haloacetonitriles will lead to a lowering of

the SNARLs for these substances. For example, Smith et

al. determined the no-observable-effect level for TCAN to

be 1.0 mg/kg/day in their analysis of this substance on
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the pregnant Long-Evans rat (82). Utilizing the criteria

previously formulated by the NAS to calculate the SNARLs

for DCAN and dibromoacetonitrile, a SNARL for TCAN could

be calculated which would equal 0.007 mg/1 TCAN for a 70

kilogram human consuming 2 liters of water a day.

3.6 Chlorohydroxyfuranones

Cl2H\C /C1

\
HO/\ 0/-

3-chloro-4-(dichloromethyl)-

5-hydroxy-2(5H)-furanone (MX).

In 1981, Hoimbom et al. conducted research on the

identification of the chemical constituents of the

chlorination stage effluents of pulp mills (84). During

their research, a compound was isolated in the acid

fraction which was found to be a potent, direct-acting

mutagen in the Ames Salmonella assay, and which was

estimated to account for 30 to 50% of the mutagenicity of

the chlorinated pulp effluent. This substance, whose

exact chemical structure was not elucidated yet, was named

"Mutagen X", or MX.

Several years after the isolation of Mutagen X (MX),

reports began to be published indicating that the dominant

fraction of mutagenicity present in chlorinated waters

was more closely associated with the acid fraction of

these waters (85-88). Kronberg et al. reported that the

mutagenic response from the acid fraction of drinking
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water concentrates was 10 times higher than that of the

neutral concentrates (85). Wigilius et al. also

determined that the acidification of drinking water

samples after chlorination increased the level of

mutagenicity, relative to the neutral fraction, by a

factor of ten (86). Ringhand et al. reported a 7-fold

increase in mutagenic activity for concentrated tap water

samples at pH 2, when compared with the same concentrated

samples at a pH of 8 (87).

It began to become apparent that the disinfection by-

products identified to date were only responsible for an

estimated 7 to 8% of the total mutagenicity detected in

disinfected drinking water, and that a large proportion of

the remaining mutagenicity was tied to an unidentified

acidic organic compound(s) (5,88). In 1984, further work

by Holmbom et al. tentatively identified Mutagen X, the

component of chlorinated pulp mill effluent, as 3-chloro-

4-(dichloromethyl)-5-hydroxy-2(5H)-furanone(89), which

soon was confirmed by other researchers (90). Questions

began to arise as to whether the potent, and acidic,

mutagen MX, which so far had been isolated only in pulp

mill effluents, could also be a component of disinfected

drinking water.

Many of the compounds which have been identified in

the chlorinated effluent of pulp mills have also been

detected in disinfected drinking water. This finding is

not surprising because it is the lignin portion of the

wood pulp which reacts with chlorine to form mutagenic

compounds, and humic substances in treated waters are

thought to be largely derived from lignin (5). In 1986,

Hemming et al. confirmed that MX, a nonvolatile and acidic

organochloride, was found to occur in chlorinated drinking

waters in Finland (91). The identification of MX in

disinfected drinking water was soon confirmed by separate
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researchers utilizing tap water samples from 3 different

locations in the U.S. (92).

The quantities of MX reported to occur in chlorinated

waters is very small. In a recent EPA evaluation of 37

different drinking water samples, MX was estimated to be

present at concentrations ranging from 2 to 67 ng/1 (93).

MX has been demonstrated to be a true trace component in

the chlorination product mixture, accounting for less than

0.01% of the total organically-bound chlorine (94).

Factors which have been shown to enhance the formation of

MX include high chlorine doses and acidic water conditions

prior to and/or following chlorination(95). MX is stable

at acidic conditions, but is degraded in neutral or

alkaline conditions with a half life of 3 to 6 days in a

pH range of 7-9 (95).

Despite its low concentration, MX appears to be a

major contributor to the overall mutagenic activity of

chlorinated water. Reports about the amount of muta-

genicity conferred by MX have been performed utilizing the

Ames Salmonella assay, and have demonstrated a wide range

of results. Hemming et al. first reported the presence of

MX in potable water supplies, and indicated that this

furanone accounted for 15 to 30% of the Ames test

mutagenicity (strains TA98, TA100) of drinking water (91).

Utilizing the Salmonella typhimurium tester strain TA100,

Kronberg et al. demonstrated that MX represented 20-50% of

the total mutagenic activity of potable water (96).

In one study, MX was found in 20 of 26 tap water

samples in the range of 5-67 ng/l, and its overall

contribution to the mutagenicity of Salmonella tester

strain TA100 was in the range of 15-57% (average 33%)

(97). A similar study determined the mutagenic

contribution of MX to Salmonella tester strain TA100 to be

5-20%, which is considerably lower than that previously
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found in chlorinated waters (98). The authors of this

study concluded that this divergent finding might be due

to differences in raw water quality, and/or to an as yet

unidentified organic acid which may be contributing to the

remaining mutagenicity observed.

MX is one of the most potent bacterial mutagens ever

tested in the Ames assay (99). A measure of the potency

of a test substance in the Ames assay is formulated by a

count of the number of revertants per nanomole (nmole) in

the tester strain utilized. The reported revertants/nmole

produced by MX in tester strain TA100 have ranged from the

values of 2710 (91), 5600 (96,98), 6000 (90), 10,000 (84),

to 13,000 (92). For comparison, aflatoxin B1 induces 7057

revertants/nmole and benzyl chloride induces 0.02

revertants/nmole in the Ames assay (92).

The results of the studies presented here verify that

MX is a major bacterial mutagen, although quantitatively a

minor constituent of chlorinated drinking waters. MX also

has been shown to contribute to over half of the overall

mutagenicity of treated waters. Even though considerable

variation has been reported in the mutagenicity range of

MX in tester strain TA100, as well as in the overall

mutagenicity bestowed by MX in chlorine-treated waters,

the fact remains that even conservative estimates on the

potency of this compound far exceed the potencies

determined for chlorine's other by-products.

To date, no scientific theory has been agreed upon to

explain the dramatic potency of'MX in the Ames assay,

though one group of researchers has suggested that the

arrangement of the chlorine and the dichloromethyl groups

at the double bond is a key structural element in the high

potency of MX as a bacterial mutagen (100). After an

examination of the results of MX in the Ames assay, one

author was led to conclude:
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"The extremely high mutagenic activity of MX in
the Ames test is challenging. No other chlor-
inated compounds identified so far have even come
close to this activity. What makes this part-
icular structure so extremely mutagenic? And is
the high mutagenicity also accompanied by high
carcinogenicity? Other mutagenicity/
carcinogenicity data are urgently needed94."

Further toxicological tests have been employed in an

effort to understand better the potential health effects

of MX. In one such test, MX was evaluated for its ability

to induce DNA damage to the bacteria strain Escherichia

coli (SOS chromotest), and to produce micronucleated

erythrocytes in the bone marrow of mice (100). In a

second assay, NMRI mice were given intraperitoneal MX

using doses of 4.4 and 8.8 mg/kg bw. Twenty-four hours

after treatment, the mice were examined for the number of

micronucleated erythrocytes.

This research determined that MX was active in the

SOS chromotest, and had the ability to induce significant

mutagenicity in Escherichia coli (p < 0.01). On the other

hand, the results from the micronucleus test were negative

(p < 0.01). Therefore, while MX again demonstrated the

ability to induce significant chromosomal damage in

bacterial systems in vitro, it did not produce the same

effect in mice in vivo after intraperitoneal exposure.

The authors suggested that the presence of an

extracellular activation system may work to reduce the

genotoxicity of MX in vivo (100).

Another study attempted to determine the ability of

MX to produce micronuclei in the bone marrow of mice,

utilizing a variation of the above experimental conditions

(101). In this assay, Swiss-Webster mice were

administered MX by two oral gavage doses of 0, 22.5, 45,

or 90 mg/kg bw. Bone marrow erythrocytes were examined
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for micronuclei, 48 or 72 hours after the first MX

treatment. This study also examined the ability of MX to

induce chromosomal aberrations in Chinese hamster ovary

cells at concentrations of 0, 0.5, 1, 2, 4, and 8 ug/ml

per 2,000 CHO cells. CHO cells were examined 8 to 10

hours after the initiation of chemical exposure.

The study reported that MX-treated CHO cells had

significantly more structural aberrations than the control

cells at a MX level of 4 ug/1 and above (p < 0.05). The

aberrations observed were mainly chromatid deletions and

chromatid exchanges. The treatment of Swiss-Webster mice

with MX did not produce any increases in the number of

micronucleated erythrocytes at any of the dose levels,

though four mice at the highest dose level died less than

18 hours after the initial treatment (no other deaths were

observed). This lack of effect for bone marrow erythro-

cytes upon MX treatment was statistically significant at

all dose levels (p < 0.05).

The authors of this study were the first to report

that MX is a potent clastogen in mammalian cells, thus the

genotoxicity of MX in vitro is not limited to bacteria.

However, as demonstrated in the previous study, MX is

inactive in the in vivo rodent bone marrow micronuclei

assay, an assay which can detect both clastogens and

spindle poisons. This lack of activity in vivo cannot be

attributed to inadequate dose levels, since the highest

dose administered resulted in acute toxicity. The authors

of the study suggested that either MX is not absorbed well

following oral administration, or that MX may be

effectively detoxified by the liver upon absorption and

systemic distribution, resulting in a lack of geno-

toxicity in vivo (101).

Utilizing a variety of toxicological assays, the EPA

examined both the genotoxic and carcinogenic properties of
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MX (93). MX was evaluated in this study for its abilities

to: (1) induce DNA strand breaks and chromosomal aber-

rations in cultured human lymphoblastic cells; (2) induce

nuclear anomalies in the bone marrow and in the small

intestine of B6C3F1 mice; (3) initiate or promote skin

tumors in Sencar mice with either an oral or topical dose

of MX; and (4) to evaluate the absorption and excretion

rates of orally administered MX in F344 rats. The results

of these assays are described in the following paragraphs.

The DNA strand breaking potential of MX for human

lymphoblastic cells was evaluated using an alkaline DNA-

unwinding procedure. Cells were suspended in a medium

containing one of a variety of MX concentrations, for a

period of 2 hours. After MX exposure, each dose level was

evaluated for evidence of DNA damage. The results of this

assay confirmed that MX produces genotoxic damage to

eucaryotic cells and, in this instance, the DNA strand

breakage was dose-dependent. The authors concluded that

this result clearly demonstrated that MX possesses

genotoxic activity in vitro for mammalian cells, and that

the severity of the damage was comparable to one-half of

the damage produced by dimethylsulfate (a strong direct-

acting alkylating agent) (93).

In the mouse bone marrow micronucleus test, two oral

doses of 0, 22.5, 45, or 90 mg/kg bw MX were administered

to B6C3F1 mice 24 hours apart. Bone marrow erythrocytes

then were examined for nuclear abnormalities either 48 or

72 hours following treatment. As in the two previous

studies, no evidence of increases in micronucleated

polychromatic erythrocytes was observed at either 48 or 72

hours after the initial dose. The authors concluded that

MX does not appear to possess clastogenic activity

in vivo for mouse bone marrow, despite its relatively high

clastogenic activity for mammalian cells in vitro. This
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lack of effect may be due to its rapid metabolism in the

GI tract into an inactive species (93).

The ability of MX to induce nuclear anomalies in the

cells of the GI tract was evaluated using a similar

methodology (93). In this assay, B6C3F1 mice were

administered either MX or methyl nitrosourea, a known

intestinal carcinogen, by a single oral gavage. The dose

levels of MX given to mice were 0, 60, 80, and 100 mg/kg

bw. Twenty-four hours after dosing, the crypt cells of

the duodenum of the mice were examined for nuclear

anomalies.

Dose-related increases in nuclear anomalies were

observed in the mice, which were significantly above the

control at the two highest dose levels (p < 0.05). It

should be noted though, that these significant responses

were observed only at close to toxic doses (60 and 80% of

the LD50). The response observed for MX treatment was

considered weak in comparison to the response observed for

methyl nitrosourea, with 1.8 nuclear anomalies/100 crypt

cells for MX compared to 19.8 nuclear anomalies/100 crypt

cells for methyl nitrosourea. The authors of the analysis

concluded that MX was marginally active for inducing

nuclear anomalies in the small intestine of mice.

The ability of MX to either initiate or promote skin

tumors was analyzed using Sencar mice (93). Mice received

a single MX dose either orally or topically at levels of

0, 5, 16, 28, and 50 mg/kg bw. Mice were administered

either MX alone (initiation) or MX followed two weeks

later with 1.0 ug/1 of 12-0-tetradececanoyl-phorbol-13-

acetate (TPA) (promotion). TPA was given 3 times a week

for 30 weeks. The mice then were evaluated for tumor

development.

No tumors were observed in mice which received oral

or topical doses of MX alone (without TPA promotion), or
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in the mice which received topical doses of MX, with or

without TPA. There was, however, a significantly higher

number of tumors in mice which received an oral dose of

MX, followed by TPA at the 16, 28 and 50 mg/kg bw doses

(p < 0.028). The authors concluded that MX appears to

possess skin tumor initiating activity when administered

orally, though this response did not exhibit a dose-

dependent pattern (93).

Male F344 rats were utilized for examination of the

physiologic disposition of MX following oral ingestion.

Rats were given 7.9 mg of 14C- labeled MX via gavage and

their urine, feces and expired air was analyzed for 48

hours after dosing. Animals then were sacrificed, after

which blood samples, and major tissue and organ samples

were taken.

The results of this assay indicated that a

substantial fraction of MX or its metabolites (>40%) was

absorbed into the systemic circulation and either

distributed in tissues or eliminated in the urine. The

majority of MX was eliminated in the feces (>50%). Only a

small percentage (4.7%) of the MX dose was found in the

tissues after 48 hours. The greatest amount of the

remaining MX was found in the liver, muscle, skin and

kidney though this amount was only a small percentage of

the total dose, thus indicating that MX and its

metabolites are not concentrated selectively by any

particular tissue or organ.

It has been suggested that MX may be effectively

detoxified in vivo (100) . An in vitro study has

demonstrated that MX is rapidly converted into a

nonmutagenic metabolite by conjugation with glutathione

(102). Because of the relative abundance of glutathione

in humans, there is a strong possibly that MX may be

detoxified effectively by glutathione conjugation in vivo
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(102). Such detoxification might explain the consistently

negative findings for MX in the mouse bone marrow

micronucleous assay (93,100,101), despite the potent

mutagenic activity displayed by MX in several in vitro

assays (84,90-92,96-100). Currently, no risk assessment

data exist for MX.
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Section .. Chlorinated By-Products and Disease

4.1 Introduction

In attempting to evaluate the health risk posed by

the presence of disinfection by-products in drinking

water, the traditional approach has been to analyze the

toxicity of individual water contaminants (1). As was

demonstrated in Section 3, a variety of toxicologic tests

have been employed to help understand the potential of

specific disinfection by-products to induce deleterious

effects on biologic systems. The least biologically

complex tests involved the submammalian and the in vitro

assays, such as that exemplified by the Ames assay. The

second level of testing has utilized the whole animal in

in vivo toxicologic assays. Both types of tests have

demonstrated some indication of a potential for

deleterious health effects for several of the individual

classes of disinfection by-products.

However, although thousands of disinfection by-

products have been identified, it has been estimated that

only about 1% of them have been analyzed for their

toxicologic effects (2). Furthermore, for the purpose of

extrapolating toxicologic tests to indicate the potential

for human health effects, the analysis of individual

contaminants does not simulate human exposure conditions.

Actual human exposure to disinfection by-products in

drinking water involves the consumption of a mixture of

contaminants in this water. So, for the purpose of

estimating the human health risk posed by disinfection by-

products, toxicologic data may yield valuable hints as to

the interactions of contaminants in biologic systems, but

there is question as to whether this data may be utilized

for accurate predictions of human health effects (3).

The use of non-human biologic systems in assessing

the potential human effects of chemicals for such
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endpoints as mutagenicity, teratogenicity, and

carcinogenicity, has been a major issue of contention (4).

The assumption questioned is whether non-human model

responses are similar to the human response, and whether

the distribution of human sensitivity is similar to that

displayed by the laboratory animal models. Perhaps then,

a better indication of the human health risks associated

with drinking water disinfection comes from epidemiologic

data.

It has been suggested that any attempt to accurately

validate the mutagenicity, teratogenicity, or the

carcinogenicity of disinfection by-products should include

the use of both toxicologic and epidemiologic studies (4).

Many epidemiologic studies have been undertaken to

elucidate the pathogenesis of disinfection by-products,

and many have provided notable evidence as to the possible

health effects of these contaminants on humans. In

Sections 4.3 and 4.4, these epidemiologic studies will be

reviewed. First however, it seems appropriate to define

human exposure as it pertains to chlorination by-products.

4.2 Defining Human Exposure

Determining human exposure to a complex array of

chemicals is a key factor in quantifying the relationship

between an environmental factor and human disease (5).

Yet, one of the greatest limitations of epidemiological

investigations is the availability of data on human

exposure to specific chemical contaminants (4). For this

reason, research on ways to measure the extent of human

exposure to disinfection by-products has been increasing.

Risk assessment of drinking water hazards to humans,

is currently based on the assumption of two liters per

capita per day consumption (6). One author challenged

this assumption as an overestimation of the actual water

consumption of individuals. This researcher collected 202
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dietary summaries of fluid consumption from a randomly

selected population in Hawaii (6). It was found that the

mean daily consumption of all fluids was 1,140.3 ml per

person, of which only 134.9 ml was water directly from the

tap. However, this study is of limited usefulness, as the

amount of tap water that was consumed in prepared

beverages such as coffee or juice was not considered, nor

was the tap water used in food preparations.

An interesting subject of research has begun to

emerge which has examined the importance of human exposure

to disinfection by-products occurring from pathways other

than direct ingestion. These pathways include inhalation

of contaminants transferred to the air from showers,

baths, pools, toilets, humidifiers, dishwashers, washing

machines, and cooking; ingestion of contaminants in food;

and dermal absorption of contaminants while washing,

bathing, and swimming. Such studies have concentrated

primarily on the volatile (THM) component of potable

water, though it should be mentioned that non-volatile

contaminants which possess lipophilicity could be absorbed

dermally (4).

Recent studies suggest that common activities such as

boiling water or showering can increase personal exposure

to volatile disinfection by products (7). For example,

bursts of high chloroform levels may be encountered in

homes immediately after someone showers because of the

high concentration of THMs in tap water (5). Andelman

showed that the inhalation of volatile compounds in water

during a shower had the potential for being a greater

source of exposure than the dose received from direct

ingestion (8). McKone calculated that showering

contributed to an average of 50% of the total lifetime

chloroform dose, and also concluded that exposures to THMs

via inhalation could be as great as, if not greater than,

the exposures from ingestion (7).
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Brown et al. studied skin penetration rates, and

determined that the dermal absorption of organic

contaminants in drinking water may result in a severalfold

greater exposure over the absorption of contaminants from

water consumption (9). These authors reported that skin

absorption contributed from a low of 29 to a high of 91%

(average 64%) of the total dose of volatile organic

compounds in water. It was concluded that the assumption

that ingestion constitutes the primary or sole route of

exposure to volatile organic compounds in water

underestimates the actual body burden, by disregarding

other important routes of exposure such as skin absorption

and inhalation (9).

It seems clear, based on the studies just cited that

risk assessment data in which exposure to drinking water

contaminants is based of a 2 liter/day water consumption

should be interpreted cautiously. While it was

demonstrated that direct tap water consumption averages

only about one-half of a cup a day, this value would

increase when including non-direct consumption in foods

and other beverages (6). Also, it should be remembered

that dermal absorption and inhalation of disinfection by-

products may be significant sources of human exposure,

possibly contributing more than ingestion.

4.3 Epidemiologic Studies

In 1974, a study of cancer rates in Louisiana by

Harris called attention to the potential health problems

associated with organic contaminants in drinking water

(10). Harris was the first to report higher cancer rates

among a population using one water source compared to

populations using other water sources. Harris used

unweighted multiple regression models to explore the

relationship between white male cancer mortality rates and

drinking water derived from the Mississippi River.
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Although the finding by Harris was not accepted by the

scientific community at the time, it was responsible for

stimulating a number of epidemiological studies on the

possible association between cancer and drinking water

quality.

A key impediment to epidemiologic research in this

area has been the lack of availability of data on

disinfection by-products prior to their "discovery" in the

mid-seventies. To compensate, epidemiological studies of

disinfected drinking water typically rely on a dichotomous

characterization of the water treatment as chlorinated or

nonchlorinated, alone or combined with a dichotomous

classification of the water supply source as surface water

or groundwater. The rationale behind this categorization

comes from the observation that more disinfection by-

products arise from chlorination than from other

disinfection techniques, and that more humic precursor

materials are present in surface water to create by-

products than are present in groundwater (11). While

these classifications are broad, they do allow the

researcher to infer trends about the level of disinfection

by-product exposure of a population prior to 1974, when

the data on actual exposure became available.

Epidemiologic studies on the health effects

associated with disinfection by-products published before

1980 have been reviewed by the National Research Council

(11). Nine of ten descriptive epidemiologic studies

published during this time found associations between

chlorinated surface water and cancer morbidity or

mortality, and three additional studies found associations

between current levels of THM and cancer mortality. The

Council summarized that these 13 descriptive studies had

considerable methodological problems inherently associated

with them, and concluded that with the large array of pos-

sible confounding factors it would be difficult to ascribe

an effect to any particular factor with certainty (11).
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Nevertheless, the National Research Council

recommended that continued epidemiological studies of

drinking water continue, and that "the bladder, stomach,

large intestine, and rectum, which were cancer sites

identified in a number of geographic areas, warrant

further study" (11). The Council strongly advised

upcoming studies to utilize epidemiologic techniques which

differ from the descriptive-geographic, with a preference

for prospective instead of retrospective techniques. It

was also suggested that researchers pay closer attention

to confounding, particularly in the areas of exposure

status and individual risk factors which may influence the

result.

Epidemiological investigations of drinking water

disinfection and cancer rates from 1980 until the present,

will now be considered, beginning with a summary of the

studies published from 1980 to 1984. Next, the

epidemiologic studies published from 1985 to 1990 will be

reviewed. Finally, recent studies which have indicated a

heart disease risk associated with the consumption of

disinfection by-products will be evaluated.

Epidemiologic Studies, 1980 to 1984

Despite their limited usefulness, descriptive-

geographic studies of various water constituents and

various cancer endpoints continued to appear in the

literature. Bean et al. examined age-adjusted, sex-

specific cancer incidence rates for the years 1969-1978

for municipalities in Iowa having a population of 1000 or

more (12). Cancer incidence data were collected for seven

specific sites; bladder, breast, colon, lung, prostate,

rectum, and stomach. These authors limited their analysis

to those municipalities whose public water supply sources

had remained stable for at least 14 years (12). The

cancer incidence was then compared between those
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communities which were supplied surface water and those

which were supplied groundwater as their potable water

source.

In this correlational study, it was observed that

specific cancer incidence rates were higher among

communities which utilized surface water sources for their

water supply. Lung cancer rates were significantly higher

among males (p = 0.009) and females (p = 0.01), as was

cancer of the rectum for both males (p = 0.005) and

females (p = 0.0001). The incidence of colon cancer was

also determined to be significantly higher among persons

utilizing surface water sources (p = 0.005), but only for

the 1975-1978 period. None of the other cancer rates were

significantly higher in the surface as compared to

groundwater sources (12).

Bean et al. summarized their findings by stating that

the differences they observed in cancer incidence by

drinking water source was generally small, with relative

risk estimates ranging from 1.3 to 1.4. They cautioned

that inherent methodological problems may have introduced

bias in their study. Such sources of bias may have been

contributed by a lack of information on individual

mobility, smoking status, or, possibly, by an additional

water-associated risk factor which was not considered in

this analysis (12).

Tuthill and Moore utilized a similar study design to

compare drinking water and cancer rates in Massachusetts

(13). These authors related cancer mortality rates for

the years 1969-1976 in communities supplied by surface

water, to estimated chlorine exposure data. Chlorine

exposure was estimated for each community utilizing data

on past chlorine dose, recent THM levels, and recent

chlorine dose for each community water supply.

Tuthill and Moore found that stomach and rectal

cancers significantly correlated with recent THM levels

and chlorine dose, though not with estimates of past
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chlorine dose. When stepwise regression models with

migration patterns and ethnic data were applied to this

correlation, however, the significance of the associations

between cancer rates and recent THM and chlorine dose

disappeared. The authors concluded that the failure to

control first for social variables and then for changing

patterns of chlorination over time may have led authors of

previous studies to find spurious associations of

chlorination of drinking water with cancer (13).

Young et al. examined the associations between site-

specific cancers and drinking water in white females in

Wisconsin from 1972-1977, utilizing a death certificate

based case-control study design (14). Specific cancers

included in this study were brain, lung, breast,

gastrointestinal, and genitourinary. Information on past

source waters and treatment characteristics of community

water supplies was estimated using detailed interviews

obtained from treatment plant operators, and such waters

were categorized into zero, low, medium or high chlorine

levels.

The control group consisted of 8,029 noncancer deaths

matched with the 8,029 cases by age, residence and year of

death. The migration of cases or controls was not

considered in this analysis; individuals were linked to a

water source by the community of residence listed on their

death certificate. Marital status, occupation, and

urbanicity, were treated as potentially confounding

variables and controlled in the analysis. Furthermore,

the contribution of rural runoff to source waters was

examined independently, as disinfection by-product

precursors are of natural origin, and a positive

relationship between rural runoff and THM concentration

had been demonstrated (14).

With the exception of cancer of the colon, no

anatomical cancer type was significantly associated with

any chlorine dose exposure category. For colon cancer,
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odds ratios (OR) of 1.5 (95% confidence interval [Cl] =

1.1-2.1), 1.5 (95% CI = 1.1-2.0), and 1.5 (95% CI = 1.1-

2.1) were obtained for high-, medium-, and low-dose

chlorination respectively (p < 0.02). The most

significant odds ratios (3.3-high, 3.6-medium, and 2.7-low

chlorine dose) were observed among cases who also were

exposed to rural runoff in their chlorinated source water

(p = 0.003). The authors of this study concluded that the

risk of colon cancer is over twice as high for water

affected by rural runoff, making it appear that organic

precursor content of chlorinated water is a more important

variable than is the estimated chlorine dose (14).

Gottlieb et al. also utilized a retrospective, case-

control mortality study to assess a possible relationship

between drinking water source and cancer (15). To do

this, they conducted a comparison of cancer deaths and

noncancer deaths from the years 1960-1975 in thirteen

selected southern Louisiana counties. Counties were

selected on the basis of similarities in industrialization

and on approximately equal exposure of the population to

surface water or groundwater.

Noncancer deaths were selected and matched 1:1 to

cancer deaths (17 specific cancer sites) on age, race,

sex, and year and county of residence at death. Water

source was based on residence at death, surface or

groundwater, and chlorinated or nonchlorinated. The

length of time of water source exposure was estimated by

relating place of birth to place of death. Occupation was

determined to be a potentially confounding variable, and

controlled for in this analysis.

Three types of cancer (rectum, breast, and lung)

showed a significant association with drinking surface

water. Of these, rectal cancer showed an association

which was suggested to be most indicative of a causal

relationship. The elevated odds ratios formulated for

rectal cancer were 2.5, 1.6, and 1.0 for a lifetime of
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surface, some surface, and a lifetime of groundwater use

(p < 0.01). Odds ratios for males were highest,

increasing to over 3.0 for the lifetime surface water

users (15) .

The association of breast cancer and surface water

was statistically significant (OR 1.6 [95% CI = 1.1-2.3])

but upon a closer examination of the data, females in the

two most urban counties were not affected. The authors

suggested that confounding then might be responsible for

this effect, by some facet of urban lifestyle such as

small family size. The association of lung cancer and

surface water was statistically significant only for

nonwhite males and only for water source at death. The

other sites of cancer were not found to be consistent in a

way which would suggest a true drinking water effect (15).

Brenniman et al. conducted a similar case-control

mortality study in Illinois (16). The cases were

gastrointestinal and genitourinary cancer deaths from 1973

to 1976, and controls were noncancer deaths over the same

period. The authors then analyzed drinking water source

at death as either surface or groundwater.

Although elevated relative risks for chlorinated

surface water consumption were found for colon and rectal

cancer, Brenniman et al. reported that these results

showed no clear associations. They expressed this belief

because little consistency appeared in the data in the

analysis of population subgroups, especially in degree of

urbanization where one would expect to find an elevated

cancer risk. In a review of this study, Crump et al.

criticized these authors for the limited number of

population sampled, decreasing the power to detect

relatively small, but significant associations (17).

Lawrence et al. collected data on school teachers in

New York who had died of colon or rectal cancers for the

years 1962 to 1978 (18). A total of 395 white, female

cases in the central corridor of the state were identified
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through retirement system records. Cases were matched 1:1

by age, location and year of death, with noncancer deaths.

Subjects were classified by water source at both home and

work, and cumulative chloroform exposure was determined

utilizing previous THM surveys on water utilities.

The calculation of odds ratios showed no associations

between drinking water and cancer. Neither surface water

nor cumulative chloroform exposure showed a significant

result. Further manipulation of the data, to control by

logistic analysis for the average source water type,

population density, marital status and age, still resulted

in no significant effects (18).

Wilkins et al. utilized a nonconcurrent prospective

study to investigate the possible association between

organic by-products of water chlorination and human liver,

kidney, or bladder cancer (19). Vital records and census

data were utilized to compute selected sex and site-

specific cancer mortality rates for nearly 31,000

residents of Washington County, Maryland. Age,

socioeconomic status, smoking history, and source of

drinking water at home (either chlorinated surface water,

or nonchlorinated well water) were examined for this

population in relation to cancer mortality. Furthermore,

length of residence at each domicile was obtained,

utilizing data from the previous census, to estimate

exposure to the home water source.

After adjusting for the various risk factors, the

association between drinking water source and certain

cancers (bladder, liver) was stronger for persons who had

lived in their domicile for 12 years or more than for

those who had been in their domiciles less than this time.

Among men who had been in their homes 12 years or more,

the risk of bladder cancer was significantly elevated

among those consuming chlorinated surface water, with a RR

of 6.5 (95% CI = 1- >100). Among women who had lived at

their domiciles for at least 12 years and consumed
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chlorinated surface water, elevated but nonsignificant

relative risks were observed for liver cancer (RR = 3.4,

95% CI = 0.5- >100) and for bladder cancer (RR = 2.1, 95%

CI = 0.3- >100). Problems with statistical significance

arose in this study because the number of cases available

for analysis was relatively small, nonetheless, the

authors concluded that their results were suggestive of a

possible association between consumption of chlorinated

surface water and certain cancers, particularly bladder

cancer (19).

A study of cancer incidence as it may relate to

drinking water was undertaken in London (20). Beresford

chose to study cancer incidence, with the assumption that

incidence may be more sensitive than the "traditional"

endpoint of cancer mortality, for detecting ill-health

associated with an environmental factor. This assumption

may especially be true when cancer of the bladder is the

endpoint of interest, for this cancer has a relatively

high five year survival rate.

Beresford collected cancer incidence rates from

registry data for 14 counties in south London. The source

of potable water for each county was then averaged into

one of 3 categories; 100% well, river/well mixture, or

100% river. The level of organic matter present in the

river source water was also estimated for each county

utilizing this water, using current and historical

chemical parameters and industrial/municipal effluent

discharge rates.

This study detected no evidence of an increased risk

of colo-rectal cancers associated with surface water

consumption. The risk of stomach cancers increased by a

factor of 2 in counties with 100% surface water

consumption, but this association weakened to below

significance ( RR = 1.1, 95% CI = 1.0- 1.2) when socio-

economic factors, taken from the previous census, were

controlled. In counties with 100% river water
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consumption, urinary and bladder cancers also showed a

weak association which persisted after adjustment for

socio-economic factors (RR = 1.2, 95% CI = 1.0- 1.4).

This association was more pronounced in populations

consuming river water with a greater organic matter

content (20) .

Beresford cited limitations in this study, such as

missing information on smoking, diet, occupational

hazards, and population mobility. The association between

surface water consumption and urinary/bladder cancers was

reported as being weak, and the effects taken alone could

be so small as to be negligible. But, taken together with

other epidemiologic studies from the U.S., Beresford

concluded that there was consistent evidence of a human

health risk associated with the consumption of surface

water (20) .

Epidemiologic Studies, 1985 to 1990

Marienfeld et al. conducted a descriptive-geographic

study to determine whether public drinking water

differences between St. Louis City and St. Louis County,

Missouri possibly could account for the much higher bowel,

liver, and bladder cancer death rates observed for St.

Louis County (21). Both areas use the Missouri River as a

public drinking water source, and both utilize

chloramination as a disinfectant. In 1955 though, the

county changed its disinfection process by doubling the

chlorine dosage and delaying the addition of ammonia to

form chloramines until just prior to distribution. The

city continued to use a lower chlorine level, and early

ammoniation. Marienfeld et al. hypothesized that the

changes in the county disinfection processes created the

potential for increased by-product formation, leading to

increased cancer rates (21).
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The researchers of the Missouri study created a trend

analysis by recording the net differences in cancer

mortality rates found between St Louis City and St. Louis

County. It was observed that the overall per capita

cancer mortality rates had previously been higher in the

city from the years 1960 to 1972, after which time the

county experienced higher per capita rates. The authors

suggested that the change in chlorine-ammonia sequencing

in 1955 by the county could possibly be reflected in

changes in cancer mortality rates between the two

communities after 20 years, as 20 years may approach the

lag period between exposure to a carcinogen and the

appearance of clinically diagnosable cancer.

These authors found a "suggestive association between

a probable increase in [disinfection by-product]

production, due to a change in water treatment in St.

Louis County, with significant increases in the previously

reported carcinogen ingestion-related cancers such as

stomach, liver, large bowel, and bladder, by comparing

cancer mortality rates from 1960-1967 (presumably

unaffected by water treatment change) with the period

1972-1976 (twenty years following the change)" (21). The

county was also observed to have greater net increases in

mortality from brain, cervical, and bilary cancers. The

city showed greater per capita increases only for lung

cancer, prostatic cancer and Hodgkin's Disease.

These authors took into account other variables, not

associated with the water supply, which were observed to

contribute to the higher cancer mortality rates in St.

Louis City. These variables included income levels,

education levels, the percentage of the population below

the poverty level, occupation, and air pollution.

Migration of the population, especially from urban to

rural areas, was not taken into account in this study.

The authors noted however, that if former city dwellers

brought their latent cancers into the county, it is not
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obvious why those cancers would be those associated with

ingested carcinogens in preference to cancers of the lung,

prostate or lymphomas (21).

Zierler et al. examined the patterns of mortality in

residents of Massachusetts, over the age of 44 who died

from 1969 to 1983, and related this to the consumption of

drinking water that was disinfected either with chlorine

or chloramine (22). A comparison was made between 51,645

cases of death due to bladder, colon, kidney, pancreas,

rectum, and stomach cancers and 214,988 deaths due to

lymphatic cancer, or pulmonary, cerebrovascular and

cardiovascular diseases (controls). The purpose of this

study was to describe the patterns of death among

residents in communities using drinking water treated with

two distinct types of disinfectant, to see whether the

consumption of chlorinated water was more closely

associated with cancer mortality in selected organ sites.

The data were analyzed by calculating standardized

mortality ratios (SMR) for cancer and other diseases in

residents of communities according to disinfectant type.

Expected cause-of-death rates were derived from State

records during this time for this age group, and also by

examining mortality ratios of selected cancer sites in

comparison with mortality ratios of controls in the

communities with chlorinated vs. chloraminated water

(termed mortality odds ratio). The odds ratio (OR) is a

parameter which estimates the odds of a disease or

condition (cancer death) among the exposed (chlorination)

relative to the nonexposed (chloramination). A subject

was considered to be exposed if residence at time of death

was in a community that chlorinated its water supply (22).

The age-adjusted associations for chlorinated

relative to chloraminated water showed that exposure to

either type of disinfectant was not associated with cancer

mortality, with the exception of bladder cancer. This

excess mortality due to bladder cancer remained
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significant even after attempts to control for the

potential of confounding due to smoking, poverty,

urbanicity, as well as age at death and year at death.

The bladder cancer OR was reported to be 1.7 (95% CI =

1.3- 2.2) in residents of communities with chlorinated

water relative to mortality in residents of communities

with chloraminated water. Also of interest was a small

increase in deaths due to influenza and pneumonia among

residents in those communities using chloramination as

their drinking water disinfectant (SMR = 118 [95% CI =

116-120] for chloramine, vs. SMR = 98 [95% CI = 95-100]

for chlorine) (22).

Cragle et al. utilized a case-control study to

investigate the relationship between water chlorination

and colon cancer (23). To accomplish this, 200 incident

cases of colon cancer from seven hospitals in North

Carolina, and 407 hospital-based controls, were selected.

The criteria for the selection of controls was that there

was no evidence of cancer, polyposis, or any other major

chronic intestinal disorder, and no family history of

ulcerative colitis, adenomatus, or polyposis. Cases were

matched with controls for age, race, gender, vital status,

and hospital to prevent confounding by these

characteristics. Furthermore, information on alcohol

consumption, smoking, genetic risk (close relatives with

cancer), diet, geographic region, urbanicity, education

and parity was obtained for each subject. Both cases and

controls were required to be residents of the state for at

least ten years to be included in this study.

The type of water service was verified for each study

subject over a 25-year period and categorized as

chlorinated or unchlorinated for the analysis. A logistic

regression analysis showed genetic risk, alcohol

consumption, a high fat diet, and an interaction between

age and chlorinated water to be positively associated with

colon cancer. The association between chlorinated water
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and colon cancer was observed to be highly dependent upon

age and duration of exposure.

Odds ratio estimates for persons who drank

chlorinated water at their residence for 16 or more years

were consistently higher than the OR for those exposed for

fewer than 16 years, but, after controlling for

confounders, this association was significant only for

those above age 60. For example, in 60 to 69 year olds,

the relative risk of excess cancer was 1.4 (95% CI = 1.1-

1.7) for those who drank chlorinated water for over 16

years. The 70 to 79 year olds who drank chlorinated water

for 16 years or more had over twice the risk of colon

cancer (RR = 2.2, 95% CI = 1.7- 2.7) than those 70 to 79

year olds who drank unchlorinated water. The risk

calculated for the chlorine-exposed 80-89 year olds

increased progressively to a RR = 3.4 (23).

Cantor et al. published the results from a

collaborative EPA-National Cancer Institute case-control

study of the association between water chlorination and

bladder cancer (24,25). The study included a total of

2,982 cases between the ages of 18-84, who were diagnosed

with bladder cancer in 1978, and 5,782 population-based

controls, randomly selected and frequency matched by

gender, age, and geographic area (10 states were included

in this study). Subjects were interviewed at home, and

data were collected on a number of potential confounding

factors including smoking, occupation, artificial

sweetener use, coffee and tea consumption, and the use of

hair dyes. A complete residence history was obtained, to

categorize individuals according to years served by a

particular water source, and chlorination status. The use

of bottled water and overall fluid consumption of

individuals was recorded also.

In this study, bladder cancer risk was not found to

be linked to tap water consumption among respondents using

nonchlorinated groundwater for the majority of their
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Table 4.3: 1. OR's for bladder cancer with combined tap water
ingestion levels (1/day) and durations of exposure (years) to
chlorinated surface water source* (25).

Ingestion
level(1 /d):

Odds Ratios:
Years of residence with chlorinated surface water:
0** 1-20 20-39 40-59 >60

<0.80 1.0 1.2 1.1 0.8 1.0

0.81-1.12 1.1 1.0 0.9 1.3 0.8

1.13-1.12 1.1 1.4 0.9 1.1 1.0

1.45-1.95 0.7 1.1 1.3 1.3 1.7

>1.96 1.1 1.1 1.3 1.4 1.8

*From logistic regression, adjusted for sex, age, smoking, high risk
occupation, urbanicity and reporting center.
**Control group (nonchlorinated groundwater).

lives. Bladder cancer risk did increase with chlorinated

tap water consumption, but not with the intake of other

beverages. This finding was similar for both sexes and

was generally consistent in the 10 study areas. The risk

elevation for bladder cancer were largely restricted in

statistical significance, to those subjects with at least

40 years residence in places with chlorinated surface

water sources. Table 4.3: 1 illustrates these findings.

Table 4.3: 1 shows an increasing risk of bladder

cancer with duration of chlorinated surface water

exposure, which is significant (p = 0.02) only for the two

upper levels of tap water consumption (>1.45 1/day) and

for the longest exposure (>60 years). Increasing odds

ratios with level of tap water consumption were present

primarily among persons who lived at residences served by

chlorinated surface sources for at least 40 years. The OR

for the 31 cases and 30 controls who reported the highest

level of water consumption and who resided in places

served by chlorinated surface waters for at least 60 years

was 1.8. Therefore, exposure duration (to chlorinated

surface water) and the number of years since the first

exposure were seen to be correlated in this study (25).

Among nonsmokers who were never employed in a high

risk occupation (a group otherwise at a low risk for
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bladder cancer) an elevated risk for bladder cancer was

present among persons consuming chlorinated surface water.

The risk was dependent upon the duration of exposure, and

was significant only for those who resided for 60 or more

years at a residence served by chlorinated water. The

relative risk for this group was more than double (OR =

2.3, p = 0.01) the risk found for nonsmokers who resided

in areas of unchlorinated water.

This investigation avoided the inherent weaknesses

of death certificate-based studies by gathering

information directly from cases and matched controls.

This method of data collection allowed for linkage with

water utility data for each subject to better define

chlorination status, and allowed for the evaluation of

other important risk factors such as smoking and

occupation. The primary motivation in this study however,

was to evaluate saccharin as a human bladder carcinogen;

for this reason, the ten study areas were not selected to

optimize the detection of risk related to the type of

water source.

The authors of this study concluded that the

selection of study areas may have led to the over-

simplification of chlorine exposure by water system type

by dichotomizing water sources by chlorinated surface and

nonchlorinated ground. Because some municipalities rely

on both surface and ground sources for their primary water

supplies, this could have led to the misclassification of

exposure status in this study (25). Of the 10 geographic

areas utilized in this analysis, 5 were metropolitan areas

served by more than one water source.

In a subsequent analysis of the same data, Cantor et

al. expanded on the results of their initial analysis of

water treatment effects on bladder cancer risks (26). To

do this, these investigators included additional

information for each study subject, on tap water

consumption to reduce the potential for confounding, and
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to better define individual exposure. To minimize the

influence of incomplete exposure information, this second

analysis was restricted to cases and controls who were

served solely by chlorinated surface sources or

nonchlorinated ground sources for more than 50% of their

lifetime. This inclusion criteria reduced the initial

sample population to 57.8% of its original size.

Total fluid intake was obtained from the cases and

controls via questionnaire. To reduce the potential for

over-reporting due to seasonal fluctuations in fluid

consumption, cases and controls were asked to report their

typical beverage intake during winter, and to be very

specific as to the beverage type. Total fluid consumption

was then separated into variables representing daily tap

water intake (tap water per se, coffee, tea,

reconstituted juices) and non-tap water fluid intake

(milk, beer, soft drinks, etc.).

The results from a logistic regression analysis on

this expanded study are outlined in Table 4.3: 2. After

adjusting the RR estimates for age, geographic area,

urbanicity, smoking, gender, and occupation, the relative

risk was higher for bladder cancer among those consuming

tap water, relative to the lowest consumption group. The

relative risk increased with increases in daily tap water

intake, with a relative risk of 1.4 for the highest vs the

Table 4.3: 2. The relative risks (RR) and 95% CI for bladder cancer
according to reported daily tap water consumption (26).

Tap Water
Ingestion No. of No of
in 1/d: Cases Controls RR (95% CI)

<0.80 446 1047 1.0

0.81-1.12 505 1083 1.1 (0.9-1.3)

1.13-1.44 520 1039 1.1 (1.0-1.3)

1.45-1.95 582 991 1.3 (1.1-1.5)

1.96 + 642 921 1.4 (1.2-1.7)



135

lowest tap water consumption group. A chi-square trend

analysis of this data, showed there to be statistical

significance for both sexes combined and for men only

(p < 0.0001), but not for women only.

Cantor et al. found also that an overall bladder

cancer risk was positively associated with duration of

exposure, especially among high-level consumers of

chlorinated surface water. This finding confirms the

results from their previous study. The authors concluded

that if the positive associations found in this

investigation were not spurious or the result of

confounding, then the data suggests that 12% of bladder

cancers in this study population were caused by surface

water consumption. Among nonsmokers, the population

attributable risk for bladder cancer jumps to 27% for the

surface water consumers in this study population (26).

Young et al. elaborated upon the previous association

they found between colon cancer and trihalomethanes, this

time utilizing a case-control study (27). To do this,

they interviewed 347 incident cases of newly-diagnosed

colon cancer, controls with cancer of other sites (N =

639), and population-based controls (N = 611).

Information was gathered for each subject on lifetime

residential and water source histories, water drinking

habits, diet, sociodemographics, medical and occupational

histories, as well as on other lifestyle factors.

Exposure for each subject to disinfection by-products

was classified by several variables, including dichotomous

water source values (surface or ground), disinfection

status (chlorinated or nonchlorinated), as well as a

semiquantitative estimation of THM exposure. The THM

exposure estimation was derived utilizing a statistical

model based on quantitative THM measures taken from data

at 81 municipal water facilities in Wisconsin after 1974.

Estimates of lifetime and period specific THM exposure

then were calculated for each case and control.
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Logistic regression was utilized to estimate the odds

ratios for colon cancer and THM exposure, adjusting for

age, gender, and urbanicity. The study results indicated

that THMs in Wisconsin drinking water did not pose a

significant colon cancer risk. This lack of risk was

consistent for all points in time examined and for all

THM-exposed groups (<10 ug/1 to >40 ug/l). Odds ratios

for the middle (10 ug/1 to 40 ug/l) and highest (>40 ug/l)

THM-exposure groups were 1.1 (95% CI = 0.7 1.7), and 0.9

(95% CI = 0.6 1.6) relatively, compared to the cancer

control group. Odds ratios for the middle and highest

THM-exposure groups were 1.1 (95% CI = 0.7 1.8) and 0.7

(95% CI = 0.4 1.2) respectively, relative to the

population-based controls (27).

Lynch et al. utilized data from the Iowa portion of

the National Bladder Cancer Case-Control study (NCI and

EPA) to demonstrate the effects of misclassification when

quantifying chlorine exposure in an epidemiologic study

(28,29). To do this, cases and controls were first

strictly screened for both complete and interpretable

disease and chlorine exposure histories. This process

left a total of 286 cases and 658 controls. The level of

chlorine exposure then was determined for each case and

control by four different methods, which differed in their

accuracy at defining exposure.

The four different methods of quantifying

chlorination exposure were as follows: Method 1 consisted

of utilizing only the last place of residence from a

participant's residential history and assuming that the

person had lived their lifetime consuming the source water

of this residence. Method 2 was the same as Method 1,

with the exception that the participant was assigned to

this water supply only if they indicated this water supply

was indeed their primary water source. In Method 3, the

potential years of exposure to chlorinated water were

limited exclusively to the amount of time the participant
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lived at their last place of residence, and drank from its

water source. In Method 4, the entire lifetime

residential history and water source of the participant

was examined. If the participant utilized a public water

supply, this supply was researched to determine the number

of years chlorination was practiced during the time the

participant was consuming this water. Each participant

was then given a summed total of their lifetime exposure

to chlorinated water.

Applying these four methods to determine exposure

classification for each participant resulted in varying

odds ratios. Table 4.3: 3 shows that these odds ratios

followed a definite pattern that was dependent upon

duration of chlorinated water exposure and the method of

quantifying exposure. For each of the three duration

levels examined, Method 1 odds ratios were the lowest,

with the odds ratios shown to increase sequentially for

the remaining 3 methods. Each of the four methods showed

increasing odds ratios with longer durations of

chlorinated drinking water exposure.

Table 4.3: 3. The number of experimental subjects and the raw OR's
for years (y) of chlorinated drinking water exposure utilizing the
four Methods of quantifying chlorination exposure (29).

Chlorination
Exposure(y):

Method for quantifying chlorine exposure
METHOD 1: METHOD 2: METHOD 3: METHOD 4:
Cases Con. Cases Con. Cases Con. Cases Con.

0 y 84 193 104 271 106 271 65 211
1-25 y 31 104 23 73 77 196 92 211

26-50 y 79 188 71 153 89 168 102 195
50+ y 92 173 88 161 14 20 27 41

ODDS RATIOS
relative to 0 y: Method 1 Method 2 Method 3 Method 4

1-25 y 0.68 0.82 1.02 1.42
26-50 y 0.97 1.21 1.37 1.70**

50+ y 1.22 1.42* 1.81 2.14**

*= p < 0.05. **= p < 0.01.
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The authors of this study also examined the effect of

28 other potential risk factors for bladder cancer among

each of the study participants. These additional risk

factors included age, gender, education, religion, marital

status, pack-years of cigarette smoking, snuff use, cigar

smoking, pipe smoking, chewing tobacco use, urban density,

coffee consumption, tea consumption, daily tap water

consumption, non-tap water beverage consumption, alcohol

consumption, hazardous occupational materials, farming

occupation, use of artificial sweeteners, irradiation of

the pelvic area as a medical treatment, use of hair

coloring products, family history of urinary tract cancer,

history of diabetes mellitus, history of bladder or kidney

infection, and other health history data which might be

related to cancer of the bladder. The strength of

association between each of the above risk factors and

bladder cancer was calculated for every case and control.

Statistically significant differences (p < 0.05) were then

identified between cases and controls for the above risk

factors.

Of the 28 potential risk factors for bladder cancer

analyzed, bladder cancer cases were shown to consume

significantly more coffee (p = 0.004), consume more

chlorinated tap water per day (p < 0.001), smoke more

cigarettes (p < 0.001), receive irradiation to the pelvic

area as a medical treatment more frequently (p = 0.005),

more frequently show a family history for urinary tract

cancer (p = 0.014), live in areas of greater urban density

(p = 0.010), and be divorced with greater frequency (p =

0.039). Controls drank more hot tea (p = 0.008) smoked

more cigars (p = 0.039), and were more frequently employed

in a farming occupation (p = 0.039). These ten

statistically significant variables, along with

chlorinated drinking water exposure estimated by Methods 1

through 4, then were considered in a stepwise logistic
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regression analysis to find the best risk factors which

best predicted case-control status (29).

Pack-years of cigarette smoking (p< 0.001),

irradiation to the pelvic area (p = 0.044), and a positive

family history for bladder cancer (p = 0.05) were shown to

be the best predictors of bladder cancer incidence of the

29 variables analyzed. Years of chlorinated drinking

water exposure was deemed to be second only to cigarette

smoking in significance, but only when exposure estimates

from Method 4 were utilized (p = 0.026). When utilizing

exposure estimates from Method 1 (p = 0.415), Method 2

(p = 0.122), and Method 3 (p = 0.06), years of chlorinated

drinking water exposure was not shown to be a significant

at the p = 0.05 level.

It is of interest that, in this study, the p-values

for years of chlorinated drinking water exposure came

progressively closer to statistical significance as more

accurate methods were utilized to estimate exposure. The

authors of this investigation reported that the estimate

of risk was quite sensitive to the method used to estimate

exposure duration for each study participant. It was

found that as more information was utilized on each

participant's lifetime mobility history and sources of

drinking water, the higher were the risk estimates for

chlorinated drinking water exposure and bladder cancer.

It was concluded that the magnitude of the risk estimate

was directly proportional to the ability to accurately

quantify exposure; indicating that in epidemiologic

studies dealing with such environmental exposures as

chlorinated drinking water, extensive quantitation of

exposure should be made, or the risk of biasing and

depressing risk estimates towards the null value may occur

(29) .

Zierler et al. expanded on their previous case-

control mortality study (22) to better determine if an

association exists between the exposure to chlorinated
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drinking water and bladder cancer (30,31). Because of the

concern that residence at the time of death (chlorinated

community vs chloraminated community) was a poor measure

of a participant's actual lifetime chlorine exposure, this

newer investigation emphasized more detail in the data

collected on the chlorine exposure history for each study

participant. It was felt that this additional information

would help to control for any confounding brought on by

incomplete exposure records that may have occurred in

their first study, due to limited exposure classifications

for study participants.

Telephone interviews were conducted with informants

of 614 individuals who died of primary bladder cancer and

1,074 individuals who died of other causes (cardiovascular

disease, cerebrovascular disease, lung cancer, pulmonary

disease, and lymphatic cancer). Information was collected

for each case and control on the occupation, residence,

and smoking history of the decedent, as well as on the

year of diagnosis of the illness noted on the death

certificate as the primary cause of death. Based on

lifetime residential histories, a cumulative chlorine

exposure ranking for each case and control was made.

Exposure was determined for each decedent by researching

the communities resided in by the deceased and the water

supply type and type of water disinfection utilized

(chlorine vs chloramine) for that water supply. U.S.

census data also provided information on the population

density and the per cent of the population below the

poverty level for communities in which the study

participant resided.

A positive association was detected between lifetime

chlorinated drinking water consumption and bladder cancer.

This bladder cancer association was highest for lifetime

residents of chlorinated drinking water communities

relative to lifetime residents of chloraminated drinking

water communities, with a OR of 1.5 (95% CI = 1.1-2.2)
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Table 4.3: 4.: Odds ratios* of bladder cancer in relation to type of
drinking water disinfectant (chlorine vs chloramine) (31).

Duration of All controls Lymphoma controls
exposure Q. 95% CI Lug 95% CI

Lifetime Chlorine:

Chlorine Exposure
Determined by Place
of Death:

1.6 (1.2-2.1) 2.7 (1.7-4.3)

1.4 (1.1-1.8) 2.0 (1.4-3.0)
*Adjusted for age, gender, pack-years smoking, and occupation.

when using the lymphoma-mortality group as controls. The

estimate increased to a OR of 2.7 (95% CI = 1.7-4.3) after

controlling for the effects of age, gender, occupation,

and pack-years of cigarette smoking. Table 4.3: 4

outlines the odds ratios calculated in this analysis. The

estimates of risk increased with a more accurate chlorine

exposure classification for each study participant. It

was determined that a lifetime exposure to chlorine-

disinfected water was associated with a OR of 1.6 (95% CI

= 1.2-2.1), when compared to controls with a lifetime

exposure to chloraminated water.

The magnitude of the risk estimates also was affected

by the choice of control groups. Lymphoma controls were

shown to produce a higher odds ratio than the other

control groups. The authors offered explanations for this

phenomenon, including that lymphoma may be positively

associated with chloramination (31). More likely though,

the elevation in odds ratios may be the result of other

diseases (cardiovascular, cerebrovascular), which may also

be associated with chlorination by-products, an

association which will be investigated further in the

following section.

The epidemiologic studies published to date, present

a progressive improvement in design and in evidence that

by-products produced by chlorination, or some other water

parameter, may be causally related to some cancers of the
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gastrointestinal and urinary tract. The association

appears to be consistent, with the increased risk of these

particular cancers being demonstrated repeatedly in

different studies. The association is not strong, however

a dose-dependent relationship has been found in most of

the studies that looked for one.

Almost all of the epidemiologic studies done thus far

have relied upon descriptive-geographic, and mortality

based designs, which carry less power in their ability to

make causative associations towards disease etiology.

Many of these studies have relied on a somewhat crude,

dichotomous ranking of chlorination exposure in

individuals. No epidemiological study has measured the

actual levels of THM and non-THM by-products over periods

of time in drinking water, a factor which could help

substantiate or discredit a dose-dependent relationship.

Only the more recent studies have considered population

migration.

There is, though, a biologic plausibility in

associating chlorinated by-products with cancer, in that

certain by-products have shown a mutagenic and/or

carcinogenic capacity in toxicologic studies. If these

epidemiologic and toxicologic studies evaluating the

cancer risk associated with organic micropollutants in

chlorinated drinking water are considered together,

sufficient evidence of an actual risk begins to emerge.

Forthcoming studies using a cohort study design, and hence

fewer opportunities for bias, will be useful in confirming

or refuting this suspected association.

If a substance is considered a carcinogen,

conservative control approaches are generally considered

in its regulation. The EPA has concluded already that the

ideal goal for drinking water is that no carcinogen be

present (32). In the classification of a substance as a

carcinogen, there is the assumption that there is no

acceptable daily intake, that is, no threshold dose. This
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distinction becomes important for regulatory purposes. If

there is a sufficient body of evidence to judge that

chlorination by-products are indeed carcinogens, a

stringent regulatory response would be expected. This

response could have drastic repercussions on the processes

of water disinfection in the U.S.

4.4 Chlorination By-Products and Heart Disease

The most recent line of research concerning

chlorination by-products and disease etiology has not

centered on cancer at all, but rather on cardiovascular

disease (CVD). This line of research began with the

observation that the chlorination of flour resulted in the

formation of chlorinated fatty acids, and that animals fed

these fatty acids had significant increases in heart

weight (33). It was then a small leap in logic to

hypothesize that chlorine and/or formed chlorine products

consumed in drinking water may also adversely affect the

cardiovascular system.

To investigate the chlorine and CVD association,

Revis et al. examined the effects of chlorinated drinking

water on myocardial structure and function in pigeons and

rabbits (34). White Carneau pigeons and New Zealand white

rabbits, 3 months old, were each separated into one of

five groups with five animals per group, and given a

specific chlorine dosage schedule. Pigeons were exposed

to 0, 0.1, 10, 15, or 30 mg/1 chlorine in their drinking

water for a period of 9 months, while rabbits were exposed

to one of the same levels of chlorine but for a period of

3 months. Animals were given drinking water with the

selected chlorine dosage ad libitum.

At the end of the dosing period, blood pressure

measurements were taken for each animal, and the left

ventricle of the heart was measured for ventricle pressure
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and pressure-time (dp/dt). The dp/dt measurement

describes the rate of rise of ventricular pressure. A

decrease in this rate frequently is observed in chronic

heart failure secondary to cardiac hypertrophy. Animals

then were sacrificed, weighed, their hearts were weighed,

and sections of their hearts were examined microscopically

for evidence of morphological changes in the myocardium

and coronary arteries.

Systolic and diastolic blood pressure increased in

pigeons exposed to 10-30 mg/1 treatment groups, however

this change was not statistically significant. In

contrast, a significant decrease in dp/dt was observed in

pigeons given 15 and 30 mg/1 chlorine (p < 0.05 and p <

0.01 respectively). Increases in heart weight were

observed in all chlorine treatment groups and was

significant at the 10, 15 (p < 0.05), and 30 (p < 0.01)

mg/1 dose levels. This increase in heart weight ranged

from 22 to 49% in pigeons treated with 0.1 to 30 mg/1

chlorine respectively. The body weight in the treatment

groups did not change relative to the control group.

Changes in heart morphology were also associated with

chlorine treatment. An increase in heart fibrous tissue

was observed, the severity of which appeared to be

positively associated with the level of chlorine in the

drinking water. Endocardial and myocardial fibrosis

appeared to be more pronounced in pigeons given the

highest chlorine dose, than in those given 0.1 mg/1 or

deionized water (controls). More atherosclerotic plaques

were also observed in the coronary arteries of the pigeons

given the higher chlorine dosages than in those given 0,

or 0.1 mg/1 chlorine. The myocardial structural and

functional changes observed in the rabbits were not as

great as that seen in the pigeons, and the authors

suggested that this decrease may be related to the smaller

exposure period (3 vs 9 months).
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It was concluded that the increases in heart weight,

fibrous tissue in the heart, and plasma cholesterol, and

decreases in myocardial function (dp/dt), observed in the

pigeons treated with chlorinated water may indicate the

development of hypothyroidism (hypercholesterolemia is a

frequent symptom) and myocardial infarction secondary to

coronary artery disease due to increases in plasma

cholesterol (34). No specific mechanism was offered for

this finding, but since chlorine is very reactive it was

assumed that chlorinated products were responsible for

these physiologic changes. It was offered, that a

prolonged decrease in plasma thyroxine (T3 and T4) levels

may have contributed to some of these physiologic changes,

as T4 levels were observed to be significantly lower (25-

450) in the three highest pigeon treatment groups and

highest rabbit treatment group (p < 0.01).

In an attempt to explore their hypothesis further,

Revis et al. exposed white Carneau pigeons, 3 months old,

to water containing different concentrations of chlorine,

chlorine dioxide, and chloramine, to see the effects of

these disinfectants on the cardiovascular system (35).

Six groups of three dosage levels with 12 pigeons per each

dose, were exposed to either 0, 2, or 15 mg/1 chlorine,

chlorine dioxide, or monochloramine. For each of the

three disinfectant types and their controls, pigeons were

divided into a specific diet regime, with either a high

fat (lard) or a normal diet.

The effects of these three disinfectants on the

cardiovascular system was determined by measuring plasma

cholesterol and the presence and severity of coronary and

aortic atherosclerosis. Thyroid function was also

monitored by measuring the level of plasma thyroxine (T3

and T4). After 3 months of exposure, pigeons were killed

and their hearts weighed and analyzed.

The mean average increases in plasma cholesterol in

all groups exposed to the high-cholesterol diet after 3
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months, represented a nine-fold increase from starting

levels. Significant increases were only observed in the

low density lipoprotein (LDL) cholesterol fraction (p <

0.05). Among those in the high fat diet regime, higher

LDL levels were observed in pigeons given one of the three

disinfectants. The range of LDL increase over the

controls in pigeons given the three drinking water

disinfectants, was significant only at the 15 mg/1 levels

(p < 0.05). Although a dose-response effect was not

observed, results suggested that the 15 mg/1 dose was more

effective in increasing plasma cholesterol than was the 2

mg/1 dose (35).

Aortic atherosclerosis appeared to be associated with

the change in LDL cholesterol. Significant increases in

the mean aortic plaque size were observed in all three of

the high-fat and 15 mg/1 disinfectant exposed pigeons, and

in the low-fat and 15 mg/1 chlorine exposed pigeons. The

ratio of heart to body weight was increased in all of the

disinfectant exposed groups, regardless of their diet. It

was suggested that these effects were probably mediated by

products formed when disinfectants react with organic

matter, increasing the intestinal absorption of endogenous

and exogenous cholesterol (35).

The researchers attempts to determine if the observed

increase in plasma cholesterol was associated with thyroid

function, were inconclusive. While it was observed that

there was a consistent decrease in plasma T4 levels in

animals given either diet and either disinfectant dose,

the corresponding plasma cholesterol levels in each of

these groups was not consistently higher than in controls.

Because hypocholesterolemia is not always observed in

hypothyroid patients or experimental animals, the authors

did not discount their hypothesis.

Wones et al. conducted a controlled metabolic trial

to explore whether chlorinated drinking water could raise

the total plasma cholesterol and/or change the level of
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serum thyroxine in humans (36). Nineteen healthy men,

ages 24 to 62, were administered drinking water in which

the level of chlorine was systematically increased over a

range which was typical for actual treatment conditions.

Diet and other factors known to affect cholesterol and

thyroid metabolism were carefully controlled in each

subject. There was no separate control group as each

subject served as his own control. Multiple blood samples

for lipids, lipoproteins, apolipoproteins, and thyroid

function tests were collected at each dose of chlorine.

After fifteen weeks, the responses of each subject to

increases in chlorine dose was analyzed. The responses to

chlorine were not uniform in all subjects. The total

cholesterol of 10 subjects increased with exposure to

chlorine, decreased in 3 subjects, and was unchanged in 6.

Total thyroxine increased in 9 subjects, decreased in 2,

and was unchanged in 8. There was also no clear

relationship between the relative changes of total

cholesterol and thyroxine. Six subjects had increases in

both, 4 had increases in cholesterol but not thyroxine, 3

had decreased cholesterol with increased or unchanged

thyroxine, and 2 each had an increase, no change, or a

decrease in thyroxine without a change in cholesterol.

It was concluded that drinking water chlorine in

concentrations typically consumed by humans appeared to

raise mean plasma cholesterol and serum thyroxine in 19

healthy men, however the magnitude of the changes were

smaller than that observed in similarly performed animal

studies (36). The changes that were observed in

cholesterol levels were significant (p < 0.05) at the 2

highest chlorine doses (5 and 10 mg/1). Overall there was

a 3% increase in total cholesterol for the subjects. An

unexpected finding was a small but statistically

significant (p < 0.05) increase in serum thyroxine. This

observation is contradictory to animal study results, and
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was significant at all three chlorine dose levels (2, 5,

and 10 mg/1).

Zeighami et al. conducted the Wisconsin Heart Health

Research Program among the residents of 46 small

neighboring communities in central Wisconsin (37). The

purpose of this study was to determine whether the

distribution of serum lipids differed according to the

chlorination status of the water supply, or to its calcium

or magnesium content (hardness). Wisconsin communities

were ideally suited for this analysis because of the

numerous small communities there which do not chlorinate

their water supply, and because of the wide range of water

hardness levels among communities.

A total of 1,520 participants were selected from one

of the 46 communities. Subjects were grouped into

dichotomous classifications of chlorine status (yes or

no), gender, and calcium and magnesium exposure (soft

water or hard water). Potentially confounding variables

adjusted for in the analysis of data included age, gender,

education level, urbanicity, smoking, alcohol consumption,

dietary fat, and dietary calcium intake. The data was

analyzed for covariance and significance using the

student's t-test.

For females, community mean levels of (fasting) serum

cholesterol (SC) were clearly higher in the chlorinated

communities than in the neighboring nonchlorinated

communities (p < 0.02). When the distribution of

individual SC values in chlorinated and nonchlorinated

communities were compared, there was a higher prevalence

in the chlorinated communities of females having high SC

levels (>270 mg /dl) as opposed to low levels (<210 mg /dl),

with an odds ratio of 1.99. For males the differences in

mean SC values among chlorinated communities were also

higher, but were less apparent and were not statistically

significant. The distribution of SC was virtually

identical among communities with hard and soft water.
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When analyzing for the LDL component of cholesterol,

the mean LDL levels showed a pattern very similar to that

for SC. For females, the mean LDL level was significantly

higher in chlorinated communities, with a value of 163.9

in chlorinated communities vs 152.3 in nonchlorinated

communities. For males, the mean LDL level was higher in

chlorinated communities at 179.3 vs 164.0, but this

difference was not found to be significant. Water

hardness was not shown to significantly effect LDL levels.

Chlorination status did not contributed significantly

to the mean high density lipoprotein levels among the

communities. Therefore, the authors concluded that the

higher SC values found in the chlorinated communities

reflected an increase in LDL values. It was also observed

that the mean high density lipoprotein values were higher

in hard water communities than in soft water communities,

although the calculated p-value did not quite reach

significance at the p < 0.05 level.

This was the first epidemiologic study to report a

possible association between higher SC and LDL levels and

the consumption of chlorinated water. Similar

investigations are sure to follow. Although the

possibility exists that the observed association may have

resulted from some undetermined variable in the

chlorinated communities, or that confounding may exist

among study participants (i.e. migration was not

analyzed), the implications for cardiovascular risk are

noteworthy.

Research investigating an association between

chlorinated water consumption and serum cholesterol is

still relatively new, with the first of such studies

appearing in the literature in 1985. With only a handful

of toxicologic and epidemiologic studies, any assumption

or determination of a human health risk becomes difficult.

It is quite possible that if a possitive association does

exist between chlorinated water consumption and SC, this
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association is relatively small. However, both

epidemiological studies and intervention trials have shown

that there is approximately a 2% increase in

cardiovascular risk for each 1% increase in total

cholesterol (38). Thus, considering the size of the

population at risk, even a small increase in total

cholesterol, if real, could have important public health

implications.
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Section Strategies for and Alternatives to the

Use of Free Chlorine as a Water Disinfectant.

5.1 Introduction

"The basic principle of water supply

disinfection on which many water industry

professionals have been weaned, is to

feed as much chlorine as practical, as

early in the treatment scheme as

possible, and then, if anything goes

wrong, add more chlorines."

Since its introduction into water treatment in the

beginning of this century, chlorine has held a predominant

position as a reliable water disinfectant in the United

States. Chlorination has become an integral part of the

way we treat our potable water. Because of its oxidative

capabilities, its broad range of biocidal effectiveness,

its reasonable persistence in treated waters, its ease of

application and control and its cost effectiveness, the

use of free chlorine as a sole or primary disinfectant is

practiced by more than 95% of water utilities that

disinfect (2).

Although chlorine is a good oxidant and disinfectant,

when it is applied to water with organic matter present

the formation of undesirable halogenated compounds results

(i.e. Trihalomethanes [THMs] and total organic halogen

[TOX]). This realization led the EPA to promulgate the

amount of THMs allowed in potable water to 100 ug /l. With

the stricter 1992 Amendments to the Safe Drinking Water

Act, it is anticipated that the EPA will further regulate

THMs to 25 ug/l, as well as begin to regulate several of

the TOX by-product fraction of disinfected water.

The potential health risks of halogenated by-

products, as well as the regulations limiting their
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quantity in drinking water, have caused the entire subject

of drinking water disinfection to be reconsidered (3).

Water treatment facilities that have long relied on free

chlorine as a disinfectant, are beginning to change or are

anticipating a change in treatment practices, a change

which discontinues the use of free chlorine, or which

modifies traditional water treatment methods (see Section

1.3). This trend, as well as what the EPA considers to be

the most viable options for change in water treatment

methods, will be examined in Section 5.

First, soluble, chemical oxidation agents will be

examined as an alternative to free chlorine disinfection.

The most viable of these agents now being considered as

alternatives to free chlorine include; a) combined

chlorine (chloramines), b) chlorine dioxide, and c) ozone

treatment. Next, treatment strategies that involve the

continuation of free chlorine disinfection, with

modifications in conventional water treatment methods will

be explored. These strategies include; a) a change in

the coagulation process and/or type of coagulant applied

to raw water, b) the use of granular activated carbon

adsorption, and c) the use of membrane separation

filtration technology for improved disinfection by-product

removal.

Each of these treatment strategies will be briefly

described and analyzed for such parameters as biocidal

ability, residual toxicity, and practicality for water

treatment. Case studies of water treatment facilities

utilizing alternative treatment strategies will be

explored. Finally, treatment strategies will be

summarized, and a recommendation will be made for the

strategy which would most likely provide the least risk

and the greatest benefit to public health in the reduction

of disinfection by-products.
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5.2 Alternative Disinfectants

Chloramination

The combined chlorine or "chloramination" process

involves the addition of ammonia and chlorine compounds

separately to a water treatment system. A combination of

ammonia (either naturally occurring in source water or

added intentionally) and chlorine produces mainly

monochloramine (NH2C1) and to a lesser extent,

dichloramine (NHC12). Monochloramine is the more

desirable product for disinfection, as it imparts no

offensive taste or odor, and remains stable throughout the

treatment system.

A survey by the American Water Works Disinfection

Committee (AWWDC) revealed that eight states (Texas,

California, Oregon, Minnesota, Missouri, Kansas, Kentucky,

and Louisiana) serve between 26 to 50% of their population

water which was disinfected by chloramine (4). The

remaining states reported no chloramine use (56%), or

limited chloramine use. The AWWDC survey also revealed an

anticipated upsurgence in the use of chloramines as a

primary disinfectant in lieu of free chlorine (4).

The reason that chloramine disinfection may become

more widespread is because of the low capacity of

chloramines to form THMs, a trait which is attractive to

water utilities unable to meet the upcoming THM standards.

The lower THM formation occurs because of the limited

amount of free chlorine available to react with humic

materials, as chlorine combines with ammonia in the

reaction described previously as the breakpoint

phenomenon. Applied chlorine oxidizes the ammonia into

nitrogen gas or into a variety of nitrogen containing

chlorine-free products; through chloramination however,

the chlorine dose is applied sparingly as to not reach the
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breakpoint where free chlorine products (hypochlorous acid

and hypochlorite ion) predominate.

A disadvantage of the use of chloramines is the

inferiority of these compounds as a biocide. The current

opinion is that hypochlorous acid is far more effective

than hypochlorite ion as a disinfectant, and that both of

these are more effective than monochloramine, particularly

for viruses (4). Data in the literature uniformly

designate chloramines as being less effective than free

residual chlorine in their bactericidal, viricidal, and

cysticidal effects (4-6).

With chloramines, longer contact times are required

to achieve equivalent reductions in microorganisms. For

example, one assay demonstrated that 94 mg/1 of

monochloramine was necessary to reduce 99% of a viable

bacteria population in one minute, a population that was

eliminated by only 0.08 mg/1 hypochlorous acid in the same

time period (7). Time factors of 20:1 to 100:1 are

required to produce the same germicidal efficiency against

bacteria using chloramines, as is achieved with free

residual chlorine (mostly hypochlorous acid) (8).

Because of extensive evidence of the inferior

disinfecting ability of chloramines, the EPA labeled

chloramines a secondary disinfectant in 1978. Yet in

1983, the EPA reversed this decision and again accepted

chloramines as a primary disinfectant, provided the

contact time is adequate and that there is proof of

disinfection. This reversal by the EPA was largely due to

the fact that chloramines prevent the formation of THMs,

substances then regulated by the EPA (9).

Although chloramines are reported to be a less

effective biocide compared to free chlorine, an advantage

of chloramines is that they are generally more stable than

free chlorine, and provide a prolonged duration of

disinfective action. This quality is especially desirable

for maintaining a residual of disinfectant throughout the
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water distribution system, after water leaves the

treatment plant. One further advantage of chloramines is

their algal inhibitory properties which surpass that of

free chlorine.

Although it appears that chloramines themselves do

not form significant amounts of THMs, it has recently been

observed that the competitive reaction between chlorine

and ammonia for organic precursors may contribute to non-

THM by-products (TOX) (10). While it is true that the

quantity of TOX produced by monochloramine is only 5% to

50% of the TOX produced by a similar dose of free

chlorine, it happens that the actual concentration of

monochloramine used in water treatment is generally

greater than free chlorine because it is less effective as

a disinfectant (11). More research is needed to determine

the amount and types of TOX by-products formed by a

reaction of monochloramines with organic matter, in the

amounts utilized under actual treatment conditions (10).

Certainly it would be counterproductive to rely on

chloramines in an attempt to lower THM levels, only to

discover an increase of TOX levels.

Few studies have been conducted to determine the

health effects of chloramines (3). Chloramines have been

found to be mutagens when tested with the Ames assay for

Salmonella typhimurium strains TA 97, TA100, and TA102

(12). It was the conclusion of the authors of this

analysis that the mutagenicity expressed by chloramines

was most likely due to a direct attack on the DNA by these

substances rather than the result of secondary products.

Recently, chloramines have been found to cause

hemolytic anemia in patients undergoing kidney dialysis,

though this problem is readily overcome by adding small

amounts of reducing agents to the dialysis fluid (13).

Another analysis observed a depression in humoral immunity

and T-cell immunity in Sprague-Dawley rats treated sub-

chronically with relatively high concentrations of
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monochloramine (14). While it was concluded that

monochloramine was not a particularly strong

immunodepressant, its effects where found to be dose-

dependent and statistically significant (p < 0.05).

In late 1984, the Metropolitan Water District of

Southern California, a "wholesaler" of supplemental water

to nearly 13 million California residents, changed its

primary disinfectant from free chlorine to chloramines.

This change was made to ensure that its member water

agencies could comply with the 0.10 mg/1 THM regulation

(15). Since this change, a variety of consequences have

appeared in the literature, including the observations by

Wolfe et al. who reported that the change to chloramine as

a primary disinfectant in Southern California caused the

proliferation of autotrophic ammonia-oxidizing bacteria in

water holding tanks and reservoirs (16). These organisms

oxidized the available ammonia to both nitrate and

nitrite. This nitrification was severe enough that two

reservoirs had to be breakpoint-chlorinated and removed

from service for several days, because of water quality

and health concerns (i.e. acute toxicity of nitrite).

A further problem reported by the Southern California

Metropolitan Water District following the change to

chloramination, was the occurrence of taste and odor

problems of treated water (15). Fishy or cod-liver-oil-

like tastes and odors were reported by consumers receiving

chloraminated water. It was suggested that these negative

consequences of chloramination were due to the ineffective

oxidation of certain microorganisms by chloramine (15).

Contrary to the Southern California experience, the

Denver Colorado Water Department has been utilizing

chloramination as a primary disinfectant since 1917, and

its experiences with chloramine have been positive. It

has been reported that Denver's chloraminated water has

been effective in controlling off tastes and odors,

bacterial concentrations, and unwanted growths in the
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distribution system (17). Furthermore, Denver's treatment

operators use an average level of only 0.7 mg/1

monochloramine to accomplish disinfection.

Denver's success with chloramine may not be

applicable to other utilities with water of poorer

quality. For example, the source water in Denver's

watershed is naturally very low in concentrations of

bacteria. It has been suggested that the successes

experienced by chloramine disinfection in Denver may be in

part attributed to the high quality source water found

there (17).

Chlorine Dioxide

Chlorine dioxide (C102) is a greenish yellow gas

which needs to be generated on-site (cannot be compressed

and stored) by reacting aqueous sodium chloride with

chlorine, usually at a 1:1 ratio. The reaction of

chlorine with sodium chloride follows, with the reaction

product chlorine dioxide in boldface.

C12(g) + H2O -> HOC1 + HC1

HOC1 + HC1 + 2NaC102 2C102(g) + 2NaC1 + H2O

The above reaction shows the ideal outcome, but, in actual

experience, the reaction product often contains a mixture

of oxidized chlorine species as well as unreacted chlorine

and/or sodium chlorite (18).

Renewed interest in chlorine dioxide as a drinking

water oxidant and disinfectant was stimulated by the EPAs

0.10 mg/1 THM regulation (19). Interest in C102 comes

primarily because the chlorine dioxide reactions with

humic substances does not result in the formation of THMs.

In 1983, the EPA listed chlorine dioxide as one of the

most suitable alternative treatment technologies for the

control of THMs (20) .
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Chlorine dioxide has other advantages compared to

free chlorine as an oxidant and disinfectant. Chlorine

dioxide has been found to be 5 times more soluble than

free chlorine, and it has 2.5 times the oxidizing capacity

of chlorine (21). It has more efficient disinfection

power than free chlorine, especially against viruses (18).

Chlorine dioxide destroys the taste-producing phenolic

compounds and oxidizes organic matter many times faster

than free chlorine; for these reasons C102 does not cause

the types of taste and odor problems produced by free

chlorine (22) .

In addition, chlorine dioxide does not react with

ammonia to form chloramines, and, since it does not react

with water, its oxidation potential and disinfection

strength are not pH dependent (18). Chlorine dioxide

remains more stable than free chlorine, and is able to

leave a residual of disinfectant that remains active

throughout the distribution system. Finally, the

equipment required to generate C102 is convenient to

install and maintain, and is operationally very similar to

chlorination systems, with low overall capital costs (19).

The major use of chlorine dioxide always has been as

a bleaching agent in the pulp and paper industry.

Chlorine dioxide is now used extensively in Europe as an

alternative to free chlorine for drinking water

disinfection; currently there are several thousand

chlorine dioxide installations in Europe (22). Recent

estimates indicate that 300 to 400 potable water utilities

in the United States now have chlorine dioxide treatment

equipment (23) .

Although chlorine dioxide does not enter into any of

the reactions that cause trihalomethane formation, the EPA

began an investigation in the 1970s to determine the

inorganic by-product formations of chlorine dioxide. In

addition to chlorine dioxide itself, these by-products

were reported to include the chlorite (C102-) and chlorate
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(C103-) ions (24). The EPA became concerned about the

chlorite ion because of earlier reports from Europe that

the ingestion of the chlorite ion could convert hemoglobin

to methemoglobin in vivo (25) .

In 1979, it was confirmed by a sub-acute toxicity

study that chlorite produced methemoglobinemia in human,

rat, and guinea pig blood, with virtually identical dose-

response relationships (26). The determination that

chlorite was a by-product of chlorine dioxide

disinfection, and the concern for potentially deleterious

health effects, caused the Norwegian Health Authority to

recommend that chlorite in drinking water be banned.

Similarly, the EPA imposed a 1.0 mg/1 dosage limit of

chlorine dioxide in 1979, to reduce the potential for

exposure to chlorite via drinking water.

Since this time, the possible health effects of the

inorganic by-products of C102 have been studied by several

researchers. Couri et al. demonstrated that chlorine

dioxide, chlorite and chlorate all caused hemolytic anemia

when fed to mice and rats in drinking water, but only at

the higher doses (up to 1000 mg/1). The greatest effect

was shown by chlorite (27). Treatment groups receiving

chlorine dioxide, chlorate and chlorite also showed

alterations in erythrocyte morphology and osmotic

fragility (27).

Newborns as a group are most likely to be at risk

from the effects of oxidant-stressor agents on red blood

cells such as chlorite. Fetal hemoglobin is more readily

oxidizible than is adult hemoglobin, and in addition,

neonates have low levels of several antioxidant enzymes

(i.e. catalase) and a deficiency of vitamin E. With this

in mind, Tuthill et al. compared the morbidity and

mortality records of newborns in two similar communities;

one which used chlorine and the other which used high

levels of chlorine dioxide in potable water treatment

(28) .



165

Although "fraught with difficulties", the Tuthill

study did show a statistically significant positive

association between exposure of the mother to chlorine

dioxide in drinking water, and prematurity of the newborn

and greater weight loss of the newborn after birth,

compared to the chlorine-exposed mothers (28). The rates

of jaundice, birth defects, and fetal mortality did not

differ significantly between the communities. It was felt

that the higher prematurity and infant weight loss found

in this study were consistent with the theory that the red

cells of infants are at an increased risk of blood

oxidant-stress from the by-products of chlorine dioxide

disinfection (28).

Reproductive and developmental studies also have been

performed utilizing laboratory studies, but with

conflicting results. In one study, female rats were

administered C102, chlorate, and chlorite, for 2.5 months

prior to and during gestation at levels of 0, 1, 10, and

100 mg/1-1 daily (29). No significant differences were

observed between the treatment groups and the controls.

In another reproductive study, developing rats were

exposed to C102 directly via the dam's drinking water at

0, or 100 mg/1 (30). C102-treatment began 14 days before

breeding. Twenty-one day old pups showed significantly

decreased serum thyroxine levels than controls, and,

because thyroid function is closely associated with the

control of neurobehavioral development, the authors were

not surprised to observe delayed brain and behavior

development among C102-exposed rat pups (30).

The ability of chlorine dioxide, chlorite, chlorate,

and monochloramine to induce subchronic toxicity was

studied in the African Green monkey (31). Disinfectant in

the monkeys' drinking water was increased in a stepwise

fashion; thus each animal served as its own control. The

only statistically significant toxic effect was elicited

by chlorine dioxide.
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Chlorine dioxide inhibited thyroid metabolism in 11

of the 13 monkeys, showing clear physiologic effects at a

dose of 9.0 mg/kg bw a day. Chlorite, chlorate and

monochioramine failed to elicit thyroid inhibition at

doses of up to 60 mg/kg bw a day (31). In a later report,

the same authors hypothesized that the inhibition of

thyroid metabolism from C102 was due to some as-yet

unknown iodinated molecule forming in trace quantities in

the alimentary tract and affecting the thyroid upon

chlorine dioxide exposure (32). It was added that this

iodinated molecule must possess extraordinary biological

activity.

Michael et al. conducted a prospective epidemiologic

study, utilizing 198 volunteers exposed for 3 months to

drinking water disinfected with chlorine dioxide, and 118

nonexposed persons from a similar township (33). Before,

during and after the study period, each study subject

donated blood samples, and provided information concerning

age, gender, water source, medical history, and personal

water consumption. This study failed to identify any

adverse effects associated with a 12-week exposure to

C102-disinfected drinking water for the various serum and

hemotological parameters analyzed (33). Hemotologic serum

tests performed included the analyses of hemocrit,

hemoglobin, red and white cell count, reticulocyte count,

corpuscular volume, methemoglobin, blood urea nitrogen,

cretainine, and total bilirubin.

Michael et al. did report a noteworthy change in

hemotological parameters in the sole "sensitive" subject

within their exposure group. The subject was a male with

a glucose-6-phosphate deficiency, a condition which makes

a person sensitive to oxidant stress. Glucose-6-phosphate

deficiency is thought to affect 13-16% of African-American

and 8% of Mediterranean-American males. This subject

experienced a decline in red cell count, hemoglobin, and

hematocrit levels upon C102-exposure. The authors of the
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study were unable to determine whether the decline in

hemotologic parameters seen in this subject represented a

random event or if it was causally related to C102-

treatment (33). It was suggested that future research on

C102-disinfection should be focused on such high-risk

individuals.

Because of concerns about the health effects of

ingesting chlorine dioxide, chlorite and chlorate, the EPA

recommended that the total residual oxidants of chlorine

dioxide be kept below 0.5 mg/1 in finished drinking water

(34). Later, the EPA revised this recommendation; the

current recommendation is that the combined residuals of

chlorine dioxide, chlorite and chlorate should not exceed

1.0 mg/1 in the water distribution system (35). This

means that, if the oxidant demand of the water being

treated is greater than 1.5 mg/1, chlorine dioxide cannot

be used because the residual chlorite ion by-product will

already be at the maximum level recommended by the EPA.

An interesting problem has been experienced by

numerous U.S. water utilities when chlorine dioxide has

been substituted for free chlorine in water treatment. At

least ten utilities have reported consumer complaints of

unique tastes and odors of the C102-treated water (36).

These complaints typically have begun one or two days

after the 0102 feed was turned on, and ceased abruptly

when the feed was turned off and free chlorine use was

reinstated.

Specific complaints of odors received by utility

personnel while 0102 was being used could be classified

into two broad categories: strong chlorinous and

hydrocarbon-like. Common complaints ranged from the

descriptions of "swimming-pool-like", "kerosene-like" and

"cat-urine-like", to petroleum-like odors including

"oily", "insecticide", and "bug-spray-like." The

strongest odors were observed while the consumers

showered, filled washing machines, or flushed toilets.
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In 1988 the American Water Works Association Research

Foundation (AWWARF) initiated a study to identify the

causes for the taste and odor problems associated with

C102-disinfection (36). The water supplies of two

treatment plants which practiced chlorine dioxide

treatment were utilized for this task. Because the

offensive odors reported by customers were never detected

at the treatment plant, and because complaints came from

random locations (where neighboring homes typically were

unaffected), the AWWARF became convinced that some

characteristic of the individual homes was involved in the

generation of the offensive odors.

During the field portion of this project, researchers

began noticing a surprising similarity between all of the

homes where complaints were registered new carpeting.

Researchers first dismissed this information as idle

coincidence, but the link became more plausible when six

other states reported similar circumstances, and a

mechanism of action was postulated. The hypothesized

mechanism for action was that organic compounds that are

used in the preparation of carpeting volatilize in the

home, providing precursor organic compounds that react

with the C102 that escapes from drinking water when the

customer opens a tap (36).

The link between new carpeting, 0102, and offensive

odors, was confirmed by AWWARF researchers in a study in

which solutions of C102 were sprayed in an establishment

where new carpeting had been installed (36). Currently,

laboratory studies are being conducted to identify the

specific organic compounds given off by new carpeting that

react with 0102. Certainly the occurrence of such

offensive odors would create an aversion by the public to

a switch from free chlorine to C102-disinfection, giving

this disinfectant a smaller range of acceptance by

consumers.



169

Ozone

Ozone (03), an allotrophic form of oxygen, is a

colorless gas, a dark blue liquid, and a blue-black

crystal. The name ozone was coined from the Greek work

ozein, "to smell," because ozone was first recognized in

1783 by the Dutch physician Van Marum, on the basis of a

peculiar odor given off by an electrical machine. Ozone

is used as a disinfectant for air in hospitals, as a mold

and bacteria inhibitor in cold storage, in the synthesis

of organic chemicals, in the oxidation of furnace carbon

black for ink black manufacturing, in bleaching agents,

and in water treatment for taste and odor control and as a

disinfectant.

The application of ozone for the treatment of

drinking water began in 1906 in Nice, France. Today, more

than 1,000 water treatment plants in Europe use ozone and

over half of them are using it as their primary

disinfectant (37). Others use ozone as an oxidant for the

control of flora, odor, and color (ozone possesses a

unique property of making finished water blue), to reduce

the manganese and iron content of water; more recently,

ozone is being applied to enhance the flocculation of

suspended particles in surface water (38).

North American interest in ozone is on the rise

because of the pressure to reduce the potentially harmful

by-products of chlorination, the benefits of ozone as a

preoxidant, and the progress in ozone generation

technology (39). Perhaps indicative of the growing

acceptance of ozonation in the American waterworks

industry is the fact that this process is being applied to

more and larger water treatment plants. The number of

U.S. ozonation plants has increased from 5 in 1977, to 45

in 1988. These newer plants being put into operation are

larger than their predecessors and includes the Los
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Angeles Aqueduct ozonation plant (circa 1988) which is the

largest of its type in the world (40).

Because ozone is an unstable gas, it must be

generated where it will be used. Ambient air or liquid

oxygen is the raw feed gas for the generation of ozone.

The most common technique for creating ozone is the cold

plasma discharge method, in which ozone is formed by the

decomposition of diatomic oxygen, as is shown in the

following reaction (38) . 02 (corona discharge) ->

O. + .0

0- + 02 -> 03

Molecular ozone is a very strong oxidant, and, when

compared to free chlorine, chloramine, and chlorine

dioxide, is superior as a disinfectant (23,41,42). Table

5.2: 1 shows a comparison of the disinfection efficiency

of the four most common disinfectants in the inactivation

of various waterborne pathogens. The table shows that

ozone has the highest efficiency inactivating 99% of all

types of microorganisms at very low concentrations. Most

studies to date indicate that the order of biocidal

Table 5.2: 1. The concentration of disinfectant in mg/1, required to
inactivate 99% of a particular pathogen, utilizing a standardized
contact time (23)-

DISINFECTANT

FREE PREFORMED CHLORINE

MICRO- CHLORINE CHLORAMINE DIOXIDE OZONE
ORGANISM (pH 6-7) (pH 8-9) (pH 6-7) (pH 6-7)

E. coli: 0.034-0.05 95-180 0.4-0.75 0.02

1.1-2.5 768-3740 0.2-6.7 0.1-0.2Polio 1:

Rotavirus: 0.01-0.05 3806-6476 0.2-2.1 0.01

Giardia lamblia
(cysts): 47- >150 0.5-0.6

G. muris
(cysts): 30-630 1400 7.2-18.5 1.8-2.0
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efficiency for the most common disinfectants is:

03 > C102 > HOC1 > 0C1- > NHC12 > NH2C1 (42).

Ozone suffers from two major limitations as an

alternative to free chlorine as a disinfectant (48).

First, ozone is unstable in water, decomposing into oxygen

at a rate proportional to the pH of the water. For

example, at pH 8 (a pH typical of drinking water supplies)

its half-life is less than one hour, too short to ensure

that a residual disinfectant will remain in the

distribution system following treatment. Table 5.2: 2

ranks the stability of the various disinfectants as well

as their biocidal efficiency, and clearly illustrates that

ozone is the least stable of these disinfectants (42).

Table 5.2: 2. Summary of disinfectant characteristics relating to
overall biocidal efficiency and overall stability, where; 1 = best
and 4 = worst(42).

RANK
Biocidal

Disinfectant efficiency Stability

OZONE 1 4

CHLORINE DIOXIDE 2 2

FREE CHLORINE 3 3

CHLORAMINES 4 1

The second major limitation of ozone is that it

reacts with natural organic substances in water to produce

low-molecular weight oxygenated by-products that are

generally more biodegradable than their precursors are.

These substances then promote the biological growth in a

distribution system ("regrowth") which further limits the

disinfection ability of ozone (38). For these reasons,

ozone is often used in combination with other

disinfectants that maintain an active residual in the

distribution system, most commonly chloramines, free
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chlorine or hydrogen peroxide. Ozone treatment is also

commonly combined with some method of filtration to remove

biodegradable material to help prevent regrowth within the

distribution system.

Ozone has been suggested by the EPA as an available

treatment technology for the control of THMs and THM

precursors (42). It is likely that the use of ozone will

increase substantially in North America, particularly if

the maximum allowable contaminant levels for THMs are

lowered (38). Yet, in spite of the use of ozone for over

eight decades, there is not enough information available

about the formation of ozone byproducts during drinking

water disinfection, or the fate of these by-products in

the distribution system (43).

Most bioassay screening studies have shown that

ozonated water induces less mutagenic activity than

chlorinated water (38). Gas chromatographic profiles of

potable water (four parallel streams) disinfected with

four different methods, showed the extend and

concentration of by-product formation to be the least with

ozone (41). The overall ranking of the level of mutagen-

icity (Ames assay) of the four methods of disinfection

was: chlorine > chloramine > chlorine dioxide > ozone.

The use of the Ames assay on potable water

disinfected with ozone to detect mutagens has shown

inconsistent results. In some studies, the mutagenicity

of ozonated water was greater than unozonated water

(44,45), while others have found a reduction in

mutagenicity in water treated with ozone (46,47). One

study revealed that 1 in 4 ozonated water samples showed

an increase in mutagenicity, while in the remaining 3

samples, the mutagenic activity was reduced (48).

One of the difficulties in drawing a conclusion about

the risks associated with ozone and its by-products is

that ozone as a process is chemically complex. Ozone

reactions in water treatment can occur by direct reaction
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of 03, or by a reaction of OH (hydroxyl radical) formed by

03 decomposition. The relative amounts of these two

radicals are determined by a number of extraneous

characteristics such as water pH, temperature, alkalinity,

dissolved oxygen, total organic carbon and organic

precursors.

Ozone, like chlorine, reacts with the natural

constituents present in water to produce a number of by-

products. Ozone by-products are usually oxygenated

compounds, polar in nature, and sometimes unstable. These

qualities make the analysis of ozonation by-products using

conventional analytic techniques difficult (43). Most of

the studies conducted on ozonated water to date have used

a preconcentration technique that may cause some by-

products to decompose prior to their analysis (38).

Recently, the ozonation of surface water has been

shown to result in the formation of low molecular weight,

conjugated aldehydes (49). Aldehyde levels have been

shown to increase with an increase in the level of ozone

applied to water, with formaldehyde being the most

prevalent aldehyde detected (43,49). Other by-products of

ozone which have been detected to date include peroxides,

epoxides, bromoform, carboxylic acids, and some compounds

tentatively identified as ketones (50). Aliphatic

aldehydes, especially heptanal and formaldehyde, appear to

be the major ozonation by-products formed (50).

The overall formaldehyde levels detected in drinking

water thus far have been low. One analysis of two U.S.

ozone treatment plant effluents showed an average

formaldehyde level of 7.1 ug/1 (43). The question of

possible health effects from chronic low-dose formaldehyde

exposure has been raised because formaldehyde has shown

evidence of mutagenicity and carcinogenicity in laboratory

experiments (51).

Inhalation studies have demonstrated health risks

when animals and humans are exposed to formaldehyde in the
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gas phase (51,52). The effects observed from the chronic

ingestion of formaldehyde have been limited to mild

pharyngeal and gastric discomfort in humans, to histologic

changes in the liver and spleen of rats (51,53). Guidance

levels have been proposed for short-term exposure to

formaldehyde in drinking water of 0.11 mg/1 for adults,

and 0.030 mg/1 for children (43).

A recent study from Japan examined ozonated water for

activity in the Ames Salmonella assay, utilizing novel and

improved laboratory analytic procedures (53). This study

detected a direct acting mutagen in the Ames assay which

appeared to arise from the ozonation of humic substances

(naphthoresorcinol). This result illuminates the need to

explore the by-products of ozone treatment in greater

detail. It may be informative to recall that chlorine was

used for decades before THMs were discovered in drinking

water, and the situation with ozone by-products may be

analogous (38).

The experience of U.S. water treatment facilities

with the use of ozone has been positive for the most part.

One survey of 40 such installations reported that the

finished product was well within the maximum contaminant

level guidelines set by the EPA for such contaminants as

THMs and for such pathogens as Giardia cysts and enteric

viruses (55). Several treatment operators reported that

after the instigation of ozone treatment, they were no

longer receiving daily complaints regarding the odor and

taste of treated water.

The largest problems reported to affect the ozone-

generation facilities primarily were mechanical (55).

Treatment plant operators cited such problems as power

outages, weld failures inside of generators, operational

problems with the air preparation system, and leaking air

compressor seals as the only major drawback of their

change to ozone disinfection. Certainly these problems

must seem minor to those treatment facilities currently
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struggling to meet the stricter SDWA maximum contaminant

level goals using conventional chlorine treatment.

5.3 Modification in Conventional Water Treatment Methods

Coagulation

The practice of coagulation has become an integral

part of the way potable water is treated, coming second in

the conventional treatment process sequence to

prechlorination. The soluble, positively charged chemical

coagulant is applied to water, and leads to the charge

neutralization or charge reversal of the negatively

charged colloidal material in raw water. Thus, coagulants

aid in the chemical destabilization of particulates,

resulting in the condensing and precipitating of these

particulates into larger aggregates called floc.

Coagulated particles flocculate as they settle because of

interparticle contact brought about by Brownian motion,

fluid motion and gravity.

Prior to the early 1970s and the discovery of THMs in

drinking water, the primary interest in the coagulation

and removal of humic substances in water treatment was to

enhance the filtration process, and for aesthetic reasons.

Since the discovery of THMs, research interests in the

coagulation of humic substances has shifted from an

aesthetic endpoint, to efforts aimed at the removal of

total organic carbon and THM-precursors. A reexamination

of this conventional water treatment technology now is

occurring, in an attempt to improve or "fine-tune"

existing processes, and to develop and explore new

strategies in the removal of humic substances from water

supplies through coagulation (56).

The most widely used coagulants today are hydrolyzing

metal salts and positively charged synthetic organic
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compounds. Aluminum salts (alum) are the coagulant of

choice for the majority of water treatment plants in the

U.S., followed by ferric salts (57). Other available

coagulants include polyelectrolytes (synthetic positively

charged polymers), and polyaluminum chloride (a product of

the hydrolysis of aluminum chloride), which only recently

have become available in the U.S. market.

Natural organic matter can be removed effectively by

coagulation and subsequent sedimentation and filtration,

but it has been only recently that any apparent attempt

has been made to optimize their removal through these

processes (58). Traditionally, a coagulant has been

selected and applied based simply on the turbidity of the

raw water, in an attempt to remove natural color. Recent

studies have spawned an interest in fine-tuning this

practice, so that the use, selection, and dose of applied

coagulants focus instead on the removal of THM-precursors

(56) .

Several treatment strategies have been shown to

increase organic precursor removal through coagulation.

In one study over 60 per cent of THM-precursors were

removed by combining both alum and polyelectrolytes at a

low pH (5.5), though this method was only effective in

waters with a low overall total organic carbon (< 5 mg/1)

level (56). Another study was able to demonstrate

significant organic precursor removals for water high in

natural magnesium with the application of lime (to obtain

a pH of 11), followed by an application of alum (59).

Reckhow et al. demonstrated that the application of

alum prior to chlorination at a water pH of 6 resulted in

a precursor removal of 50% to 90% (60). These significant

precursor removals were only observed in waters that were

naturally high in total organic carbon, with an average

removal of 60% in waters of this type. The wide range of

precursor removal observed following alum application was

thought to be a reflection of the different composition of
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organic matter present in the waters tested in this study

(60) .

One study found the "new" coagulant, polyaluminum

chloride, to be superior to alum for the removal of

natural organic matter in waters with a low temperature

and low concentration of humic substances, when applied at

a pH below 5.5 (57). Increasing the dose of applied

coagulant may also work to improve the removal of organic

substances in raw water, but only to a certain point. In

general, it has been shown that applying large doses of

coagulant usually achieves only very marginal increases in

precursor removal (59).

It has been observed that there are a variety of

independent variables which influence the effectiveness of

coagulation in the precipitation of organic substances in

water treatment (59-61). The nature of organic matter is

one of these variables which has been shown to influence

coagulation efficacy. For example, one analysis reported

that waters that are high in kaolinite clays were

destabilized much more readily upon coagulation than

waters that are high in other types of natural organic

matter particularly fulvic acids (61).

Other variables influencing coagulation efficiency

are water pH, temperature, viscosity, seasonal factors,

and characteristics of the treatment plant itself

including coagulant dispersion techniques, mixing rates

and water detention times. Because of the heterogeneity

of raw water it is not possible to create a generalized

coagulation model that would designate effective

coagulation methods for all waters (61). Therefore, the

optimization of coagulation for the removal of THM-

precursors needs to be determined on a case-by-case basis,

with successful coagulation treatment techniques

determined by the unique nature of the water supply.

The EPA conducted a study of various U.S. water

treatment facilities in an attempt to document the
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effectiveness of coagulation as a treatment strategy for

precursor removal (62). Post-coagulation total organic

carbon removal values varied greatly in this analysis,

from a low of 22% to a high of 86%. It was concluded that

the single most important factor in determining the

effectiveness of coagulation was the type of organic

materials present in the raw water, with fulvic acids

being the most resistant to destabilization by coagulants.

Therefore, coagulation may be successful as a treatment

strategy for some waters, but is of only limited

usefulness in the reduction of disinfection by-products in

other potable waters (62).

Very little research has been conducted on the

potential health effects associated with the practice of

applying coagulants to potable water during treatment,

though coagulant residuals have been identified in tap

water. Aluminum coagulants, particularly alum, have been

shown to result in elevated concentrations of aluminum in

treated water (63). One survey found a 40-50% probability

that alum coagulation increased the aluminum concentration

of finished water above its original concentration in the

raw water (64). Furthermore, synthetic polymers also have

been reported to contribute a potentially mutagenic

monomer, acrylamide, to treated waters (65).

Certainly, the potential health effects associated

with the use of coagulants in water treatment should be

explored before these substances are recommended as an

effective treatment strategy for the reduction of

disinfection by-products. At the least, treatment

facilities opting for coagulation optimizing techniques

should be required to monitor for residual coagulant in

finished water. It would be counterproductive to exchange

one potentially hazardous treatment strategy for another

with equivocal human health effects.
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Granular Activated Carbon

Activated carbon is the most common solid phase

adsorbent used in water and wastewater treatment in the

U.S. (66). The generic term granular "activated carbon"

encompasses a broad range of amorphous carbon-based

materials which have a high degree of porosity and

extensive surface areas. The activation process involves

selective burning and oxidation of the raw material to

create a granular microporous end product with a large

surface area (typically 450 m2 g to 1500 m2 g). Water is

then passed over the activated carbon, and through the

process of adsorption, contaminants therein are

transferred from a dissolved state in the aqueous phase to

the surface of the carbon in a solid phase, where they

accumulate for later extraction.

Prior to the mid-1970s, the carbon adsorption process

technology had been limited largely to industrial

wastewater operations and occasionally for use in taste

and odor control in potable water treatment in the U.S.

The situation is different in Europe, where granular

activated carbon (GAC) has been used widely to remove

organic micropollutants in potable water treatment. It

has been only recently that GAC has been considered for

this purpose in the U.S., primarily because utility

managers had difficulty quantifying the benefit that would

be obtained for the capital expenditure and maintenance

costs of GAC processes (58).

The ability of GAC to remove a broad spectrum of

dissolved organic compounds in water from synthetic

organic compounds, total organic carbon, to disinfection

by-products, has been reported extensively in the

literature during the last 25 years (58,66,67). In the

drinking water field, this property of GAC first was

utilized as a method for extracting organic contaminants

for their identification and analysis, and later as a
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treatment technique for improving the quality of drinking

water. GAC may be used early in the treatment scheme to

remove THM-precursors, or later to adsorb THM and non-THM

by-products.

The adsorptive capacity of GAC for humic substances,

or THM-precursors, is generally low and variable, perhaps

because of biologic activity and the slow rate of

absorption of large molecules. Water treatment prior to

GAC adsorption, improves GAC performance, by reducing the

organic content of the water and decreasing the load to

and extending the life of the carbon column (58).

Therefore, in the typical potable water treatment

sequence, water is passed through GAC columns as a

polishing step following coagulation, sedimentation and

filtration to remove chemically and biologically resistant

compounds and chlorination by-products as is illustrated

in Figure 5.3: 1. In this way, it is possible to extend

the bed-life of the GAC column and reduce the cost of GAC

treatment.

Current estimates have placed the number of U.S.

public potable water systems utilizing granular activated

carbon at 40. One of these, put into operation in

Cincinnati, Ohio in 1988, is the world's largest

installation of GAC for potable water treatment (68). GAC

adsorbers are noted in the Code of Federal Regulations as

Chemical

Tieatment:

Chlorine,

Coagulant...

(CD
Mixing

rlocculation

Sedimentation

CAC Adsorption

2ostchlorination

Filtration

Figure 5.3: 1. Process flow for Granular Activated Carbon (GAC)
adsorption in the potable water treatment process (66).
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being suitable for the removal of THM-precursors, THM and

non-THM by-products, as well as being considered a best

available technology for synthetic organic chemical

removal (69). Thus, the proposed lowering of the maximum

contaminant level (MCL) for THMs and non-THM by-products

will result in the increase in the use of GAC in U.S.

drinking water treatment (69).

The reduction in disinfection by-product formation

following GAC adsorption varies among utilities, but a

typical removal rate is 60% for fresh GAC, to 30% after

six months of operation (70). After evaluating several

GAC systems for organics removal, the EPA determined that

the service life of a GAC unit averaged 3 months, after

which time the unit could no longer remove greater than

50% of disinfection by-products, and GAC replacement was

advised (71). Therefore, typical GAC removal of by-

products consists of an initial brief period of high-

percentage removals followed by a period of partial

removals upon carbon saturation or "fouling."

By-product removal rates decline upon GAC operation,

as the carbon beds reach a saturation point and adsorption

decreases; at this point desorption of previously

adsorbed particles can even occur. The GAC system can be

expensive to install, and the phenomenon of carbon

saturation and the need for replacement makes the granular

activated carbon processes expensive to maintain. The

EPA's Drinking Water Research Division has estimated that

the addition of GAC to a water treatment system would cost

a family of four members an additional $20/year (71).

The life of a GAC system can be enhanced by such

variables as greater levels of pretreatment, increasing

the size of the GAC filter bed, and decreasing the carbon

particle size (thus increasing the reactive surface area),

and may or may not be affected by biological growth on GAC

surfaces. There is considerable debate about the effects

and importance of microbiologic activity on GAC beds. The
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surface of activated carbon provides sites for attachment

of bacteria (most frequently Sphaerotilus and Pseudomonas

spp.), which develop a biofilm around carbon particles.

Such biologic growth has been variously reported as

advantageous and deleterious (58,70-74).

Advocates of microbiologically active GAC (also

referred to as biological activated carbon) report that

the presence of bacteria enhances the removal of organic

compounds through microbial degradation, and that this

leads to an increase in GACs adsorptive capacities

(72,74). Other authors have voiced concerns about the

possibility that biological activated carbon contributes

to the microbial load of treated waters (58,73). In

addition, there have been problems with the development of

anaerobic conditions in GAC beds due to biologic growth,

and the subsequent production of corrosive hydrogen

sulfide.

The practice of applying of chlorine-containing

disinfectants on GAC adsorbers to control or inactivate

biologic growth is very common in the U.S. (58). One

water utility reported that chlorine concentrations of 3

g/m3 could not stop microbial growth, but that

concentrations above 5 to 6 g/m3 were successful in

eliminating bacteria populations on GAC beds (73). The

practice of applying chlorine to GAC adsorbers also has

variously been reported as being deleterious and innocuous

(58,75-77).

When a chlorine-containing disinfectant is applied to

GAC, it reacts both with the carbon and with the adsorbed

compounds to create unusual products (58). For example,

free chlorine (HOC1) at concentrations normally

encountered in drinking water treatment was shown to react

with GAC adsorbed 2,4-dichlorophenol (DCP) to produce a

series of hydroxylated PCBs, as well as other reaction

products (75). Being a non-specific adsorbent, GAC also

has been demonstrated to leave a fraction of organic
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matter present in water, which gave rise to persistent

halogenated compounds in the presence of the free chlorine

residual following treatment (3).

Other researchers have reported that the carbon-

chlorine reaction yielded no additional chlorinated

organics upon GAC treatment (76). One further study

concluded that residues extracted from GAC indicated a

significant reduction in the mutagens present in water

prior to GAC treatment (77). With all of the conflicting

reports about the GAC process, it is not surprising that

one author proclaimed that "more questions seem to be

raised than answered about granular activated carbon

(70)."

Membrane Separation Filtration

One final viable treatment strategy in the reduction

of disinfection by-products involves the use of membrane

separation techniques. The earliest use of membrane

separation for water purification involved small-scale

applications in manufacturing products which required high

purity water such as pharmaceuticals, food, and semi-

conductors. Technological advances have expanded the

availability of such processes to large-scale applications

ranging from seawater desalination and industrial

wastewater treatment, to potable water treatment (66).

Employing membranes for desalination of brackish

waters has been an established practice for approximately

two decades in several areas of the United States, such as

Florida's west coast. The potential for adaptation of

membrane filtering technology for use in drinking water

treatment has only been realized in the last few years

(78). Membrane filters are now being regarded as a means

of managing synthetic and volatile organic chemicals,



184

natural dissolved hardness, and disinfection by-products

in drinking water treatment.

Conventional filtration techniques using sand and

anthracite do not exert a significant influence on the

removal of disinfection by-products because the large pore

sizes of these mediums allows the passage of nanometer

sized particulates (79). Membrane filters, on the other

hand, are constructed of fine, uniform, synthetic matrixes

which are specifically designed with a limited porosity to

trap smaller particulates in the micrometer to nanometer

range. For example, the pore sizes of ultrafiltration

membranes (the membrane with the largest pore size

available) are typically 1000 times smaller than those of

conventional sand and anthracite filters.

Ultrafiltration (UF) and reverse osmosis or

"hyperfiltration" (RO) are the two most commonly used

membrane filters. Recent technology has also introduced

a new membrane polymer known as nanofiltration (NF).

Typically, these membranes are defined on the basis of

their molecular weight cutoff; meaning that if a filter

had a molecular weight (MW) cutoff of 500, molecules with

a MW above 500 are successfully filtered ("rejected"), and

those below 500 MW are not rejected by the membrane.

Ultrafiltration membranes are those with MW cutoff of

1000 and above. Reverse osmosis membranes are those with

a MW cutoff below 500. The behavior of nanofiltration

membranes falls between the MW cutoffs of UF and RO (MW

-500-1000). Because no membrane has a sharp cutoff value,

it should be mentioned that there is some grey area in the

definition involving precise MW cutoff values (80).

Pretreatment requirements for membrane filtration

depend on the characteristics of the raw water being

treated. The conventional water treatment sequence of

coagulation, sedimentation, and filtration is usually

adequate to remove excess turbidity and suspended sediment



185

INFLUENT

I

Pressure
Pump

Recirculation

*---

Cross Flow

,

r-
Filtered Effluent

Nonpermeable
Residues

MEMBRARM FILTER

Figure 5.3: 2. Schematic representation of the membrane
filtration process using pressure as the driving force (81).

that might otherwise clog membrane pores (81). In waters

high in suspended matter and turbidity, GAC treatment

prior to membrane filtration may also be necessary; water

of such poor quality however, is unlikely to be a potable

water source.

Membrane filtration works by utilizing applied

pressure as a driving force in the separation of

impurities from water as is depicted in Figure 5.3: 2.

Because UF has the largest membrane pore sizes, the

pressure applied to UF is lower than that of NF, which in

turn is lower than the pressure applied to RO.

Ultrafiltration removes impurities primarily because of

the permaselectivity properties of the membrane, while

separation by the high pressure reverse osmosis process is

related to both the osmotic diffusion properties and

electric charges of molecules as well as the pore-molecule

dimensions of the membrane.

During filtration, the removal efficiency and water

pressure ("head") changes with time. An improvement or

"ripening" in filtration efficiency occurs, as previously

retained particles begin to serve as additional

collectors for suspended particles. Head loss is strongly

associated with the surface area of captured particles.
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Figure 5.3: 3. Selected separation processes used in water
treatment and approximate size ranges of various materials
found in raw waters (83).

It occurs as particles, removed from suspension, are

retained on the membrane, increasing the time required for

filtration. When head loss becomes problematic to the

treatment plant, filters are backflushed to clean the

membrane of retained particles, and to regain pressure.

Because of its larger pore size, ultrafiltration is

used primarily to separate fine particulate, colloidal,

and macromolecular organic matter, though improvements in

the composite membrane have extended the range of UF

separations to include intermediate and even low-MW

organic materials (66). Nanofiltration, a membrane

initially developed for the purpose of natural hardness

removal, also has been shown to reject organic compounds,

some with MW as low as 200 (82). Reverse osmosis is

typically employed for demineralization, desalinization,

and in removing smaller particles in raw waters than the

UF and NF processes. Figure 5.3: 3 illustrates the

separation ranges of these three membranes in comparison

to conventional sand filtration.
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In practice, all three of the membrane separation

process have shown high removals of total organic carbon

and trihalomethanes. One water treatment plant utilizing

NF reported rejection rates of THM-precursors of over 95

percent (84). Another treatment plant utilizing RO

reported a 99% removal of THM-precursors, as well as the

removal of a broad range of natural and synthetic trace

organics and inorganic contaminants (85).

A technical impediment to the application of membrane

separation techniques in water treatment has been the

problem of membrane "fouling." Although the mechanisms of

fouling are not well understood, it is believed that this

problem is associated with the presence of small (< 1 um)

colloids and dissolved organic matter in water not removed

through pretreatment (86). These contaminants play a role

in the fouling of membranes through interactions at the

interior surface of membrane pores or by forming an

overlaying crust on the exterior of the membrane. This

phenomenon results in the long term decline of membrane

filter efficiency, sometimes even after backflushing.

One strategy that has been suggested recently to

reduce membrane filter fouling and the need for filter

replacement entails the addition of coagulants just prior

to membrane filtration; by this process colloids that may

otherwise be retained in membrane pores aggregate and are

rejected by the filter (86). Frequent membrane cleansing

and the optimization of pretreatment also may work to

reduce the amount of membrane fouling (66).

Because the membrane separation technology is

relatively new to the potable water treatment industry,

fewer than 500 U.S. utilities currently utilize these

processes (these are used primarily for the removal of

salinity). Even so, the use of membrane filtration

technology is expected to increase in the U.S. because of

the upcoming regulations to the SDWA (78). Utilities

wanting to utilize membrane separation for by-product
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removal most likely will choose UF and NF processes

because of the lower pumping pressure required, and the

lower cost, and because the finer separation capacities of

the RO system probably will not be needed (78).

The use of membrane separation for controlling THMs

was investigated for both surface and groundwater public

water supplies in Florida (87). All of the source waters

treated by membrane processes previously had contained

excessive levels of THMs (>300 ug/l) upon treatment using

conventional methods. Ten different membranes were

selected in this investigation, six of which were UF units

with MW cutoffs ranging from 1,000 to 40,000, two of which

were a NF units (MW cutoffs of 300 and 500), and two RO

units (MW cutoffs of 100 and 200).

The magnitude of reductions in the trihalomethane

levels varied among the membranes. THM rejection levels

of over 90% were observed for the RO and NF methods,

whereas UF membranes were determined to be unsatisfactory

(87). RO and NF membrane separation systems were able to

reduce the THM level to well below the 0.10 mg/1 Maximum

Contaminant Level. The greatest success in THM removal

was determined to result from NF separation, as use of the

"tighter" RO membranes did not improve performance

significantly above NF. In addition, decreases in the

levels of total dissolved solids, chlorides, total

hardness (-70%), and alkalinity were observed in the NF

and RO membrane treated water.

A significant problem of membrane fouling was

encountered at one highly organic surface water source

with an average THM-formation potential of 600 ug/l. A

consistent rejection of THMs was not observed at this

site, though it was observed that extensive pretreatment

and frequent membrane cleansing aided in THM rejection.

Even so, the long-term maintenance of the membrane

separation unit for this highly organic source water was
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shown to result in significantly higher operational costs

(87) .

A similar investigation was performed on highly

organic source waters in Florida using one RO, one NF, and

five OF membranes (88). As in the previous study, the NF

membranes were shown to be the most effective membrane

process in the removal of disinfection by-products,

reducing the THM formation potential from an average of

350 ug/1 to 20 ug/l. The NF membranes with a MW cutoff of

400 were determined to be the most effective at

controlling THM levels for such highly organic potable

water sources. This study did not report any operational

problems resulting from the addition of membrane

separation to the treatment sequence.

The cost of constructing and operating a membrane

separation unit has been shown to be two times as much as

the cost of existing alum coagulation processes (87).

Costs of the membrane process for THM control has

typically been more expensive than conventional treatment,

but not prohibitively expensive for a municipality to

consider (88). This cost gap is narrowing, however, with

continuing improvements in membrane technology, increasing

competition among manufacturers of capital equipment, and

the escalating expense of meeting more stringent water

quality standards by conventional treatment (83).

The high rejection rates of THM and THM precursors

observed with the NF have opened up a new area for

membrane processes in the control of disinfection by-

products. The potential of the NF process for THM control

is important, and this process may have a significant

impact on the future of water treatment (88). After ten

years of testing in the potable water treatment industry,

membrane separation technology, specifically nano-

filtration processes, may have finally "come of age (89)."
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5.4 Evaluating the risks and benefits to public health

The discovery by Rook in 1974 of trace quantities of

organic contaminants in chlorine-disinfected drinking

water has resulted in a major reversal of the way we now

view potable water disinfection. Potable water

disinfection, a standard of success in public health which

has resulted in the reduction of literally millions of

cases of infectious diseases, is now viewed with

reservation and suspicion. The impact of Rook's discovery

is being felt still.

There has been a rapid growth in the development of

analytic procedures to isolate and concentrate

disinfection-induced microorganic drinking water

contaminants. Refinements and improvements in

instrumentation have helped to identify and quantify

contaminants at the parts per trillion level. The

findings themselves have further catalyzed the development

of even more sophisticated analytic methods, to the extent

that reports of organic chemicals in disinfected-drinking

waters have outpaced the ability to assimilate the data

into a meaningful conceptual framework (90).

Initially, scientific attention focused on chloroform

and the other halogenated methanes which formed as a

result of free chlorine reacting with humic materials in

the raw water. Dihaloacetonitriles were later identified

as yet another chlorinated disinfection by-product, and

soon other compounds such as di- and tri- chloroacetic

acid were found at even higher concentrations and

determined to be just as ubiquitous as the

trihalomethanes. Close to 1,000 organic contaminants,

present at nanogram to microgram concentrations, now have

been identified in drinking water, and yet it is believed

that only 10% of the total of disinfection by-products

have been identified thus far (91).
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Paralleling the discovery and identification of

chlorinated by-products in drinking water, has been the

acceleration of both toxicological and epidemiological

studies to assess the health risks associated with

ingesting newly identified microorganic chemicals. The

detection of genotoxic activity in drinking water

concentrates using in vitro test systems, mainly bacteria

and mammalian cells, raised concerns about the possibility

of a carcinogenic hazard from the ingestion of these

chemicals. Soon, heritable mutations and teratogenesis

were observed in laboratory animals as a result of

exposure to specific disinfection by-products. The latest

observation, of increases in atherosclerosis in vivo

following the ingestion of chlorinated by-products, has

strengthened the association between chlorinated by-

products and chronic disease development.

The evidence for a human cancer risk from water

chlorination by-products has been evaluated in a number of

epidemiological studies. Many of these studies have had

methodical limitations which limit the determination of a

causal relationship. For example, no epidemiological

study has measured actual THM and TOX levels over a period

of time. Many studies have relied on a dichotomous coding

of chlorination status as a yes-no variable, and few

studies have considered population migration. Even so,

the overall pattern of results that emerges when

considering all the investigations together, of cancers of

the digestive organs and the lower urinary tract, cannot

be dismissed (92).

The epidemiologic associations between disinfection

by-products and human cancer has been studied directly,

while the evidence associating disinfection by-products to

human cardiovascular morbidity has mostly come from animal

studies and supposition. However, it should be recognized

that the data accumulated on animals in the past few years

have been consistent with the role of chlorine in the



192

development of human cancer as determined by epidemiologic

studies (93). These findings have aided in strengthening

the association between disinfection by-products and

cancer morbidity in the U.S.. With further research, the

association between disinfection by-products and human

cardiovascular disease may also be strengthened.

In epidemiological studies showing statistically

significant risk ratios, the magnitude of the risk ratios

has generally been small. Yet, given the high prevalence

of chlorinated drinking water, and the large population

which consumes this water, the public health implications

of these risk estimates are large. For example, if the

risk ratio for rectal cancer is 1.5, and 50% of the U.S.

population drinks chlorinated water, about 6,400 new cases

of rectal cancer might be caused each year by chlorinated

drinking water (94).

Considering the public health implications from the

large-scale consumption of disinfection by-products, it is

not surprising that the EPA has been quick to respond to

this issue by instigating and promulgating more strict

regulations for these contaminants. The 1986 Amendments

to the SDWA have resulted in decreases in existing Maximum

Contaminant Levels for THMs as well as the addition of

MCLs for other disinfection by-products. These new

standards are expected to be enforced in mid-1992.

With the stricter MCLs for THMs and the addition of

new MCLs for additional disinfection by-products, drinking

water utilities are under pressure to implement new

treatment techniques to reduce the amounts of THM and TOX

produced (95). The implementation of new treatment

techniques has, in turn, created a new set of public

health concerns. Will the alternative treatment

technologies selected by utilities result in an increase

of the microbiologic constitutes of drinking water and a

subsequent increase in infectious disease? Will these

alternative treatment methods introduce a new set of
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contaminants to the potable water supply which may

themselves contribute to the development of chronic

disease? There now is concern that the alternative

treatment strategies adopted for THM and TOX reduction and

for subsequent benefit to public health, may be analogous

to the contemporary proverb in which "the medication

killed the patient."

An ideal disinfectant for potable water would be able

to inactivate a wide variety of microorganisms quickly

under all water quality conditions, would leave a residual

for disinfection in the distribution system, and would

possess no adverse side effects. Unfortunately, no such

ideal disinfectant exists, and water utilities are left

with a number of options, all of which present certain

advantages and disadvantages. Furthermore, the extent of

the adverse effects associated with available

disinfectants is poorly characterized, which makes clearly

elucidating the actual hazards associated with alternative

disinfectants impossible.

All methods of drinking water disinfection in common

use involve the use of reactive chemicals. As such, the

use of these chemicals will change the nature of the

background material present in the treated drinking water.

Chlorination by-products have been more thoroughly

investigated than the reaction by-products of the

alternative disinfectants. Therefore, the apparent lack

of mutagenicity observed from a disinfectant such as ozone

may reflect more of a failure of our current analytic

procedures for detecting the polar, labile compounds

resulting from ozonation than an actual lack of

mutagenicity (94).

Furthermore, it should be recognized that the absence

of mutagenicity by a disinfectant offers little assurance

that toxicologically important by-products do not result.

This case is well illustrated by the apparent ability of

chlorine dioxide to inhibit thyroid metabolism and alter
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hemotological parameters in experimental subjects (93). A

concern has then been raised that regulations, such as

those for THMs, may encourage the adoption of alternative

disinfection processes whose efficacy and safety have not

been characterized adequately (96).

While the adoption of alternative disinfectants in

lieu of free chlorine may be appealing to many U.S.

utilities struggling to meet the stricter MCLs, there are

not enough assurances that these alternative disinfectants

will be an improvement over existing processes. For

example, chloramines are inferior as a biocide and may

contribute to the formation of a larger proportion of non-

THM by-products than does free chlorine. Chlorine dioxide

has been demonstrated to decrease serum thyroxine levels

and to enhance the prematurity of newborns and greater

weight loss of the newborn after birth; as the ingestion

of the chlorite ion has been shown to convert hemoglobin

to methemoglobin in vivo. Ozone is unstable in water and

leaves no residual disinfectant; in the analysis and

determination of ozonation by-products, conventional

analytic techniques have proven to be inadequate and

difficult, leaving a large degree of uncertainty (43).

Public health interests would best be served by a

continuation of the free chlorination practice, with

modifications in the conventional treatment scheme to

reduce THMs and TOX. There is a long history of free

chlorine usage in potable water treatment. Free chlorine

has proven itself as a reliable oxidant and disinfectant

on a large scale, one which is easily measured and

controlled, which inactivates a wide range of pathogens

and which is stable enough to provide residual

disinfection. Furthermore, because of the large data base

generated for this disinfectant, determination of the

hazards associated with free chlorine disinfection are

easier to elucidate compared with the alternative
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disinfectants; thus the hazards resulting from chlorine

disinfection may be easier to control.

Modifications for treatment in the control of

chlorination by-products should depend on the quality of

raw water being treated. Optimization of coagulation and

sedimentation may be an effective strategy for utilities

with access to a high quality source water with few THM-

precursors. Even so, concern has been expressed about the

potential health effects associated with increases in

coagulant residual in treated water (63,64). Also,

seasonal variations in the organic load of surface water

sources may increase the humic content of these waters in

warmer months to a point where coagulation is not

sufficient to remove by-product precursors.

The treatment strategy which appears to minimize the

risk and optimize the benefit to public health would be

membrane separation. Membrane separation processes do not

compromise the microbiologic integrity of treated water,

and do not impart any new products to this water.

Membrane separation actually enhances the effectiveness of

free chlorine disinfection, by removing the turbidity

which can interfere with disinfection and by removing

microbiota such as protozoan cysts which are often

resistant to chemical disinfection. The protozoan cyst of

Giardia lamblia is responsible for the largest

identifiable cause of waterborne disease in the U.S..

Certainly, the removal of this microorganism from potable

water supplies would reduce the number of new cases of the

infectious disease giardiasis.

While membrane separation still is considered a new

technology for the potable water treatment industry, pilot

studies have shown that, with the selection of the right

membrane, a water of high quality with a level of

disinfection by-products well below the MCL, results (82,

84,87,88). Membrane separation has the added benefit of

removing other low MW contaminants in the water such as
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volatile and synthetic organic chemicals. The 1986

Amendments to the SDWA regulate several of these volatile

and synthetic organic compounds as well as several

disinfection by-products; therefore, membrane separation

can work to integrate the removal of these separate

contaminants into one process.

Currently, developments are being made to create a NF

membrane that is resistant to fouling. If successfully

developed, this membrane could provide the same high level

of contaminant removal with a lower operational

expenditure for a water treatment facility. Such a

development could make membrane separation technology more

attractive to utilities searching for an alternative to

conventional treatment practices.

Membrane processes, specifically nanofiltration

processes, have been suggested as being the technology

that will take the drinking water industry into the

twenty-first century (89). From a public health

standpoint, this is an encouraging advancement towards

ensuring a safe potable water supply. Certainly, with the

right technology, residual toxicity does not need to be a

necessary component of drinking water.
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