Drinking Water Disinfection By-products

Susan D. Richardson and Cristina Postigo

Abstract Drinking water disinfection by-products (DBPs) are an unintended con-
sequence of using chemical disinfectants to kill harmful pathogens in water. DBPs
are formed by the reaction of disinfectants with naturally occurring organic matter,
bromide, and iodide, as well as from anthropogenic pollutants. Potential health risks
of DBPs from drinking water include bladder cancer, early-term miscarriage,
and birth defects. Risks from swimming pool DBP exposures include asthma and
other respiratory effects. Several DBPs, such as trihalomethanes (THMs), halo-
acetic acids (HAAs), bromide, and chlorite, are regulated in the U.S. and in other
countries, but other “emerging” DBPs, such as iodo-acids, halonitromethanes,
haloamides, halofuranones, and nitrosamines, are not widely regulated. DBPs
have been reported for the four major disinfectants: chlorine, chloramines, ozone,
and chlorine dioxide (and their combinations), as well as for newer disinfectants,
such as UV treatment with post-chlorination. Each disinfectant can produce its own
suite of by-products. Several classes of emerging DBPs are increased in formation
with the use of alternative disinfectants (e.g., chloramines), including nitrogen-
containing DBPs (“N-DBPs”), which are generally more genotoxic and cytotoxic
than those without nitrogen. Humans are exposed to DBPs not only through
ingestion (the common route studied), but also through other routes, including
bathing, showering, and swimming. Inhalation and dermal exposures are now
being recognized as important contributors to the overall human health risk of
DBPs. Analytical methods continue to be developed to measure known DBPs, and
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research continues to uncover new highly polar and high-molecular-weight DBPs
that are part of the missing fraction of DBPs not yet accounted for. New studies are
now combining toxicology and chemistry to better understand the health risks of
DBPs and uncover which are responsible for the human health effects.

Keywords Chloramination, Chlorination, Chlorine dioxide, DBPs, Disinfection
by-products, Drinking water, Occurrence, Ozonation, Swimming pools, Toxicity
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1 Introduction

The disinfection of drinking water has been rightly hailed as a public health triumph
of the twentieth century. Before its widespread use, millions of people died from
waterborne diseases. Now, people in developed nations receive quality drinking
water every day from their public water systems. However, chemical disinfection
has also produced an unintended health hazard: the potential for cancer and
reproductive and developmental effects (including early-term miscarriages and
birth defects) that are associated with chemical disinfection by-products (DBPs)
[1-6]. Research is being conducted worldwide to solve these important human
health issues.

Chemical disinfectants, such as chlorine, ozone, chloramines, and chlorine diox-
ide, are used to kill harmful pathogens in drinking water, and produce safe, potable
water. However, these disinfectants are also powerful oxidants, and can chemically
react with the naturally occurring organic matter (NOM), mostly present from
decaying leaves and other plant matter, and also with bromide and iodide salts
naturally present in some source waters (rivers, lakes, and groundwaters). NOM,
which is mostly comprised of humic and fulvic acids, serves as the primary precursor
to DBP formation. Anthropogenic contaminants can also react with disinfectants to
form contaminant DBPs. These contaminants mostly enter drinking water sources
from treated wastewater, but can also enter from other sources, such as agricultural
run-off. Contaminant DBPs have been reported from pharmaceuticals, antibacterial
agents, estrogens, pesticides, textile dyes, bisphenol A, alkylphenol surfactants, UV
filters (used in sunscreens), and diesel fuel [1]. Many times, the contaminants react
directly with the disinfectants, but sometimes, it is an environmental degradation
product of these initial contaminants that react to form DBPs.

Chlorine, ozone, chlorine dioxide, and chloramines are the most common
chemical disinfectants in use today, and each produces its own suite of DBPs in
drinking water. Two nonchemical means of disinfecting drinking water — UV
light and reverse osmosis (RO) membranes — are also gaining in popularity for
disinfecting water, and these technologies may hold promise in reducing levels of
DBPs formed in drinking water. However, these other nonchemical disinfectants
may not be without drawbacks. For example, there is some early evidence that
medium-pressure UV can react with NOM to form higher levels of some DBPs
after post-treatment with chlorine [7]. And, the use of RO has issues with disposal
of the resulting brines left over from treatment. RO is increasingly being used at
desalination plants that convert seawater into potable drinking water. Iodine
point-of-use treatments were also recently investigated for formation of iodo-
DBPs [8]. These point-of-use treatments are used by the military in remote
locations (iodine tincture), by campers and hikers (iodine tablets), and for rural
consumers in developing countries (e.g., the new Lifestraw, a reusable device that
uses an iodinated anion exchange resin material with activated carbon post-
treatment).
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Over the last 30 years, significant research efforts have been directed toward
increasing our understanding of DBP formation, occurrence, and health effects.
More than 600 DBPs have now been reported in the scientific literature [9, 10].
Examples of DBP chemical classes are shown in Table 1. However, only less than
100 have been addressed either in quantitative occurrence or toxicity studies. The
DBPs that have been quantified in drinking water range from parts-per-trillion
(ng/L) to parts-per-billion (ug/L) levels. However, more than 50% of the
halogenated DBP material (containing chlorine, bromine, or iodine) formed during
the chlorination of drinking water (Fig. 1), and more than 50% of the DBPs formed
during ozonation of drinking water are still not accounted for [11, 13], and nothing is
known about the potential toxicity of many of the DBPs present in drinking water.
Much of the previous health effects research has focused on cancer, genotoxicity,
mutagenicity, or cytotoxicity. There are concerns that the types of cancer observed
in animal studies (primarily liver cancer) for the regulated DBPs do not correlate
with the types observed in human epidemiology studies (primarily bladder cancer).
Itis possible that emerging, unregulated DBPs may be responsible. It is also possible
that ingestion (the primary route included in animal studies) is not the only important
route of exposure.

This chapter will provide an overview of regulated and emerging, unregulated
DBPs, including discussion of their occurrence and formation from different
disinfectants and their toxicity. Discussions will include classical DBPs formed
by reactions of disinfectants with NOM and contaminant DBPs formed by reaction
of disinfectants with anthropogenic contaminants. Analytical methods used in the
discovery of new DBPs and for the measurement of known DBPs will also be
discussed, as well as new research investigating other routes of exposure beyond
ingestion.

2 Regulated DBPs

Chloroform and other trihalomethanes (THMs) were the first DBPs identified in
chlorinated drinking water in 1974 [14, 15]. Soon after their discovery, the THMs
were found to cause cancer in laboratory animals [16]. As a result, they became
regulated in the U.S. in 1979 [17], and later in several other countries. A few
additional DBPs are now regulated in the U.S., including five haloacetic acids
(HAAs), chlorite, and bromate (Fig. 2). The regulated THMs are sometimes
referred to as THM4, regulated HAAs as HAAS, and the nine commonly occurring
chloro-bromo-HAAs as HAA9. THMs and HA As are formed primarily by chlorine
and chloramines; chlorite is a DBP from chlorine dioxide, and bromate is mostly
from ozonation. Table 2 lists the DBPs currently regulated in the U.S. and Europe,
as well the current World Health Organization (WHO) guidelines.

Of the four major disinfectants used today, chlorine generally produces the highest
levels of THMs and HAAs. Because drinking water-treatment plants can have
difficulty in meeting the regulatory limits, many plants have changed their
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Table 1 Examples of DBP chemical classes
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Fig. 1 Percentage of Total Organic Halogen (TOX) accounted for by quantified DBPs (data from
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Fig. 2 Molecular structures of regulated DBPs (THMs, HAAs, bromate, and chlorite)
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Table 2 DBP regulations and guidelines

99

U.S. EPA regulations MCL (mg/L)

Total THMs (chloroform, bromodichloromethane, 0.080
chlorodibromomethane, bromoform

5 Haloacetic acids (chloro-, bromo-, dichloro-, dibromo-, 0.060
trichloroacetic acid)

Bromate 0.010

Chlorite 1.0

World Health Organization (WHO) guidelines
Chloroform

Guideline value® (mg/L)
0.3

Bromodichloromethane 0.06
Chlorodibromomethane 0.1
Bromoform 0.1
Carbon tetrachloride 0.004
Chloroacetic acid 0.02
Dichloroacetic acid 0.05°
Trichloroacetic acid 0.2
Bromate 0.01°
Chlorite 0.7°
Dichloroacetonitrile 0.02°
Dibromoacetonitrile 0.07
Cyanogen chloride 0.07
2,4,6-trichlorophenol 0.2
N-Nitrosodimethylamine (NMDA) 0.1

European Union Standards

Standard value® (mg/L)

Total THMs 0.1
Bromate 0.01°

Other regulations MCL (ng/L)
NMDA 94, 10°

“World Health Organization (WHO) guidelines on THMs state that the sum of the ratio of the
concentration of each THM to its respective guideline value should not exceed unity. WHO
guidelines can be found at http://www.who.int/water_sanitation_health/dwg/gdwq3rev/en/. Euro-
pean Union drinking water standards can be found at www.nucfilm.com/eu_water_directive.pdf

®Provisional guideline value

“Where possible, without compromising disinfection, EU member states should strive for a lower
value

9Ontario, Canada

®California, U.S.

disinfection practices. Often, the primary disinfectant is changed from chlorine to
“alternative” disinfectants, including ozone, chlorine dioxide, chloramines, or UV. In
some cases, chlorine is used as a secondary disinfectant following primary treatment
with an alternative disinfectant, particularly for ozone, chlorine dioxide, and UV
to maintain a disinfectant residual in the water distribution system. However, new
issues and problems can result with changes in disinfection practices. For example,
the use of ozone can significantly reduce or eliminate the formation of THMs and
HAAs, but it can result in the formation of bromate, especially when elevated levels


http://www.who.int/water_sanitation_health/dwq/gdwq3rev/en/

100 S.D. Richardson and C. Postigo

of bromide salts are present in the source waters. Bromide (and iodide) salts can be
present in source waters (e.g., rivers) near coastal areas, due to salt water intrusion
into the water supplies, and also in inland locations, due to “fossilized seawater,”
where salts from ancient seas impact surface water or groundwater. Bromate is a
concern because it causes cancer in laboratory animals [18]. Several other DBPs,
including nitrosamines, iodo-acids, iodo-THMs, and bromonitromethanes, can also
be increased in formation with the use of alternative disinfectants. They will be
discussed in detail in later sections on emerging DBPs. Differences in source water
conditions, including concentrations of bromide or iodide salts, concentrations of
NOM, and pH, can have a dramatic effect on the formation of various DBPs
(chlorine-, bromine-, or iodine-containing) and the levels formed.

3 Emerging DBPs

3.1 Overview

Emerging DBPs beyond those that are currently regulated are becoming important.
In general, brominated DBPs are now being recognized as toxicologically impor-
tant because there is indication that brominated DBPs may be more carcinogenic
than their chlorinated analogs, and new studies are indicating that iodinated
compounds may be more toxic than their brominated analogs [19-21]. Brominated
and iodinated DBPs form due to the reaction of the disinfectant (such as chlorine)
with natural bromide or iodide present in source waters. Coastal cities, whose
groundwaters and surface waters can be impacted by salt water intrusion, and
some inland locations, whose surface waters can be impacted by natural salt
deposits from ancient seas or oil-field brines, are examples of locations that can
have high bromide and iodide levels. A significant proportion of the U.S. population
and several other countries now live in coastal regions that are impacted by bromide
and iodide; therefore, exposures to brominated and iodinated DBPs can be impor-
tant. Early evidence in epidemiologic studies also gives indication that brominated
DBPs may be associated with the new reproductive and developmental effects
[3, 4], as well as cancer effects.

Specific DBPs that are of current interest include iodo-acids, bromonitro-
methanes, iodo-THMs, halooamides, halofuranones, halopyrroles, haloquinones,
haloaldehydes, halonitriles, and nitrosamines. Many of these were predicted to be
carcinogens [22] and were the subject of a nationwide occurrence study in the U.S.,
which reported the most extensive quantitative occurrence of priority, unregulated
DBPs [11, 13]. In addition, many of these are nitrogen-containing DBPs (the so-
called “N-DBPs”), which have recently been shown to be more genotoxic and
cytotoxic than those without nitrogen [19]. N-DBPs can be increased in formation
through the use of chloramination, and new research also indicates that algae and
amino acids can serve as precursors in their formation [23-25].
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3.2 lIodo-Acids and Iodo-THMs

Iodo-acids are a new and potentially toxicologically significant class of DBP
identified as part of the U.S. Nationwide Occurrence Study [11, 12, 20] and
quantified in a recent 23-city occurrence study in the U.S. [21]. Five iodo-acids
have been identified in finished drinking water: iodoacetic acid, bromoiodoacetic
acid, (Z)-3-bromo-3-iodopropenoic acid, (E)-3-bromo-3-iodopropenoic acid, and
(E)-2-iodo-3-methylbutenedioic acid [13]. Iodo-acids, including diiodoacetic acid,
were also recently found in waters treated with iodine [8]. They were initially
discovered in chloraminated drinking water, and have been found up to 1.7 pg/L
individually [21].

Todoacetic acid is the most genotoxic DBP studied to-date in mammalian cells,
approximately 2x more genotoxic than bromoacetic acid [20], which is regulated
in drinking water, but rarely detected. The rank order for genotoxicity mono-
haloacetic acids follows: iodo- > bromo- >> chloroacetic acid [20]. New research
is revealing a potential mechanism for this rank order. Monohalogenated acids have
been found to inhibit glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activ-
ity in a concentration-dependent manner with the same rank order, and the rate of
inhibition and toxic potency were highly correlated with their alkylating potential
and their propensity of the halogen leaving group. Other iodo-acids have also been
recently shown to be genotoxic, and iodo-acids are also highly cytotoxic in mam-
malian cells [21]. The rank order for genotoxicity is iodoacetic acid > diiodoacetic
acid > bromoiodoacetic acid > (F)-2-iodo-3-methylbutenedioic acid > (F)-3-
bromo-3-iodopropenoic acid > (E)-3-bromo-2-iodopropenoic acid. Iodoacetic
acid is also teratogenic, producing developmental effects (neural tube closures) in
mouse embryos, at levels (nM) similar to levels that induce DNA damage in
mammalian cells [26, 27].

Todo-THMs have been known as DBPs since the mid-1970s [28] and dichloroio-
domethane was even referred to as the “Sth trihalomethane” (after the original four
regulated THMs) [29]. They have since been measured in drinking waters treated
with chlorination or chloramination [11, 21, 30, 31], with highest levels observed in
chloraminated water (up to 15 pg/L individually). In chloraminated drinking water,
iodo-THMs can be formed at levels comparable to the regulated THMs (THM4). In
the U.S. Nationwide Occurrence Study, one location showed iodo-THMs at 81% of
the THM4 levels in a chloraminated drinking water [11]. Iodo-THMs identified and
measured include dichloroiodomethane, bromochloroiodomethane, dibromoio-
domethane, chlorodiiodomethane, bromodiiodomethane, and iodoform. Point-of-
use treatment with iodine was also recently shown to produce iodo-THMs, with
highest levels observed in iodine tincture treatment [8].

Until recently, their major concern had to do with taste and odor problems in
drinking water (due to a low threshold concentration of medicinal tastes and odors
in drinking water — as low as 0.02-5 pg/L) [30]. It was not until 2008 that they were
investigated for genotoxicity and cytotoxicity [21]. One iodo-THM (chlorodiio-
domethane) is highly genotoxic in mammalian cells, and all six iodo-THMs are
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cytotoxic [21]. With the exception of iodoform, the iodo-THMs are less cytotoxic
than the iodo-acids.

Todo-DBPs are of concern not only for their potential health risks, but also because
research indicates that they are formed at increased levels (along with iodo-THMs) in
waters treated with chloramines. Chloramination has become a popular alternative to
chlorination for water-treatment systems that have difficulty meeting the regulations
with chlorine, and also for treatment plants with long distribution systems because
chloramines can provide a more stable residual than chlorine. Chloramines are
generated from the reaction of chlorine with ammonia, and it appears that the length
of free chlorine contact time (before ammonia addition to form chloramines) is an
important factor in the formation of iodo-DBPs [21].

Scheme 1 illustrates the reactions involved in the formation of iodo-DBPs
from chloramination vs. chlorination and helps to explain their increased for-
mation with chloramination. Analogous to the formation of brominated DBPs
from naturally occurring bromide, iodo-DBPs can be formed by the reaction of
disinfectants with naturally occurring iodide and NOM. With chlorine, reactions
to form iodate are much faster than reactions to form other iodo-DBPs, but the
corresponding reactions with monochloramine (to form iodite and iodate) are
much slower, such that iodo-DBPs increase in formation [32, 33]. Because of
chlorine’s competing reaction to form iodate as a sink for the natural iodide, it is
likely that treatment with significant free chlorine contact time before the addition
of ammonia will not produce substantial levels of iodo-acids or iodo-THMs
[21, 32, 33]. New research has also revealed that anthropogenic contaminants
(i.e., compounds used for medical imaging) can also be a source of iodine in the

fast fast fast
HOCI » HOI » 10, » 0,
I HOCI (iodite) HOCI (iodate)
NO NO
|  Sink for iodide
CI-DBPs iodo-DBPs
Chloramines:
Slow
fast
NH,CI > ) m— |05
NHZCI (lodlte) NH Cl (iodate)
NO NOM
CI-DBPs iodo-DBPs
| Sink for iodide |

Scheme 1 Proposed mechanism for formation of iodo-DBPs with chlorine and chloramine
disinfection (adapted from Bichsel and von Gunten [32, 33])
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formation of iodo-DBPs [34]. This new work will be discussed in detail later in
the section on Contaminant DBPs.

3.3 Halonitromethanes

Just as there are nine possible chloro-bromo haloacetic acids (HAA9) that can
form in drinking water, nine halonitromethanes can be formed. Chloropicrin
(trichloronitromethane) has been the most commonly measured example in this
class, but has not been a concern for toxicity in drinking water. Bromonitro-
methanes, however, have shown significant toxicity [35] and have been found
in drinking water, particularly that treated with preozonation [11, 12, 35-37].
Bromonitromethanes are more cytotoxic and genotoxic than most DBPs currently
regulated in drinking water [35]. Dibromonitromethane is more than an order
of magnitude more genotoxic to mammalian cells than MX (3-chloro-4-
(dichloromethyl)-5-hydroxy-2(5H)-furanone, a carcinogenic DBP), and is more
genotoxic than all of the regulated DBPs, except for monobromoacetic acid.
Other brominated forms are also potent in this assay. Halonitromethanes are also
mutagenic in the Salmonella bacterial cell assay [38], with mutagenic potencies
greater than that of the regulated THMs [39]. The halonitromethanes were also at
least 10x more cytotoxic than the THMs, and the greater cytotoxic and mutagenic
activities of the halonitromethanes was indicated to be likely due to the greater
intrinsic reactivity conferred by the nitro group [39].

Bromonitromethanes are substantially increased in formation with the use of
pre-ozonation before chlorine or chloramine treatment, and concentrations up to
3 pg/L individually have been reported [11, 12]. Laboratory-scale formation studies
indicate that nitrite may play a role in the formation of the nitro group in these DBPs
[40]. Tribromonitromethane (bromopicrin) and other trihalonitromethanes (which
include bromodichloro- and chlorodibromonitromethane) require particular analyt-
ical conditions for their analysis. These compounds are thermally unstable and
decompose under commonly used injection port temperatures during gas chroma-
tography (GC) or GC/mass spectrometry (MS) analysis [41].

3.4 Nitrosamines

Nitrosamines have been of significant interest since they were discovered to be
DBPs in 2002 [42, 43]. Their structures are shown in Fig. 3. N-Nitrosodi-
methylamine (NDMA) is a probable human carcinogen, and there are toxicological
concerns regarding other nitrosamines. NDMA was initially discovered in
chlorinated drinking waters from Ontario, Canada [44], and has since been found
in other locations [42, 43, 45]. The detection of NDMA in drinking water is largely
due to improved analytical techniques that have allowed its determination at low



104 S.D. Richardson and C. Postigo
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Fig. 3 Molecular structures of nitrosamine DBPs

ng/L concentrations. NDMA is generally found at highest levels in chloraminated
drinking water, where the nitrogen in monochloramine (NH,Cl) is incorporated into
the structure of the NDMA by-product [42]. Chlorination can also form NDMA to
some extent when nitrogen precursors are present (e.g., natural ammonia in the
source water or nitrogen-containing coagulants or ion-exchange resins used in the
water-treatment process) [46—48].

NDMA is regulated in California at 10 ng/L [49] and Ontario, Canada at 9 ng/L
[50]. A Canadian national drinking water guideline is also under development [51],
and the U.S. Environmental Protection Agency (EPA) has recently announced that
they intend to regulate a group of nitrosamines in the U.S. NDMA was included in
the U.S. EPA’s second Unregulated Contaminant Monitoring Rule (UCMR-2),
along with five other nitrosamines (N-nitrosodiethylamine, N-nitrosodibutylamine,
N-nitrosopropylamine, N-nitrosomethylethylamine, and N-nitrosopyrrolidine), and
national occurrence data are currently available [52]. This new national data reveals
a maximum level of 530 ng/L for NDMA in chloraminated drinking water, which
surpasses the previous highest level (180 ng/L) observed in chloraminated drinking
water from Canada [53]. In addition, NDMA and four other nitrosamines are also
on the U.S. EPA’s final Contaminant Candidate List (CCL-3), a priority list of
contaminants for potential future regulation in drinking water [54].

An EPA method was created for measuring NDMA and six additional
nitrosamines in drinking water (EPA Method 521) [55]. This method uses GC/
chemical ionization (CI)-MS/MS and enables the measurement of NDMA
and six other nitrosamines (N-nitrosomethylethylamine, N-nitrosodiethylamine,
N-nitroso-di-n-propylamine, N-nitroso-di-n-butylamine, N-nitrosopyrrolidine, and
N-nitrosopiperidine) in drinking water at detection limits ranging from 1.2 to
2.1 ng/L. A liquid chromatography (LC)/MS/MS method [56] can also be used to
measure nine nitrosamines, including N-nitrosodiphenylamine, which is thermally
unstable and cannot be measured using the EPA Method.
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NDMA (and other nitrosamines) can dramatically increase in concentration in
distribution systems (relative to finished water at the drinking water-treatment
plant). For example, an initial level of 67 ng/L in drinking water-treatment plant
effluent was shown to increase to 180 ng/L in the distribution system [53]. As a
result, measurements taken at water-treatment plants may substantially underesti-
mate the public’s exposure to this carcinogen.

While generally attributed to the use of chloramines or chlorine, NDMA was
recently identified in ozonated drinking water from Germany [57]. An anthropogenic
contaminant containing a dimethylamine group was discovered to be the precursor in
its formation (discussed in more detail in the Contaminant DBP section).

3.5 Haloamides

Haloamides are formed primarily by chlorine or chloramine, and they were
quantified for the first time in the Nationwide Occurrence Study. They have been
measured in finished drinking waters from several U.S. states, up to 9.4 ng/L,
individually [11, 13]. There is some indication that haloamides may be increased
with chloramination. Because nitriles can hydrolyze to form amides [58, 59], it is
possible that some of their formation is due to hydrolysis of the corresponding
halonitriles, which are commonly found as DBPs. The first iodo-amide —
bromoiodoacetamide — was recently identified in chloraminated drinking waters
from several cities in the U.S. that had high bromide levels in their source waters
[60]. This iodo-amide is highly cytotoxic and genotoxic in mammalian cells, as are
other haloamides. As a class, haloamides are the most cytotoxic of all DBP classes
measured to-date, and they are the second-most genotoxic DBP class, very close
behind the halonitriles [19].

3.6 Halonitriles

Although they are not regulated in the U.S., haloacetonitriles (HANs) have been
measured in several occurrence studies. Dichloro-, bromochloro-, dibromo-, and
trichloroacetonitrile (HAN4) are the most commonly measured HAN species and
have been included in a survey of 35 U.S. water utilities [61], a survey of 53
Canadian water utilities [62], and the US EPA’s Information Collection Rule (ICR)
effort [63]. In the ICR, HANs were found up to 41 pg/L and were generally present
at 12% of the levels of the four regulated THMs. HANs are formed by treatment
with chlorine, chloramine, chlorine dioxide, or ozone disinfection; plants using
chloramines (with or without chlorine) had the highest levels in their finished
drinking water. Several other HANS, including a number of brominated species,
were also measured in the U.S. Nationwide Occurrence Study. Total HAN levels
reached a maximum of 14 pg/L, and were approximately 10% of the levels of the
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four regulated THMs combined, although a maximum of 25% was observed. When
higher bromide levels were present in the source waters, more brominated HAN
species were formed. This shift in speciation was observed in another study of high-
bromide waters in Israel, which also provided evidence that chlorine dioxide
disinfection can form HANSs (dibromoacetonitrile) [31]. Two other halonitriles,
cyanogen chloride (CNCIl) and cyanogen bromide (CNBr), can be formed by
chlorine or chloramines, but are generally found with chloramination [61]. CNCI
was measured at several chloramination plants as part of the ICR effort, with levels
ranging from submicrogram per liter to 21 pg/L. CNBr can also be formed with
ozonation when source waters contain natural bromide [64]. Other halonitriles,
including three- and four-carbon halonitriles, have also been identified, but have not
been quantified in drinking water.

As a class, halonitriles are the most genotoxic of the DBPs studied in mamma-
lian cells [19], and they are third in cytotoxicity, similar to other N-DBPs, halo-
amides, and halonitromethanes.

3.7 Halofuranones

Before it was discovered to be a drinking water DBP, MX (3-chloro-4-
(dichloromethyl)-5-hydroxy-2(5H)-furanone) was originally identified in pulp
mill effluent; subsequently, it was found in chlorinated drinking water from a
number of samples taken around the world. MX has both an open and closed
form that is dependent on pH; the ring-opened, oxo-butenoic acid form is present
at the pH of drinking water (ZMX, Fig. 4). Other analogs of MX were also later
identified in chlorinated drinking water, including its geometric isomer (EMX)
[65], oxidized and reduced forms of MX (ox-MX and red-MX), as well as
brominated analogs (the so-called BMXs) [66]. Structures of several of these
analogs are shown in Fig. 4.

Bacterial mutagenicity tests were the original cause of concern for MX, as MX
was found to be a potent mutagen in the Salmonella Ames assay, and MX can
account for as much as 20-50% of the total mutagenicity in chlorinated drinking
water [67]. At the time it was identified, MX was the most mutagenic DBP ever
identified in drinking water, and in 1997, it was found to be a carcinogen in rats
[68]. However, the genotoxic effects in mammalian cells are relatively moderate,
such that several other classes of DBPs (including iodo-acids, halonitromethanes,
haloamides, and halonitriles) show greater genotoxicity [19]. The concentration of
MX required to produce a genotoxic effect in vivo is usually very high, around
100 mg/kg mouse oral administration [69]. Mutagenicity studies with transgenic
medaka fish showed that MX did not induce mutations in the liver (for 96 h
exposures) [70].

In the few occurrence studies that had been previously carried out, measured
concentrations of MX were generally 60 ng/L or lower. In 2002, Wright et al.
reported levels as high as 80 ng/L of MX found in drinking waters from
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Massachusetts [71], and in the U.S. Nationwide Occurrence Study, which specifi-
cally focused on waters high in natural organic matter and/or bromide, much higher
levels were found (frequently >100 ng/L and as high as 850 ng/L) in finished
drinking waters across the U.S. [11, 12]. Halogenated furanones were highest at a
plant that disinfected with chlorine—chloramines (2.38 pg/L in plant effluent drink-
ing water) and at a plant that disinfected with (1.02 pg/L in the distribution system).
In drinking water plant effluents, a maximum level of 0.31 pg/L. was observed for
MX; maximum levels of brominated MX analogs included measurements of 0.72
and 0.81 pg/L for BEMX-1 and BEMX-2, respectively.

It is also interesting to note that the halogenated furanones were often stable in
the distribution system and in simulated distribution system tests. Previous con-
trolled laboratory studies had suggested that halogenated furanones, particularly
MX, may not be stable in distribution systems. In at least five instances, MX levels
actually increased in concentration from the plant effluent to the distribution system
point sampled [11, 12]. Occasionally, MX levels decreased in the distribution
system, but in these instances, it was still generally present at detectable levels.

3.8 Haloaldehydes

Haloaldehydes are formed primarily with chlorine or chloramine disinfection, but they
are increased in formation with preozonation. In the Nationwide Occurrence Study,
haloaldehydes were the third largest DBP class by weight (behind THMs and HAAs)
of all the DBPs studied. Dichloroacetaldehyde was the most abundant of these
haloaldehydes, with a maximum concentration of 16 pg/L. Before this study, chloral
hydrate (trichloroacetaldehyde) was the only commonly measured haloaldehyde, and
it was included in the ICR. Chloral hydrate and monochloroacetaldehyde are
mutagenic in vitro [1], and tribromoacetaldehyde and chloral hydrate were recently
found to be genotoxic in human cells [72].

New work on the entire class of haloaldehydes indicates that many are highly
cytotoxic and genotoxic in mammalian cells [19].

3.9 Halopyrroles

In 2003, a new halogenated pyrrole — 2,3,5-tribromopyrrole (structure in Table 1) —
was identified in drinking water [31]. This represents the first time that a halogenated
pyrrole has been observed as a drinking water DBP for any disinfectant. This
halopyrrole was found in finished drinking water from a full-scale drinking water-
treatment plant in Israel that used pre-chlorination (at an initial reservoir) followed by
primary treatment with combined chlorine dioxide—chlorine or combined chlorine
dioxide—chloramine to treat a high bromide source water (approximately 2 ppm).
This identification resulted from the first study of chlorine dioxide DBPs formed
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under high bromide/iodide conditions. Bromide levels in U.S. source waters gener-
ally range up to a maximum of approximately 0.5 ppm, and so to-date, this
tribromopyrrole has not been identified in drinking waters from the U.S.

Mammalian cell toxicity testing revealed tribromopyrrole to be 8x more cyto-
toxic than dibromoacetic acid (a regulated DBP) and to have about the same
genotoxic potency as MX. When the formation of tribromopyrrole was investigated
using isolated humic and fulvic acid fractions collected from the source waters (as
NOM precursors), tribromopyrrole was found to be formed primarily from humic
acid, whereas the THMs, HAAs, and aldehydes were mostly formed from fulvic
acid. It is interesting to note that a soil humic model proposed by Schulten and
Schnitzer that was based on '*C NMR, pyrolysis, and oxidative degradation data,
includes a pyrrole group in its structure [73]. In addition, the elementary analysis
(C, H, N, X) for these natural humic and fulvic acids showed a greater contribution
from N in the humic acid as compared to that in the fulvic acid. In none of the
samplings from this research was tribromopyrrole found in pre-chlorinated waters
(with chlorine treatment only). Thus, the combination of chlorine dioxide and
chlorine (or chloramines) may be necessary for its formation. It is also possible
that chloramination alone may also be important for its formation.

3.10 Haloquinones

In 2010, the first haloquinone DBP was reported in drinking water — 2,6-dichloro-
1,4-benzoquinone — using SPE and LC/MS/MS [74]. Quantitative structure-toxicity
relationship (QSTR) analysis had predicted that haloquinones are highly toxic and
may be formed during drinking water treatment. The chronic lowest observed
adverse effect levels (LOAELSs) of haloquinones are predicted to be in the low
pneg/kg body weight per day range, which is 1,000x lower than most regulated
DBPs, except bromate. This new DBP was found in drinking water treated with
chlorine and chloramines, as well as chloramines and UV irradiation, at levels
ranging from 5.3 to 54.6 ng/L. It has a predicted LOAEL of 49 pg/kg body weight
per day.

Following this initial discovery, three additional haloquinones were identified in
drinking water using LC/ESI-MS/MS: 2,6-dichloro-3-methyl-1,4-benzoquinone,
2,3,6-trichloro-1,4-benzoquinone, and 2,6-dibromo-1,4-benzoquinone [75].
Following their discovery in chlorinated drinking water, they were quantified,
along with 2,6-dichloro-1,4-benzoquinone. Levels ranged from 0.5 to 165 ng/L.
An unusual feature about these compounds is that, using negative ion-ESI, they
form (M+H) ions through a reduction step, rather than the classic (M—H) ions that
are typically observed. The authors used tandem-MS and accurate mass
measurements to confirm the identity of these unusual ions. The structures of the
haloquinone DBPs are shown in Fig. 5.
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Fig. 5 Molecular structures of new haloquinone DBPs

4 Other DBPs

4.1 Other Haloacids

There are four bromochloro-HAAs that are not currently regulated in the U.S.,
bromochloroacetic acid, bromodichloroacetic acid, chlorodibromoacetic acid, and
tribromoacetic acid. Many laboratories routinely measure them as part of the nine
total bromochloro-HAAs (HAA9). A recent study by Singer and colleagues makes
the case that measuring all nine bromochloro-HAAs is important because measur-
ing only the five regulated ones can significantly underestimate the total exposure,
especially for water systems that contain appreciable levels of bromide in their
source waters. The additional four unregulated HAAs are bromine-containing
species that can be found at increased levels in drinking waters that have high
bromide in their source waters, and their concentrations can be similar to the five
regulated HAAs. Also, because bromine-containing DBPs are generally more toxic
than chlorine-containing DBPs, knowing their concentrations can be important.

Other haloacids with longer carbon chains can also be formed in drinking water,
mostly with chlorine and chloramine. One of these, 3,3-dichloropropenoic acid, was
included as a priority DBP measured in the U.S. Nationwide Occurrence Study [11,
12]. It was found at a maximum of 4.7 pg/L. and was present in nearly all of the water-
treatment plants studied. The corresponding brominated acid, 3,3-dibromopropenoic
acid, has also been identified as a DBP in drinking water, as well as several other three-,
four-, and five-carbon acids and diacids [10].

Two of the more unusual bromoacids include the bromo-oxoacids 3,3-dibromo-
4-oxopentanoic acid and 3-bromo-3-chloro-4-oxopentanoic acid. So far, there are
no quantitative data on these other brominated acids, but preliminary toxicity data
indicate that they may be toxicologically important.

4.2 Haloketones

Haloketones can be formed in waters treated with chlorine, chloramines, chlorine
dioxide, as well as ozone—chlorine and ozone—chloramine combinations.
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Two haloketones, 1,1-dichloropropanone and 1,1,1-trichloropropanone, were
measured in the ICR effort [63], where they ranged up to 10.0 and 17.0 pg/L,
respectively. Other haloketones, including chloropropanone, 1,3-dichloro-
propanone, 1,1-dibromopropanone, 1,1,3-trichloropropanone, 1-bromo-1,
1-dichloropropanone, 1,1,1-tribromopropanone, 1,1,3-tribromopropanone, 1,1,3,
3-tetrachloropropanone, 1,1,1,3-tetrachloropropanone, and 1,1,3,3-tetrabromo-
propanone, were also measured in the U.S. Nationwide Occurrence Study [11, 12],
and were found in drinking waters treated with a variety of disinfectants, though
generally at sub-pg/L levels. To-date, they have not been investigated for toxicity, but
some were predicted to cause cancer in the prioritization effort mentioned earlier [22].

4.3 Chlorate and Iodate

Chlorate is a DBP from chlorine dioxide and can also be present in chlorinated
drinking water when hypochlorite bleach solutions are used for treatment (due to
decomposition of the hypochlorite upon storage). In chlorine dioxide-treated drink-
ing water, chlorate levels can approach 20% of the original chlorine dioxide dose.
Chlorate concentrations in drinking water are typically much higher than other
DBPs, including THMs. From the U.S. EPA ICR data, which represents the most
extensive data for chlorate, the median level of chlorate was 120 pg/L at plants
using chlorine dioxide for disinfection, but plants can sometimes exceed the health
reference level of 210 pg/L. Recent measurements of chlorate included a study of
full-scale treatment plants in Israel, in which chlorate was found up to 52 pg/L [31];
a full-scale treatment plant in Virginia, where chlorate was found at a median level
of 14 pg/L [76]; and full-scale treatment plants in Quebec, where chlorate was
present at a maximum of 190 pg/L [77].

Chlorate is mutagenic in Salmonella and induces chromosome aberrations and
micronuclei in mammalian cells [78]. It has also been shown to induce thyroid
tumors in laboratory animals [79]. The U.S. EPA has placed chlorate on the current
CCL-3 [54], as well as its Unregulated Contaminant Monitoring Rule-3 (UCMR-3)
[80] to collect further national data, and is currently considering it for regulation.

Todate can be formed as a chlorination or ozonation DBP when elevated levels of
natural iodide are present in the source waters [32, 33]. Unlike bromate, iodate is
not a concern for toxicity because it is reduced to iodide in the body.

4.4 Aldehydes and Ketones

Several nonhalogenated aldehydes were measured in the U.S. ICR effort, including
formaldehyde, acetaldehyde, glyoxal, and methyl glyoxal [63]. These aldehydes are
DBPs produced primarily by ozone, although both chlorine and chlorine dioxide
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treatment can also form low parts per billion levels of formaldehyde. In the ICR,
these aldehydes were detected at higher concentrations in water-treatment systems
using ozone (up to 30.6 pg/L) than chlorine dioxide. Formaldehyde was detected at
more than 50% of the treatment plants using chlorine dioxide at a mean of 5.3 pg/L
and 90th percentile of 9.0 pg/L. Acetaldehyde, glyoxal, and methyl glyoxal were
observed at maximum levels of 11, 16, and 6 pg/L, respectively, in ozonated
drinking water, but were generally below the detection limit (5 pg/L) in chlorine
dioxide-treated waters. Pentafluorobenzylhydroxylamine (PFBHA) derivatization
is important for measuring these polar aldehydes and ketones by GC/MS because,
without derivatization, they are almost impossible to extract from water. This
derivatization process is discussed later in this chapter.

Additional aldehydes and ketones were also included in the U.S. Nationwide Occur-
rence Study: dimethylglyoxal (2,3-butanedione), cyanoformaldehyde, 2-butanone
(methyl ethyl ketone), trans-2-hexanal, 5-keto-1-hexanal, and 6-hydroxy-2-hexanone
[11, 13]. Dimethylglyoxal was the most consistently detected of these carbonyl
compounds (up to 3.5 pg/L) and was found at higher levels in plants using ozone.
Maximum levels of 0.3, 5.0, and 0.7 pg/L were observed for cyanoformaldehyde,
2-butanone, and trans-2-hexenal, respectively; 6-hydroxy-2-hexanone and 5-keto-
1-hexanal were only detected in early stages of treatment, and not in finished waters.

4.5 Carboxylic Acids

Nonhalogenated carboxylic acids are also common DBPs from chlorine, chloramines,
ozone, and chlorine dioxide [10]. In addition to halogenation reactions that can occur
(primarily with chlorine and chloramine), oxidation reactions also occur, and can
produce carboxylic acids. There is generally not a concern for toxicity for them, as
many are naturally present in foods.

5 Discovery Research for New Highly Polar
and High-Molecular-Weight DBPs

As mentioned earlier, more than 50% of the total organic halogen (TOX) formed in
chlorinated drinking water remains unidentified, and much less is accounted for
ozone, chloramine, and chlorine dioxide treated water. Because DBPs are typically
present at nanogram per liter to microgram per liter levels, they are usually
extracted into an organic solvent (with SPE or liquid-liquid extraction) and
concentrated before measurement by GC or GC/MS. This means that most previous
DBP research has focused on low molecular weight, volatile and semivolatile DBPs
that are easy to extract from water. As a result, high-molecular-weight DBPs and
highly polar DBPs are likely to be found in the “missing” DBP fraction.
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Ultrafiltration (UF) studies indicate that >50% of the TOX in chlorinated drinking
water is >500 Da in molecular weight [81], and new research is revealing that
highly polar DBPs are also part of this “missing” fraction. For example, new LC/
MS/MS research using precursor scans of bromine (72/z 79 and 81) and iodine (m2/z 127)
has allowed the identification of new polar compounds, such as 1,1,2-tribromo-1,2,2-
tricarboxylethane,  1-bromoamino-1,2-dibromo-1,2,2-tricarboxylethane,  chloroio-
doacetic acid, (E)- and (Z)-iodobutenedioic acid, 4-iodobenzoic acid, 3-iodophthalic
acid, 2,4-diiodobenzoic acid, 5,6-diiodosalicylic acid, and 5,6-diiodo-3-ethylsalicylic
acid [82, 83]. The iodo-acids were found at higher levels in chloraminated drinking
water, consistent with previous results for other iodo-acids [21].
High-molecular-weight DBPs, which are not possible to measure using
GC/MS, are also being investigated using ESI-MS/MS. Most of this work is very
preliminary, due to the complexity of the mass spectra obtained. ESI-MS/MS has
been used to generate chlorine and bromine fragment ions that can be used to
select halogenated DBPs from the complex mixture of high-molecular-weight
DBPs. In addition, radiolabeled chlorine (*°Cl) has been used to further probe
high-molecular-weight DBPs formed on chlorination of drinking water [84].

6 Contaminant DBPs

All of the DBPs previously discussed are “classical DBPs”, formed by the reaction
of disinfectants with natural organic matter in source waters. However, source
waters are also impacted by municipal and industrial emissions [85], and recent
investigations have shown that some of these water contaminants can also react
with disinfectants used in drinking water treatment to form their own by-products,
some of which are toxic or estrogenic. Contaminant DBPs have been reported for
several classes of drugs, pesticides, personal care products, estrogens, bisphenol A,
alkylphenol surfactants, and algal toxins. Most of these contaminant DBPs were
found in controlled laboratory studies and not in actual drinking water, but the
potential is there for their formation in drinking water treatment. It is not surprising
that DBPs can form from these contaminants because many of them have activated
aromatic rings that can readily react with oxidants like chlorine, chloramines,
ozone, and chlorine dioxide.

6.1 Pharmaceutical DBPs

Several classes of antibiotics, e.g., tetracyclines [86], fluoroquinolones [87, 88], and
B-lactams [89] were observed to react with chemical oxidants such as chlorine dioxide
(ClO,) and free chlorine. Oxidation with ClO, yields hydroxylated and oxygenated
products in the case of tetracyclines, and leads to dealkylation, hydroxylation, and
intramolecular ring closure at the piperazine moiety of the fluoroquinolones [86, 88].
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Reaction of these antibiotics with chlorine mostly generated chlorinated and
OH-substituted by-products [86, 87]. Unlike fluroquinolones, whose quinolone ring
is left mostly intact, disinfection with ClO, may diminish the antibiotic capacity of
tetracyclines because it leads to cleavage of the tetracyclines’ ring system [86, 88]. On
the other hand, oxidation of B-lactam antibiotics such as penicillin, amoxicillin, and
cefadroxil with ClO, leads to the formation of hydroquinone and a wide range of
substituted phenols [89].

Adachi and Oka investigated the formation of cyanide during the reaction of
chlorine with 20 different pharmaceuticals containing nitrogen in their molecular
structure [90]. High levels of cyanide were generated by chlorination of hexamine
and losartan potassium aqueous solutions. Other precursors of cyanide included
metronidazol, dacarbazine, and allopurinol.

The antibacterial agent sulfamethoxazole produced chlorinated and nonchlorinated
DBPs when reacted with chlorine [91]. A ring-chlorinated product was formed via
halogenation of the aniline moiety at sub-stoichiometric concentrations of chlorine.
3-Amino-5-methylisoxazole, sulfate, and N-chloro-p-benzoquinone imine were
formed via rupture of the sulfamethoxazole sulfonamide moiety at stoichiometric
excess of chlorine.

Carbadox, a veterinary antibacterial agent, also formed oxidation products
when reacted with chlorine [92]. These products are believed to maintain the
antibacterial activity because they kept the biologically active N-oxide group in
their structure.

Chlorination of the antacid cimetidine leads to the formation of four major DBPs:
cimetidine sulfoxide, 4-hydroxylmethyl-5-methyl-/ H-imidazole, 4-chloro-5-methyl-
1H-imidazole, and a product proposed to be either a f3- or J-sulfam. The formation
of the last three products resulted from unexpected reactions and more substantial
structural changes than those typically observed in chlorination [93].

The reaction of the lipid-regulator gemfibrozil with free chlorine yielded four
chlorinated derivatives of this compound [94]. Chlorination of acetaminophen
(paracetamol) generated 11 discernible DBPs, including the toxic compounds
1,4-benzoquinone and N-acetyl-p-benzoquinone imine and two ring chlorination
products, chloro-4-acetamidophenol and dichloro-4-acetamidophenol [95].

Shen and Andrews investigated several pharmaceuticals containing dimethy-
lamine or diethylamine in their structures as potential precursors of NDMA and
N-nitrosodiethylamine during chloramination [96]. Eight out of 19 pharmaceuticals
yielded molar conversions higher than 1%. Ranitidine, one of the most prescribed
drugs in the world, showed the strongest potential to form NDMA, as previously
reported [97]. NDMA -related compounds are also suggested to be generated when
controlled drugs like amphetamine-type drugs react with chloramines [98].
Although the latter is still to be proven, two chlorinated ring products, 4-chloro-
1,3-benzodioxole and 1-chloro-3,4-dihydroxybenzene were identified during the
chlorination of amphetamine-type drugs [98].

Ozonation of the antiepileptic drug carbamazepine resulted in the forma-
tion of three main DBPs: 1-(2-benzaldehyde)-4-hydro-(/H,3H)-quinazoline-
2-one, 1-(2-benzaldehyde)-(/H,3H)-quinazoline-2,4-dione, and 1-(2-benzoic
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acid)-(/H,3H)-quinazoline-2,4-dione [99]. Acridine, a compound with known
carcinogenic properties, acridine-9-carbaldehyde, and 9-hydroxy-acridine were
DBPs observed during the treatment of carbamazepine solutions with chlorine
dioxide [100]. Acridine and 1-(2-benzaldehyde)-(/H,3H)-quinazoline-2,4-dione
were also identified as major DBPs of ozonation and chlorination of
oxcarbazepine, a keto analog of carbamazepine [101].

Major oxidation products of propanolol and metoprolol formed during ozonation
in aqueous solution were investigated by Benner et al. [102, 103]. In the case of
propanolol, the main ozonation product is a ring-opened compound with two
aldehyde moieties, which results from ozone attack to the naphthalene ring [103].
Formation of aldehyde moieties was also one of the main oxidation routes during
metoprolol ozonation, together with hydroxylation [102].

Recently, Duirk et al. [34] showed evidence that iodinated X-ray contrast media
(ICM), such as iopamidol, constitute an iodine source to form iodo-THM DBPs,
e.g., dichloroiodomethane, and iodo-acid DBPs, e.g., iodoacetic acid, in chlorinated
and chloraminated drinking waters. However, the complete reaction pathway is not
fully understood yet, and it is under further investigation. Chloraminated and
chlorinated source waters with iopamidol were genotoxic and cytotoxic in mam-
malian cells. This is in agreement with the previously reported high genotoxicity
and cytotoxicity of the iodo-acids and iodo-THMs [20, 21].

6.2 Estrogen DBPs

As reviewed by Pereira et al. [104], the reaction of estrogens, that is estrone,
estradiol, and ethinylestradiol, with free chlorine occurs mainly via an electrophilic
substitution at the ortho and para positions, which results eventually in cleavage of
the aromatic structure. Several authors have reported that dichlorinated derivatives
present less estrogenic activity than monochlorinated derivatives, and in most
cases, estrogen DBPs are less potent in terms of estrogenicity than the parent
compounds.

Molecular ozone not only reacts easily with double bonds, activated aromatic
structures, or hetero-atoms, but it can also form highly reactive and nonselective
free radicals, e.g., HO". Therefore, and due to the latter reaction mechanism, some
of the estrogens DBPs generated during the ozonation of estradiol water solutions
are common to those formed during diverse photocatalytic processes (O3/UV,
TiO,/UV, and photo-Fenton). In addition to forming hydroxylated derivatives
from estrogens, ozone can also form dicarboxylic acids via the opening of an
aromatic ring. This transformation route was also identified during the heteroge-
neous photocatalysis with TiO, of estradiol [104].
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6.3 Pesticide DBPs

Oxidation of triazine herbicides with chlorine and chlorine dioxide has been widely
studied [105-108]. In the case of sulfur-containing triazines, oxidation occurs
mainly via cleavage of the weakened R—S—CHj bond rather than by addition of
chlorine. Reactions of S-triazines with chlorine are faster than with chlorine
dioxide, and form sulfoxide, sulfone, and a sulfone hydrolysis product. Chlorina-
tion with chlorine dioxide only produced sulfoxide [108]. Lopez et al. identified the
formation of sulfonate esters during the chlorination of ametryn and terbutryn [106,
107]. Triazine DBPs identified by Brix et al. exhibited higher toxicities than the
parent compounds [105]. Similar to triazines, clethodim, a cyclohexanedione her-
bicide, is oxidized by hypochlorite and chloramines to clethodim sulfoxide and then
to sulfone [109].

Chlorpyrifos reacted with free chlorine to form chlorpyrifos oxon, which is more
toxic than the parent compound. Both compounds further hydrolyze to a more
stable product, 3,5,6-trichloro-2-pyridinol [110].

Chlorination products of glyphosate, one of the most widely used herbicide in
the world, and glycine, one of the intermediates in glyphosate chlorination, were
investigated by Mehrsheikh et al. [111]. Both compounds followed a similar degrada-
tion route, with the final glyphosate chlorination products identified as methanediol
and other small molecules, such as phosphoric acid, nitrate, CO,, and N,.

Isoxaflutole is an isoxazole herbicide that, in the presence of hypochlorite,
hydrolyzed to a stable and phytotoxic metabolite, diketonitrile. This intermediate
further degraded to yield benzoic acid as the major end product, which is
nonphytotoxic [112].

Chlorination of waters containing two phenylurea-type herbicides, isoproturon
and diuron, results in the formation of THMs. The reaction of the phenylurea-type
herbicide isoproturon with chlorine produced compounds that still contained the
aromatic ring of the herbicide with the urea side-chain unmodified. The formation
of chlorinated and brominated derivatives was related to the bromide concentration
present in the water [113].

Zambodin et al. [114] studied the DBPs of the herbicide chlortoluron generated
during chlorination. In this case, halogenation (chlorination) and hydroxylation
reactions were the main transformation routes observed, taking place exclusively
on the aromatic ring of the molecule. Xu et al. [115] reported the formation of six
volatile DBPs, including chloroform, dichloroacetonitrile, 1,1-dichloropropanone,
1,1,1-trichloropropanone, dichloronitromethane, and trichloronitromethane.

Ozonation of organophosphorous pesticides led to the formation of oxon
intermediates (diazooxon, methyl paraoxon, and paraoxon for diazinon, methyl
parathion, and parathion, respectively) [116]. These compounds accumulated to a
different extent as a function of the solution pH.

The fungicide tolylfluanide was recently shown to form a new microbial trans-
formation product, N,N-dimethylsulfamide, which subsequently reacts with ozone
to form the carcinogenic NDMA [57]. This was discovered after high ng/L levels of
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NDMA were observed in ozonated drinking water from Germany and came as a
surprise because ozone does not form NDMA by reaction with natural organic
matter. The chlorination products of N,N-dimethylsulfamide have not been
investigated yet.

6.4 Personal Care Product DBPs

Parabens are widely used as preservatives in the cosmetic and pharmaceutical
industries and also as food additives, due mainly to their bactericidal and fungicidal
properties. Terasaki and Makino identified 14 monochloro- and dichloro-parabens
formed by chlorination of parabens [117]. Ozonation of parabens in aqueous
solutions produced paraben DBPs mainly through hydroxylation of their aromatic
ring and/or their ester chain [118].

Chlorination and chloramination of a widely used antibacterial additive, triclo-
san, which is used in many household personal care products, results in the
formation of chloroform, 5,6-dichloro-2-(2,4-dichlorophenoxy)phenol, 4,5-dichloro-
2-(2,4-dichlorophenoxy)phenol, 4,5,6-trichloro-2-(2,4-dichlorophenoxy)phenol, 2,
4-dichlorophenol, and 2,4,6-trichlorophenol [119]. The reaction of triclosan with
monochloramine is slow, however, compared to chlorine [120]. The chlorophenox-
yphenols are formed via bimolecular electrophilic substitution of triclosan.

Two UV filters (used to block UV-rays in sunscreens and other products), octyl-p-
methoxycinnamate and octyl-dimethyl-p-aminobenzoate, reacted with chlorine, pro-
ducing chlorine-substituted compounds as intermediates that finally cleaved to smaller
ester products [121]. Some of the identified octyl-p-methoxycinnamate DBPs showed
weak mutagenic properties. Chlorinated and brominated intermediates were formed
during chlorination of 2-ethylhexyl-4-(dimethylamine)benzoate and 2-hydroxy-4-
methoxybenzophenone, with trichloromethoxyphenol the most abundant DBP [122].

Chlorine DBPs of the polycyclic musks 6-acetyl-1,1,2,4,4,7-hexamethyl-
tetraline (AHTN) and 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopenta-
v-2-benzopyran (HHCB), which are widely used fragrances in cosmetics, daily
care products, and cleaning products for household and industry, were investi-
gated by Kuhlich et al. [123]. This study evidenced chlorination of HHCB as a
potential new source of HHCB-lactone in the environment, other than biological
transformation.

Terpenoid DBPs were investigated by Joll et al. [124] and Qi et al. [125]. The
main ozonation product of 2-methylisoborneol was camphor, which was further
oxidized to formaldehyde, acetaldehyde, propanal, buntanal, glyoxal, and methyl
glyoxal [125]. Chlorination of B-carotene, retinol, B-ionone, and geranyl acetate
resulted in the formation of THMs [124].
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6.5 Alkylphenol Surfactant and Bisphenol A DBPs

Alkylphenol ethoxylate surfactants are widely used in laundry detergents. Chlori-
nation of these compounds results in the formation of halogenated nonylphenolic
DBPs, most of them brominated acidic compounds [126].

Bisphenol A, a compound highly used in the production of epoxy resins and
polycarbonate plastics, forms monochloro-, dichloro, trichloro-, and tetrachloro
derivatives when chlorinated [127]. Its reaction with ozone produces as major
transformation products, catechol, orthoquinone, muconic acid derivatives of
bisphenol A, benzoquinone, and 2-(4-hydroxyphenyl)-propan-2-ol [128].

6.6 Algal Toxin DBPs

Cyanobacterial toxins are toxins produced by certain species of blue-green algae that
have become a major environmental and public health concern. The behavior of
cyanotoxins during chlorination treatment has been recently reviewed by Merel et al.
[129]. Chlorination DBPs have been reported only for the hepatotoxins microcystin-
LR and cylindrospermopsin. Other cyanotoxins, such as nodularins, saxitoxins, and
anatoxins, have yet to be investigated. Different isomers of six chlorination products
of microcystin-LR have been characterized: dihydroxy-microcystin, monochloro-
microcystin, monochloro-hydroxy-microcystin, monochloro-dihydroxy-microcystin,
dichloro-dihydroxy-microcystin, and trichloro-hydroxy-microcystin. Only two chlo-
rination DBPs have been reported so far for cylindrospermopsin: 5-chloro-cylindros-
permopsin and cylindrospermopsic acid [129]. Chlorination of microcystin,
cylindrospermopsin, and nodularins seems to reduce the mixture toxicity; however,
this aspect has not been extensively studied [129].

7 Human Exposure

New research also indicates that exposures from other activities, including
showering, bathing, and swimming in chlorinated swimming pools can increase
exposures to certain DBPs [130—147]. DBPs are not only ingested by drinking the
water, but some can also be inhaled or can penetrate the skin [130—-132, 134, 135].
In particular, volatile DBPs that easily transfer from the water to the air (including
THMs) can be inhaled during showering or visiting an indoor chlorinated swim-
ming pool — either through active swimming or from sitting near the pool, breathing
in the pool vapors. THMs, HAAs, and haloketones have been measured in human
blood, urine, or exhaled breath after showering, bathing, or swimming [130, 132,
134, 135, 141, 142, 145, 148]. These exposure routes are now being recognized
in human exposure and human epidemiologic studies.
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Recent results indicate that these other exposure routes may increase the risk of
bladder cancer [149]. There is also new evidence that genetic susceptibility may
play a role in bladder cancer. A recent epidemiologic study conducted in Spain
revealed that people who carry a particular glutathione S-transferase zeta-1 (GSTZI)
polymorphism and are missing one or both copies of glutathione S-transferase theta-
1 (GSTT1) were particularly susceptible to bladder cancer when exposed to >49 pg/L
THMs in drinking water [6]. Approximately 29% of the Spanish study population
had this genetic susceptibility, and approximately 25% of the U.S. population would
also have this genetic susceptibility.

Chlorinated swimming pool exposures have also been linked with respiratory
effects, including asthma [140, 150-152]. Trichloramine, which is formed by the
reaction of chlorine with urea (from sweat and urine), has been suspected in these
cases of asthma. In addition to sweat and urine, pool waters also contain other DBP
precursors, such as skin cells, hair, and lotions/sunscreens.

To-date, only two efforts to comprehensively identify DBPs in swimming pools
have been reported. In the first, 19 DBPs were identified in outdoor swimming pools
[136]. In the second, >100 DBPs were identified in indoor chlorinated and
brominated pools, including many nitrogenous DBPs (haloamides, halonitriles,
haloanilines, haloamines, haloanisoles, and halonitro-compounds), likely due to
the nitrogen-containing precursors from swimmers (urine, sweat, etc.) [143].
Trichloramine and THMs were also measured in the pool air [143]. Nitrosamines
have been measured in chlorinated pools and hot tubs, up to a maximum of 429 ng/L.
[137]. Levels observed were up to 500x greater than the level (0.7 ng/L) associated
with a one in a million lifetime cancer risk. Volatile DBPs, such as trichloramine,
dichloromethylamine, and dichloroacetonitrile, have also been measured in pool
waters using membrane introduction mass spectrometry (MIMS) [133]. Brominated
DBPs from sunscreens have been reported [136], as have DBPs from the reaction of
chlorine with parabens used in lotions, cosmetics, and sunscreens [117].

The mutagenicity, genotoxicity, and cytotoxicity of swimming pool waters
have recently been reported [143, 144, 146]). One study showed that pool waters
were significantly more toxic than their tap water sources [146]. Because THM
concentrations are similar between tap waters and pool waters, using THMs to
monitor exposure in epidemiological studies may not be the best metric. Pools
treated with a combination of UV light and chlorine disinfection indoors, or outdoor
sunlight exposure exhibited lower cytotoxicity than their indoor counterparts
disinfected with chlorine [146].

8 Combining Chemistry with Toxicology

More studies are combining DBP identification/measurement efforts with toxicol-
ogy to understand their potential health effects. For example, a large integrated
multidisciplinary study (called the Four Lab Study) was recently published
[13, 153, 154]. This effort involved the collaboration of chemists, toxicologists,
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engineers, and risk assessors from the four National Research Laboratories of the
U.S. EPA, as well as collaborators from academia and the water industry. For this
study, a new procedure using reverse osmosis was developed for producing
chlorinated drinking water concentrates for animal toxicology experiments. DBPs
were then comprehensively identified (resulting in the identification of >100 DBPs),
and 75 priority and regulated DBPs were quantified to assess what DBPs the animals
were exposed to. An extensive battery of in vivo and in vitro toxicity assays were
used, with an emphasis on reproductive and developmental effects. When the NOM
was concentrated first and disinfected with chlorine afterward, DBPs (including
volatiles and semivolatiles) were formed and maintained in a water matrix suitable
for animal studies. DBPs were relatively stable over the course of the animal studies
(125 days) with multiple chlorination events, and a significant proportion of the TOX
was accounted for through a comprehensive identification approach. Many DBPs
were reported for the first time, including previously undetected and unreported
haloacids and haloamides. The new concentration procedure not only produced a
concentrated drinking water suitable for animal experiments but also provided a
greater TOC concentration factor (136x), enhancing the detection of trace DBPs
that are often below detection using conventional approaches.

9 Analytical Methods for Identifying and Quantifying DBPs

Experiments to identify disinfection by-products (DBPs) have been carried out
using two different procedures. In the first, natural waters (e.g., river, lake) are
reacted with the disinfectant, either in a pilot plant, an actual treatment plant, or in a
controlled laboratory study. In the second type of procedure, aquatic humic material
is isolated and reacted with the disinfectant in purified water in a controlled
laboratory study. This latter type of study is relevant because humic material is
an important precursor of THMs and other DBPs. Aquatic humic material is present
in nearly all natural waters, and isolated humic material reacts with disinfectants to
produce most of the same DBPs found from natural waters. Because DBPs are
typically formed at low levels (ng/L-png/L), samples are usually concentrated to
allow for DBP detection. Concentration methods that are commonly used include
solid phase extraction (SPE), solid phase microextraction (SPME), liquid-liquid
extraction, and XAD resin extraction (for larger quantities of water) [9].

9.1 GC/MS

GC/MS was the primary tool for identifying the first DBPs, and it remains an
important tool for measuring and identifying new DBPs. Large mass spectral
libraries (NIST and Wiley databases, which contain >200,000 spectra) enable
rapid identifications. When DBPs are not present in these databases, high-resolution
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MS, chemical ionization-MS, and sometimes GC/infrared spectroscopy (IR) have
been used with GC/MS to obtain structural information. Examples of the use of GC/
MS for identifying new DBPs include the recent identification of iodo-acids. The
iodo-acids were discovered in drinking water treated with chloramination through
the use of full-scan GC/MS on the methylated extracts. Empirical formula informa-
tion for both the molecular ions and the fragment ions was obtained by high-
resolution electron ionization (EI)-MS, and the spectra were interpreted to yield
tentative identifications of five new iodo-acids (iodoacetic acid, bromoiodoacetic
acid, (E)-3-bromo-3-iodopropenoic acid, (£)-3-bromo-3-iodopropenoic acid, and (E)-
2-iodo-3-methylbutenedioic acid). Structural assignments were then confirmed by the
match of mass spectra and GC retention times to authentic chemical standards, several
of which had to be synthesized.

GC/MS(/MS) is also popular for quantifying DBPs. Selected ion monitoring
(SIM) or multiple reaction monitoring (MRM) mode are used with GC/MS and GC/
MS/MS, respectively, to maximize the sensitivity and provide low detection limits.
Some EPA Methods utilize GC/MS, including EPA Method 524.2, which uses GC/
EI-MS for THM analysis [155], and EPA Method 521, which uses for GC/CI-MS/
MS for nitrosamine analysis [55]. In addition, many priority unregulated DBPs
have been measured using GC/MS in a U.S. Nationwide Occurrence Study [11, 12].

9.2 GC/ECD

GClelectron capture detection (ECD) is also used to measure DBPs. In particular,
EPA Method 552.2 and 552.3 are commonly used to measure haloacetic acids in
drinking water [156, 157]. ECD is very sensitive toward halogenated compounds
and allows low-level detection for HAAs (0.012-0.17 pg/L detection limits for
EPA Method 552.3).

9.3 LC and UPLC/MS/MS

LC/MS/MS and ultraperformance liquid chromatography (UPLC)/MS/MS are
increasingly being used to identify and quantify highly polar DBPs and probe
high-molecular-weight DBPs [158]. For example, LC/MS/MS was used to discover
the first haloquinone DBP found in drinking water: 2,6-dichloro-1,4-benzoquinone
[74]. In addition, a new nitrosamine method was created using LC/MS/MS, and
with this method, two new nitrosamine DBPs were found in drinking water —
nitrosopiperidine and nitrosodiphenylamine [56]. LC/MS/MS was essential for
detecting nitrosodiphenylamine, as it is thermally unstable and cannot be measured
by GC/MS. Derivatizing agents, such as 2,4-dinitrophenylhydrazine (DNPH), have
also been used with LC/MS to enable the detection of highly polar DBPs; these are
discussed in the later section on derivatizing agents.
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The presence of high-molecular-weight DBPs had been indicated in research
using UF membranes and TOX analysis. This research revealed that >50% of the
total halogenated material in chlorinated drinking water may be >1,000 Da in
molecular size [81]. Subsequent LC/ESI-MS/MS studies have been used to probe
its chemical composition [159]. **Cl-labeled HOCI (aqueous chlorine) has also
been used to react with NOM to enhance the detection of chlorine-containing
DBPs in the high-molecular-weight fractions [84, 159]. Results revealed a highly
dispersed molecular weight distribution, and an average molecular mass of
2,000 Da.

Precursor ion scans of chlorine (m/z 35), bromine (m/z 79 and 81), and iodine
(m/z 127) have also been used to target chlorinated, brominated, and iodinated
DBPs, respectively [82, 83, 160]. For example, precursor scans of m/z 127 were
used with UPLC/ESI-MS/MS to provide a more comprehensive picture of polar
iodinated DBPs formed in drinking water [83]. This recently allowed the detection
of 17 iodo-DBPs, including a few that had not been previously reported.

9.4 IC/ICP-MS and IC/ESI-MS

A few DBPs, such as bromate, chlorate, iodate, and chlorite, are present as anions in
drinking water. As a result, they are not volatile and cannot be analyzed by GC/MS.
They are also difficult to separate by LC, but will separate nicely using ion
chromatography (IC). At neutral pH, HAAs are also anions and can be separated
using IC. A number of methods have been created for these DBPs using both IC/
inductively coupled plasma (ICP)-MS and IC/ESI-MS. Pretreatment to remove
interfering ions (e.g., sulfate and chloride), along with the use of a suppressor
column prior to introduction into the MS interface, is beneficial for trace-level
measurement.

Several EPA Methods have been created for measuring bromate, a carcinogenic
DBP that is currently regulated in U.S. drinking waters at 10 pg/L. Two of these use
mass spectrometry: EPA Method 321.8 and EPA Method 557. EPA Method 321.8
uses IC/ICP-MS and can achieve 0.3 pg/L detection limits [161], EPA Method 557
uses IC/ESI-MS/MS and can achieve 0.02 pg/L detection limits [162]. EPA Method
557 can also be used to measure the commonly occurring chloro-bromo-HAAs
(HAA9) and dichloropropanoic acid, with detection limits ranging from 0.015
to 0.20 pg/L. Roehl et al. published a good review covering the use of IC/ESI-
MS for analyzing HAAs and bromate [163], and Paull and Barron published a nice
review of IC applications (including IC/ESI-MS and IC/ICP-MS) for measuring
HAAs [164].

Shi and Adams recently created a rapid IC/ICP-MS method for simultaneously
measuring iodoacetic acids, bromoacetic acids, iodate, and bromate in drinking
water, groundwater, surface water, and swimming pool water [165]. Method detec-
tion limits were sub-pg/L for iodinated DBPs, and low-pg/L for brominated DBPs.
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However, mono-, di-, and tri-chlorinated species could not be detected because the
sensitivity of ICP-MS for chlorine is poor.

9.5 IC/Conductivity

Bromate has also been measured using IC with conductivity detection. For example,
EPA Method 302.0 uses two-dimensional IC with suppressed conductivity detection
to measure bromate at 0.12 pg/L detection limits [166]. Bromate, chlorite, and
chlorate can also be measured by an earlier EPA Method (Method 300.1), which
uses IC with conductivity detection [167]. Method detection limits ranging from
0.45 to 1.28 pg/L can be achieved.

9.6 MIMS

MIMS is a technique that uses a semipermeable membrane for directly introducing
analytes into the mass spectrometer. This allows analytes to be measured in real-
time with little or no sample preparation. MIMS has been previously used to
measure the stability of CNCI in chlorinated and chloraminated drinking water
[168], to quantify CNCI and CNBr in drinking water [169], to measure chloramines
and chlorobenzenes in water samples [170], and investigate the mechanism and
kinetics of chloroform formation in drinking water [171]. More recently, it has been
used to measure volatile DBPs in indoor swimming pools [138, 172].

9.7 FAIMS-MS

High-field asymmetric waveform ion mobility spectrometry (FAIMS)-MS offers an
additional degree of separation of analytes, based on the differences in the ratio of
ion mobility at high electric field vs. low field [173]. When used with ESI-MS,
FAIMS can significantly reduce chemical backgrounds and enhance the detection
of DBPs. Low ng/L detection limits can often be achieved without precon-
centration, extraction, or derivatization. ESI-FAIMS-MS has been used to measure
HAAs in drinking water and human urine [174, 175]; bromate, chlorate, and iodate
in drinking water [176]; and nitrosamines in drinking water [177, 178]; and in
wastewater-treatment plant effluents [179].
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9.8 Derivatization Techniques

For some classes of compounds, derivatizations are performed to enable their
detection (Table 3). For example, methylations enable the detection and measure-
ment of carboxylic acids (including haloacids) by GC/MS. Derivatization with
0-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA) is popular for the GC/
MS analysis of polar aldehydes and ketones that are difficult or impossible to
extract from water without derivatization. And, N-methyl-bis-trifluoroacetamide
(MBTFA) derivatization with GC/ion trap-MS/MS was recently shown to offer
improved detection limits for measuring MX (3-chloro-4-(dichloromethyl)-5-
hydroxy-2(5H)-furanone) in drinking water [180]. Silylating agents, such as bis
(trimethylsilyl)trifluoroacetamide (BSTFA) and N-methyltrimethylsilyltrifluoroa-
cetamide (MSTFA), are sometimes used to derivatize alcohols/phenols to enable
their detection by GC/MS. For example, BSTFA derivatization has been used
recently with GC/MS to identify several DBPs formed by the chlorination of
parabens (para-hydroxybenzoate esters), which are water contaminants used as
preservatives in a wide variety of personal care products (e.g., sunscreens, bath gels,
shampoos, and toothpaste) [117].

Several newer derivatization techniques have also been developed for enabling
the identification of new, highly polar DBPs with GC/MS or LC/MS(/MS). For
example, chloroformate derivatizing agents have been developed for extracting highly
polar DBPs with multiple hydroxyl, carboxyl, and amino substituents for analysis with
GC/negative chemical ionization-MS [181, 182]. DNPH [183], O-(carboxymethyl
hydroxylamine) (CMHA) [184], and 4-dimethylamino-6-(4-methoxy-1-naphthyl)-
1,3,5-triazine-2-hydrazine (DMNTH) [185] have been used with LC/MS(/MS) to
extract and identify highly polar carbonyl DBPs in drinking water.

Table 3 Derivatizing agents used to identify and measure DBPs

Derivatizing agent Target functional group MS mode
Diazomethane Carboxylic acids GC/MS
BF;/Methanol Carboxylic acids GC/MS
1-(Pentafluorophenyl) diazoethane Carboxylic acids GC/MS
Pentafluorobenzylhydroxylamine (PFBHA)  Carbonyls (aldehydes, ketones) GC/MS
Bis(trimethylsilyl)trifluoroacetamide Alcohols, phenols GC/MS
(BSTFA)
N-methyltrimethylsilyltrifluoroacetamide Alcohols, phenols GC/MS
(MSTFA)

5-Chloro-2,2,3,3,4,4,5,5-octafluoropentyl Alcohols, amines, carboxylic acids GC/NCI-MS
chloroformate (CIOFPCF)

2,4-Dinitrophenylhydrazine (DNPH) Carbonyls (aldehydes, ketones) LC/MS
4-Dimethylamino-6-(4-methoxy-1- Carbonyls (aldehydes, ketones) LC/MS
naphthyl)-1,3,5-triazine-2-hydrazine
(DMNTH)
O-(carboxymethyl hydroxylamine) Carbonyls (aldehydes, ketones) LC/MS

(CMHA)
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9.9 Near Real-Time Methods

Researchers continue to pursue the development of new instruments to enable real-
time measurements of DBPs in drinking water, which would be a tremendous
benefit to drinking water utilities and to epidemiologists, who could obtain more
accurate exposure information for their studies. A recent development includes a
new instrument that can selectively measure THMs and HAAs in near real-time
directly from drinking water distribution systems [186]. The instrument uses a
capillary membrane sampler-flow injection analyzer and is based on the fluores-
cence of the reaction of nicotinamide in basic solution with THMs and HAAs. The
analyzer alternates sampling between two sample loops connected to a capillary
membrane sampler, which discriminates between the volatile THMs and the non-
volatile HAAs. Low pg/L detection limits are possible for the four regulated THMs
and five regulated HA As (chloro-, dichloro-, trichloro-, bromo-, and dibromoacetic
acid), and results compare favorably to EPA Methods. This method provided
automated online sampling with hourly sample analysis rates.

9.10 Total Organic Chlorine, Bromine, and Iodine

A few years ago, Minear’s group at the University of Illinois pioneered the
development of a method to speciate TOX, such that total organic chlorine
(TOCI), total organic bromine (TOBr), and total organic iodine (TOI) could be
differentiated [187]. This method involves the sorption of analytes onto activated
carbon, followed by removal of inorganic analytes, combustion of the activated
carbon, bubbling the combustion gas into ultrapure water, and injection of this
water onto an ion chromatograph for measurement of chloride, bromide, and iodide.
The original TOX measurement served a useful purpose in providing an idea of the
total halogenated material formed in chlorinated and other disinfected waters, so
that it could be determined how much of the halogenated DBPs were being
accounted for through quantification of targeted DBPs. This measurement has
been widely used and has revealed that more than 50% of the halogenated DBPs
in drinking water are still not accounted for. The development of the TOCI/TOBt/
TOI method allowed an even finer distinction of these DBPs, and has become an
important measurement because of increased toxicity among the brominated and
iodinated DBPs. This method was recently used to measure the contribution of
chlorinated, brominated, and iodinated DBPs to the mixture of halogenated DBPs
formed in iodine point-of-use treatments [8]. This method was also recently used to
follow the formation of TOCI and TOBr over time in a kinetic study of DBPs from
chlorination [188].
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10 Conclusions

Through more than 30 years of research, many DBPs have been identified, and we
have a greater understanding of how they are formed, as well as ways to reduce or
eliminate many of them. However, despite much research, more than 50% of the
halogenated DBPs in chlorinated drinking water remains unaccounted for, and
much less is accounted for with ozone, chloramine, and chlorine dioxide treatment.
It is especially important to investigate DBPs formed by alternative disinfectants
because more water-treatment plants in the U.S. are changing from chlorine to
alternative disinfectants to meet requirements of the new regulations. Beyond the
three most popular alternative disinfectants (chloramines, ozone, and chlorine
dioxide), there is also a trend toward nonchemical disinfection, such as UV irradia-
tion and membrane technology. UV irradiation is sometimes presented as a DBP-
free disinfectant, but it has the potential to form hydroxyl radicals in water
(as ozone does), which can produce oxygen-containing DBPs and has been
shown to activate NOM to make it more reactive toward chlorine. The use of
membranes in desalination plants can cause shifts to brominated DBPs when the
disinfectant is added (due to the considerable amount of bromide that can traverse
the membrane). It will be important to continue to investigate these new treatments
to determine their relative safety compared to existing treatment technologies.

In addition, it is important to continue research on contaminant DBPs. With
increased drought and increased populations in many parts of the world, our rivers
contain increasingly higher concentrations of anthropogenic contaminants, which
can also form hazardous DBPs. It is important to study their formation and devise
wastewater and drinking water-treatment methods that will remove them.

Finally, it is paramount to determine which DBPs are responsible for human
health effects observed and eliminate or minimize them in drinking water. As
mentioned earlier, it is still not known which DBPs are responsible for the bladder
cancer observed in human epidemiologic studies or which DBPs are responsible for
the reproductive/developmental effects observed. Investigating new, emerging
DBPs that show a toxic response is an important element in solving this important
human health issue, as is investigating human health effects from routes of expo-
sure beyond ingestion. In this regard, it will be important to consider inhalation and
dermal exposure in future toxicity studies, so it can be determined which exposure
route(s) are responsible for the adverse human health effects and also which DBPs
are responsible.
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