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Occurrence, profiling and prioritization of halogenated
disinfection by-products in drinking water of China†

Huanhuan Ding,a Liping Meng,b Haifeng Zhang,a Jianwei Yu,a Wei An,a Jianying Hub

and Min Yang*a

The occurrence of 28 disinfection by-products (DBPs), which were divided into 5 groups, in 70 drinking

water treatment plants in 31 cities across China was investigated, and the toxic potency of each DBP

group was calculated using mammalian cell toxicity data from previous studies for profiling. Of the 28

DBPs, 21 were detected with an average frequency of detection of 50%. Trihalomethanes (THM4) and

haloacetic acids (HAAs) were the most predominant species, whose median concentration levels were at

10.53 and 10.95 mg L�1, respectively. Two of four iodinated trihalomethanes (I-THMs) were detected,

and the concentration of the I-THMs ranged from under the detection limit to 5.58 mg L�1. The total

concentration of haloacetonitriles (HANs) in different water samples ranged from under the limit of

detection to 39.20 mg L�1, with a median concentration of 1.11 mg L�1. Two of four halonitromethanes

(HNMs) were detected, and the maximum concentrations of chloronitromethane (CNM) and

trichloronitromethane (TCNM) were 0.96 and 0.28 mg L�1, respectively. HANs were found to be the most

potent DBP group in terms of cytotoxicity, and HANs and HAAs had the same level of genotoxic

potency. These results indicate that although at a low concentration level, the toxic potency of the

unregulated HANs in drinking water may not be neglected.
Environmental impact

Identication and control of disinfection by-products (DBPs) have long been major issues for securing drinking water safety. The occurrence patterns of 28
DBPs, including the regulated trihalomethanes (THMs), haloacetic acids (HAAs), and the emerging iodinated trihalomethanes (I-THMs), haloacetonitriles
(HANs) and halonitromethanes (HNMs), in the nished water of 70 water treatment plants across 31 cities in China were revealed for the rst time. Prioritization
of the DBP groups was performed using mammalian cell toxicity data from previous studies. HANs were found to be the most potent DBP group in terms of
cytotoxicity and genotoxicity.
1 Introduction

Identication and control of disinfection by-products (DBPs)
have long been major issues for securing drinking water
safety.1,2 With the rapid development of analytical tech-
nologies, more and more emerging halogenated DBPs with
potential toxicity, including iodinated-THMs (I-THMs), hal-
oacetaldehydes (HCAs), haloacetonitriles (HANs), hal-
oacetamides (HAcAms), and halonitromethanes (HNMs), have
been detected in drinking water.3–7 Up to now, more than one
thousand disinfection by-products (DBPs) have been reported
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in the literature, most of which are chlorinated DBPs.8,9 Of
these reported DBPs, only a small percentage have been
quantied in drinking waters, and even less have been regu-
lated.10,11 In comparison with the regulated DBPs like trihalo-
methanes (THMs) and haloacetic acids (HAAs), the emerging
DBPs including I-THMs, HNMs and HANs are in general,
present in drinking water at a much lower level.12–16 For
example, in a nationwide DBPs survey conducted in the United
States,17 I-THMs, HNMs and HANs were detected with a median
concentration of 0.40, 1.00, and 3.00 mg L�1, in comparison
with the most abundant halogenated DBPs including 4 THMs
and 9 HAAs (median concentrations, 31.00 and 34.00 mg L�1,
respectively). In a regional investigation of DBPs from ten water
treatment plants in China,18 the median THMs, HAAs and
HANs levels were 17.70, 8.60 and 1.80 mg L�1, respectively,
which were much lower than those of the United States and the
United Kingdom.17,19 Due to the lack of a nationwide survey,
however, information regarding the occurrence of DBPs in
China's drinking water is still very limited.
This journal is ª The Royal Society of Chemistry 2013
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On the other hand, the occurrence and concentration levels
of different types of DBPs in drinking water could be impacted
by multiple factors including the size and fractionation of dis-
solved organic matter,20 amino acids,21 bromide ions,22 iodine
ions,23 and the type of disinfectants24 etc. The most promising
approaches for the control of DBPs include reducing DBP
precursors and adopting alternative disinfectants (chloramine,
chlorine dioxide, ultraviolet, etc.) instead of chlorine.24–26 While
alternative disinfection has been demonstrated to be very
effective in reducing the formation of the regulated DBPs
including the 4 THMs and 5 HAAs, it may lead to an enhance-
ment in the formation of emerging DBPs,2,17,24 which have
exhibited a higher cytotoxic and/or genotoxic potential in
mammalian cell tests.27–29 So it is clear that prioritizing the most
potent DBP groups is vital for establishing a reasonable strategy
to control the adverse health effects of DBPs.

In this study, a total of 70 nished water samples from 31 cities
acrossmajorwatersheds ofChinawere collected for aDBPs survey,
and the concentration levels of four I-THMs (dichloroiodo-
methane, bromochloroiodomethane, dibromoiodomethane and
iodoform), seven HANs (chloroacetonitrile, dichloroacetonitrile,
trichloroacetonitrile, bromoacetonitrile, dibromoacetonitrile,
bromochloroacetonitrile, and iodoacetonitrile), and four HNMs
(chloronitromethane, trichloronitromethane, bromochloronitro-
methane, and tribromonitromethane) were compared with the
conventional THM4 (chloroform, bromodichloromethane, dibro-
mochloromethane and bromoform) and nine HAAs (chloroacetic
acid, dichloroacetic acid, trichloroacetic acid, bromoacetic acid,
dibromoacetic acid, tribromoacetic acid, bromochloroacetic acid,
bromodichloroacetic acid, and chlorodibromoacetic acid). In
addition, the mammalian cell toxicity index values based on cyto-
toxicity and genotoxicity tests of eachDBPgroupwere calculated to
prioritize the DBP groups with high potency in these regions.27,30–32

The occurrence patterns and toxicity index of each DBP obtained
from this study will provide useful information for better under-
standing the potential adverse health effects of DBPs and for
making national level regulations.
Fig. 1 Map of sampling locations of drinking water in China.
2 Materials and methods
2.1 Chemicals and reagents

The structures and acronyms of target analytes are shown in
Fig. S1 and Table S1 in the ESI.† Chloronitromethane (90%
pure), bromochloronitromethane (90% pure) and tribromoni-
tromethane (95% pure) were purchased from AccuStandard, Inc
(New Haven, CT, USA). The 9 HAAs (99% pure) were all
purchased from Dima Technology TNC (USA). Haloacetonitriles
except for iodoacetonitrile, regulated THM4 and tri-
chloronitromethane were purchased from Sigma Aldrich
Chemical Co. (St. Louis, Mo, USA). Iodinated THMs (I-THMs)
including dichloroiodomethane, bromochloroiodomethane,
dibromoiodomethane, iodoform, and iodoacetonitrile were
purchased from CanSyn Chem. Corp. (Toronto, ON, Canada),
Their purity was all >95%. Bromouorobenzene (98% pure),
decauorobiphenyl (99% pure) and 1,2-dibromopropane (97%
pure) were purchased from Sigma Aldrich Chemical Co. (St.
This journal is ª The Royal Society of Chemistry 2013
Louis, Mo, USA), and used as internal standards in the process
of detection.

Methanol, methyl tert-butyl ether (MtBE), acetonitrile and
acetone obtained from Fisher Chemicals (New Jersey, USA) were
all of HPLC grade. HPLC grade acetic acid was purchased from
Dima Technology TNC (USA). L-Ascorbic acid, sodium sulfate,
and copper sulfate from Alfa Aesar (USA) were of analytical
reagent grade. Distilled water was prepared by a Milli-Q
Synthesis water purication system (Millipore, Bedford, MA,
USA). A syringe driven lter was purchased from Anpel (China).

2.2 Sample collection

Effluent samples were collected from 70 full-scale drinking
water treatment plants (DWTPs) of 31 cities in China between
2010 and 2011, as shown in Fig. 1. To the samples for HAAs
analysis, 20 mg L�1

L-ascorbic acid was immediately added to
remove residual oxidants according to Meng et al.4 To the
remaining DBPs, 31 mg L�1

L-ascorbic acid and sufficient
sulfuric acid (to lower the pH to 3.5) were added according to
Weinberg et al.16 The samples were collected in amber glass
bottles and delivered under cooling conditions (4 �C in cooling
boxes) within 48 h to the lab. Once they arrived in the lab, the
samples were stored in the dark at 4 �C until they were used.
Information regarding the source water characteristics and
disinfectants is shown in Table S3 in the ESI.†

2.3 Sample preparation

HAAs were analyzed using an ultra performance liquid chro-
matography-electrospray tandem mass spectrometry (UPLC-
ESI-MS/MS) method described by Meng et al.4 Prior to analysis
by UPLC-MS/MS, water samples were ltered through 0.22 mm
syringe driven lters. The other halogenated DBPs, including
THM4, I-THMs, HANs, and HNMs were analyzed using a liquid–
liquid extraction (LLE)-gas chromatography/electron capture
detection (GC/ECD) method described by Weinberg et al.16

Briey, the samples and standards were extracted according to
USEPA Method 551.1 with some modications. 30 mL water
Environ. Sci.: Processes Impacts, 2013, 15, 1424–1429 | 1425
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Fig. 2 Concentrations of DBPs in drinking water in China.
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samples were transferred into 40 mL glass vials. Then 3 mL of
MtBE was added followed by ten grams of anhydrous sodium
sulfate (for salting out effect) and one gram of copper sulfate
(for visual phase separation). The samples were capped and
shaken briey by hand before being shaken in a vortex mixer for
20 min. Then the vials were allowed to stand until there was a
sharp demarcation line between the two layers, and approxi-
mately two milliliter of extract was transferred evenly into two
autosampler vials using a disposable Pasteur pipette. One vial
was stored in a freezer as a backup extract, and the other vial
was used for analysis.

2.4 Instrumental analysis

Separation of HAAs was performed using an ACQUITY UPLC�
system (Waters, Milford, MA, USA), as described by Meng et al.4

A Waters ACQUITY UPLC BEH C8 column (1.7 mm; 2.1 �
100 mm) was used to separate the nine HAAs. The column was
maintained at 40 �C and a ow rate of 0.3 mL min�1, and the
injection volume was 15 mL. Acetonitrile (A) and ultrapure water
containing 0.1 (v/v) acetic acid (B) were used as mobile phases.
Mass spectrometry was performed using a Waters Micromass
Quattro Premier XE (triple-quadrupole) detector equipped with
an electrospray ionization source (Micromass, Manchester, UK)
in negative ion mode. The operating conditions for the selected
reaction monitoring (SRM) mode consisted of a source
temperature of 110 �C, desolvation temperature of 350 �C,
3.00 kV capillary voltage, 650 Vmultiplier, 800 L h�1 desolvation
gas ow, and 50 L h�1 cone gas ow.

Separation of the other target analytes was performed using
an Agilent6890 gas chromatography (Agilent, Palo Alto, CA) with
a DB-1 column (Agilent 30m� 0.25 mm� 1 mm), and interfaced
with an electron capture detector (ECD). The GC temperature
program was as follows: hold at 35 �C for 23 min, then increase
to 139 �C at a rate of 4 �Cmin�1; and then increase to 301 �C at a
rate of 27 �Cmin�1 and hold at 301 �C for 5min. A 2 mL injection
volume was used in splitless mode. The carrier gas was ultra-
high purity (UHP) nitrogen. The injector temperature was set at
90 �C, while the detector was set at 300 �C.

2.5 Quality assurance and quality control

Identication of DBPs in drinking water was accomplished by
comparing the retention time (within 2%)with the corresponding
standards, and each sample was analyzed three times (n ¼ 3).
Seven point calibration curves were constructed for the standard
solutions inaconcentration rangebetween0.01and120mgL�1 for
quantication, depending on the individual compound. Bromo-
uorobenzene, 1,2-dibromopropane, and decauorobiphenyl
were used as the internal standards for GC-ECD analysis.

Equipment rinsing was performed with methanol to avoid
sample contamination, and laboratory blanks were analyzed to
conrm that no sample contamination occurred. For each DBP,
recovery was evaluated by spiking standard solutions to a
drinking water sample at three concentration levels in repli-
cates of three. The limits of detection (LODs) and limits of
quantization (LOQs) were dened as signal-to-noise (S/N) ratios
at 3 and 10, respectively.
1426 | Environ. Sci.: Processes Impacts, 2013, 15, 1424–1429
2.6 Toxicity calculation and data analyses

The unit cytotoxicity and genotoxicity index values were dened
as the reciprocal of the median CHO cell cytotoxicity %C1/2

value for each DBP group or the reciprocal value of the median
CHO SCGE genotoxic potency values for each DBP chemical
group.27 With data derived from previous studies,27,30–32 we
calculated the unit cytotoxicity and genotoxicity index values for
each DBP group (details shown in ESI Tables S5–S8†).

3 Results and discussion
3.1 Occurrences of different groups of DBPs

The concentrations of each group of DBPs in drinking water are
shown in Fig. 2 and Table S4.† As has been observed previ-
ously,17,33 THMs and HAAs are the two major groups of the
halogenated DBPs with a relatively high frequency of detection.
Of the eight THMs, CHCl3 (frequency of detection, freq. 100%),
CHBrCl2 (freq. 100%), CHBr2Cl (freq. 94%), and CHBr3 (freq.
54%) were found in most samples, while CHCl2I (freq. 31%) and
CHClBrI (freq. 4%) were less frequently detected, and CHBr2I
and CHI3 were not found in any samples. The concentrations of
four I-THMs ranged from below the detection limit to 5.58 mg
L�1, signicantly lower than those of THM4 (0.79–107.03 mg
L�1) (Table S4†). The ratio of the I-THMs (0.50 mg L�1) to THM4
(23.86 mg L�1) was 2.1% on the 75th percentile value basis, with
the maximum value being 5.2%. The median level of THM4
(10.53 mg L�1) in this study was signicantly lower than those
acquired during the US (31.00 mg L�1) and the UK surveys
(14.90–44.70 mg L�1 in three regions).17,19 The median and
maximum concentrations of the four I-THMs in this study were
below the detection limit and 5.58 mg L�1, respectively, whereas
in the US survey the sum of six species was 0.40 and 19.00 mg
L�1, respectively. Dichloroiodomethane was the most abundant
I-THMs detected in this study, which is in agreement with the
US survey results.

Among the 9 HAAs analyzed, DCAA (freq. 91%) and TCAA
(freq. 83%) were found in most of the samples, BCAA (freq.
34%), DBAA (freq. 23%), DCBAA (freq. 9%), and DBCAA (freq.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Concentrations of DBPs in drinking water using the Yangtze river as the
source water.
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3%) were less frequently detected, while CAA, BAA, and TBAA
were not detected. The total concentrations of the 6 detected
HAAs in different water samples ranged from 0.45 to 59.64 mg
L�1 with a median value of 10.95 mg L�1 (Table S4†), which was
lower compared with the previous study in the US.17 Similar to
other environmental survey results,19 DCAA and TCAA were
found to be the two most abundant species with a median
concentration of 3.93 and 3.97 mg L�1, respectively. In spite of
the low median concentration, however, the maximum
concentration of DCAA (52.85 mg L�1) was higher than the
guideline value (50 mg L�1) of the WHO.10

Among the seven HANs, CAN (freq. 57%), DCAN (freq. 86%),
TCAN (freq. 77%), and BAN (freq. 56%) were frequently detec-
ted, while BCAN (freq. 40%), DBAN (freq. 8%), and IAN (freq.
7%) were detected at a relatively low frequencies. As shown in
Fig. 2 and Table S4,† the total concentrations of the 7 HANs in
different water samples ranged from below the detection limit
to 39.20 mg L�1, with the median value of total concentration
being 1.11 mg L�1, which was lower than those reported for the
United States (3.00 mg L�1), Korea (2.34 mg L�1), and a previous
survey in China (1.80 mg L�1).12,17,18

Of the four HNMs, only CNM (80%) and TCNM (7%) were
detected. The median and maximum values of the total HNMs
were 0.05 mg L�1 and 0.96 mg L�1, respectively. The concentra-
tions of HNMs detected in this study were lower than those in
the US (nd–10 mg L�1), but in accordance with those in Australia
(nd–0.97 mg L�1).6,17 Although the LODs of HANs and HNMs
were comparable with EPA 551.1 and the previous study,17 it is
desirable to improve the sensitivity of the analytical method in
order to detect the concentration levels of HANs and HNMs.

In order to explore the possible effects of disinfection strat-
egies on the production of DBPs, the DBP concentrations from
15 DWTPs with their source water taken from the Yangtze River,
the longest river in China with a total length of 6398 km and
annual runoff of 960 billion cubic meters, were compared, as
shown in Fig. 3. In comparison with the median concentrations
of THM4 and HAAs (18.10 and 9.92 mg L�1) in samples using
chlorine as the disinfectant, those in the samples using chlo-
ramines (disinfected with chlorine but with an NH3-N concen-
tration level of 0.5 mg L�1 or higher) were signicantly lower
(6.47 and 2.15 mg L�1). It is well known that switching the
disinfectant from chlorine to chloramines could minimize the
formation of THM4 and HAAs.34,35 However, as shown in Table
S3,† the THM4 concentrations in some DWTPs with chloramine
disinfection (such as #7) were quite high in comparison with
other DWTPs with chlorine disinfection (such as #17). Except
for the disinfectants, the concentration and characteristics of
natural organic matter could also impact THM4 formation. As
for HANs, the median concentrations in samples using chlorine
and chloramine were 0.54 and 0.20 mg L�1, respectively. The
ndings are in agreement with a previous study which found
that the median concentration of HANs changed from 1.70 mg
L�1 for chlorinated water to 1.30 mg L�1 when using chlora-
mines.15 The impacts of chloramine disinfection on the
formation of HANs, however, needs further study. I-THMs were
detected in 3 of the 15 samples. Previous research has shown
that the concentrations of iodoform increased rapidly as the
This journal is ª The Royal Society of Chemistry 2013
initial iodide concentration increased from 30 mM to 100 mM.23

In this study, iodide was not detected in source water (the
method detection limit was 5 mg L�1). So the low detection
frequency of I-THMs should be related to the low levels of iodide
in the source water. The median HNMs concentrations for
chloramine and chlorine were 0.04 and 0.05 mg L�1, respec-
tively, showing that using chloramine and chlorine may not
affect the production of HNMs, which was in accordance with
previous investigation.15,36
3.2 Prioritization of DBPs based on mammalian cell
cytotoxicity and genotoxicity

Although THM4 and HAAs were found to be the most abundant
DBPs in almost all of the drinking water samples, the health
effects of the emerging DBPs may not be neglected because of
their higher toxicities. Since it is difficult to acquire the animal
test based toxicity data, this study tried to evaluate the potential
health effects of each DBP groups using the mammalian cell
cytotoxicity and genotoxicity data. The unit toxicity index values
of each DBP group were calculated according to the results of
previous studies,27,30–32 and are shown in Fig. 4. HANs were
approximately 923�, 116�, 92� and 34� more cytotoxic than
THM4, HAAs, I-THMs and HNMs, respectively. As for the gen-
otoxicity, HNMs were 21� and 3� more genotoxic than HAAs
and HANs, respectively. However, according to the CHO cell
SCGE assay result,32 halomethanes including THM4 and I-
THMs do not exhibit genotoxicity, and were thus excluded from
the comparison.

In this study, the toxicity index values, which are dened as
the product of the unit toxicity index value and the concentra-
tion of each DBP group, were created to evaluate the potential
health effects of the different DBP groups. Fig. 5 and 6 show the
cytotoxicity and genotoxicity index values of the target DBPs in
70 drinking water samples, respectively. The median cyto-
toxicity index values for HANs in drinking water samples were
the highest among all of the DBP groups analyzed, and were
approximately one and two orders of magnitude higher than
Environ. Sci.: Processes Impacts, 2013, 15, 1424–1429 | 1427
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Fig. 4 Unit CHO cell cytotoxicity and genotoxicity for each DBP group.

Fig. 6 Genotoxicity index values for each DBP group (log scale).
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those of the HAAs and the THM4, respectively. In spite of their
relatively high unit cytotoxicities, I-THMs and HNMs were
found to have the lowest toxicity index values because of the low
detection frequencies (30% for I-THMs) and median concen-
tration levels (under detection limit and 0.05 mg L�1 for I-THMs
and HNMs, respectively). On the other hand, the median gen-
otoxicity index values for HAAs and HANs were at the same
order of magnitude, and were higher than that of HNMs.

As demonstrated above, the potential health effects of HANs
may not be neglected since they exhibited the highest cytotox-
icity index values among all of the 5 groups of DBPs and the
highest genotoxicity values among the 3 groups of DBPs evalu-
ated in this study, although their concentration levels in
drinking water samples were very low in comparison with the
regulated DBPs including THM4 and HAAs. Previous studies
found that HANs were formed at plants that used chlorine,
chloramines, chlorine dioxide, or ozone disinfection.33,37,38 At
the same time, nitrogenous precursors from algae or aquatic
humic substances have been related to HANs.39 As the most
Fig. 5 Cytotoxicity index values for each DBP group (log scale).

1428 | Environ. Sci.: Processes Impacts, 2013, 15, 1424–1429
predominant species of HANs, DCAN could increase relative
liver weights,40 and clear carcinogenic activity evidence was
found for DBAN in male and female mice.41 Drinking water
guideline values of 20 mg L�1 and 70 mg L�1 were determined for
DCAN and DBAN, respectively, by the WHO.10 However, studies
regarding the formation and potential health effects of HANs in
drinking water are still quite insufficient, and none of these
HANs have been regulated in China or other countries. Further
studies are required in order to provide sufficient proof for
making regulations.
4 Conclusions

This study investigated the occurrence of 28 halogenated DBPs
in 70 water treatment plants from 31 cities across China, and
calculated the toxic index values of each DBP class in drinking
water plants. The main ndings of this work include:

1. THM4 and HAAs were the two major groups of the haloge-
nated DBPs in drinking water samples of China with median
concentrations of 10.53 and 10.95 mg L�1, respectively, which
were lower than those reported for the US and UK. The median
concentrations of I-THMs, HANs and HNMs in drinking water
were under the detection limit, 1.11 and 0.05 mg L�1, respectively.

2. The cytotoxicity index values for HANs in drinking water
samples were highest among the 5 DBP groups analyzed, fol-
lowed by HAAs and THM4 with much lower values. The geno-
toxicity index values for HAAs and HANs were at the same level
among the 3 groups, and were higher than that of HNMs. This
study suggested that in spite of the much lower concentration
levels in drinking water, the adverse health effects of HANs
should not be neglected, and further studies are required to
evaluate the necessity of making regulations.
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