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 HAAs, HKs and HANs decreased
while THMs was stable in distribution system.
 The toxicity of DBPs reduced from the
treatment plants to consumers' taps.
 Br-DBPs became dominant species
when the concentration of Br
exceeded 650 mg/L.
 Particulate Mn could promote the
production of DBPs in distribution
system.
 DBPs could increase due to pipe deposits release under hydraulic
disturbance.
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The occurrence and transformation behaviors of disinfection byproducts (DBPs) were investigated in the
ﬁnished water and tap water of 14 water treatment plants in rural areas of eastern China. Mammalian
cell toxicity data from previous studies were used to evaluate the cytotoxicity of trihalomethanes
(THMs), haloacetic acids (HAAs), haloacetonitriles (HANs), trichloronitromethane (TCNM) and the genotoxicity of HAAs, HANs and TCNM. Correlation analysis was conducted to identify the factors that might
inﬂuence the variability of DBPs. The measured median values were 29.76 mg/L for THMs, 20.47 mg/L for
HAAs, 3.98 mg/L for HANs, 0.76 mg/L for haloketones (HKs) and 0.03 mg/L for TCNM. The spatial variability
analysis showed that the total concentrations of HAAs and HANs decreased during long hydraulic residence time (HRT) in seven drinking water distribution systems, which could result in reduced
mammalian cell cytotoxicity and genotoxicity at consumers’ taps. The concentrations of trihalogenatedDBPs were more stable than those of dihalogenated-DBPs and monohalogenated-DBPs during long HRT.
Bromine acted as a more efﬁcient substituting agent than chlorine for THMs and dihaloacetonitriles
(DHANs) in actual drinking water. The dominant chlorinated-THMs and chlorinated-DHANs would
transfer to brominated -THMs and brominated-DHANs when the concentration of bromide ion exceeds
450.67 and 610.25 mg/L, respectively. Correlation analysis indicated that particulate and soluble
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manganese (Mn) might play critical roles in promoting the production of DBPs in bulk water. Hydraulic
disturbance could also result in secondary release of DBPs from loose deposits accumulated on distribution pipe walls.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
Disinfection is an essential part of the drinking water treatment
process since it can prevent the occurrence of microbial infection
and disease and thus improve drinking water quality and protect
public health (Anderson, 1991; Baldursson and Karanis, 2011).
However, numerous inorganic and organic materials (i.e., bromide,
iodide, humus, amino acids, and environmental pollutants) in raw
water can react with disinfectants to form harmful disinfection
byproducts (DBPs) (Chu et al., 2017; Ding et al., 2018; Hua et al.,
2006; Jia et al., 2016). Human can be exposed to DBPs through in€ngler et al., 2017). Four triternal and external pathways (Ga
halomethanes (THMs) and ﬁve haloacetic acids (HAAs), as two
prevalent groups of DBPs, are regulated in drinking water with
maximum contaminant levels (MCL) of 80 mg/L and 60 mg/L,
respectively, by the United States Environmental Protection Agency
(USEPA) (USEPA, 2006). As one of carbonic disinfection byproducts
(C-DBPs), haloketones (HKs) also have some certain concentrations
in drinking water. Meanwhile, nitrogenous disinfection byproducts
(N-DBPs), including haloacetonitriles (HANs) and halonitromethanes (HNMs) have received much attention in recent years
because they are more cell cytotoxicity and genotoxicity than
traditional C-DBPs despite having lower concentrations than THMs
and HAAs in drinking water (Muellner et al., 2007; Plewa et al.,
2004a).
Additionally, there are many physical, chemical and biological
factors adversely impacting quality of drinking water during distribution process (Makris et al., 2014). The occurrence and transformation behaviors of DBPs are affected by many factors in
different drinking water distribution systems (DWDSs), such as the
type of water sources, treatment processes, pipe materials, hydraulic conditions, loose deposits on pipe walls, etc. (Abokifa et al.,
2016; Fan et al., 2014; Idornigie et al., 2010; Wang et al., 2013; Zhao
et al., 2016).
Water quality is an important part of urban-rural integration, to
improve the quality of drinking water in rural areas, the centralized
water supply pattern has been adopted gradually in China. For rural
water supply systems, the pipe transportation distance is usually
much longer, and the amount of water consumption per capita is
lower than that of urban water supply systems. In addition, it is
difﬁcult to maintain sufﬁcient residual disinfectant in consumers'
tap water, especially at the end of the pipe network. Therefore, the
hydraulic residence time (HRT) in the distribution process could be
much longer for a rural water supply, which could bring more
uncertainties to the quality of the drinking water at consumers’
taps. It is necessary to investigate the occurrence and transformation behaviors of DBPs in rural tap water with centralized
water supply pattern.
In this study, an in-depth investigation was conducted to proﬁle
the occurrence of different kinds of DBPs in DWDSs in rural areas of
eastern China. Mammalian cell toxicity data from previous studies
were used to evaluate the cytotoxicity of THMs, HAAs, HANs, trichloronitromethane (TCNM) and the genotoxicity of HAAs, HANs
and TCNM (Muellner et al., 2007; Plewa et al., 2010; Plewa et al.
2004a; Plewa et al. 2004b). In addition, the risks of bromide ion
(Br), soluble and particulate metal fraction, and hydraulic

disturbance on transformation behaviors of different DBPs were
also discussed in DWDSs.
2. Materials and methods
2.1. Materials
All chemicals used were of analytical grade or higher. A series of
sixteen DBPs, including eleven C-DBPs (four THMs, ﬁve HAAs and
two HKs) and ﬁve N-DBPs (four HANs and TCNM) were investigated
in this study. The standards of DBPs and anion Standard-Bromide
were all obtained from AccuStandard, Inc. (New Haven, CT, USA).
Anhydrous sodium sulfate (Na2SO4) and ascorbic acid were obtained from Sinopharm Chemical Reagent Company (Shanghai,
China). Methyl tert-butyl ether (MTBE) was purchased from J&K
(China).
2.2. Sample collection and general water quality parameter
analysis
During this study, 154 ﬁnished and tap water samples, 13
ﬂushing water samples and ﬂushing solid samples were collected
from 14 water treatment plants (WTPs) (ﬁnished water) and their
corresponding distribution systems (tap water and ﬂushing water)
of 7 rural areas located in Jiangsu Province, Zhejiang Province and
Shanghai City in eastern China (fourteen WTPs were named as:
WTP ST, WTP JS, WTP CZH, WTP EC, WTP YC, WTP ZW, WTP YZ,
WTP CX, WTP CQ, WTP SYY, WTP GJG, WTP XZ, WTP JB and WTP
DXL). Among these WTPs, WTP EC, WTP YZ, WTP CX, WTP CQ, WTP
SYY, WTP GJG, WTP XZ, WTP JB and WTP DXL used NaClO as
disinfectant, other WTPs used ClO2.
The sampling location distributions are shown in Fig. S1. The
rural areas of this investigation have some characteristics: (1) small
and scattered population; (2) pipe transportation distance is long,
and the amount of water consumption per capita is relatively low;
(3) before using treated water from centralized water treatment
plants, local groundwater water was the main source of water for
rural residents. For terminology clariﬁcation, in this work, “ﬁnished
water” means the water treated by drinking water treatment process before entering distribution system; “normal tap water”
means the water that reaches the users after the distribution;
“ﬂushing water” samples were disturbed water, collected from
draining outlets during pipe ﬂushing. The following protocols were
followed in collecting the water samples: (1) source water, tap
water and ﬁnished water samples were collected in the same day
with the same WTP; (2) tap water was allowed to ﬂow for
approximately 5 min to obtain water from the main distribution
network rather than stagnant water from the indoor pipes; and (3)
ﬂushing water samples were obtained from draining outlets after
pipes were ﬂushed for thirty minutes, and the turbidity of water
sample increased obviously. The draining outlets are set to ﬂush the
deposits on the pipe walls to prevent the secondary release of
harmful components in the deposits into the bulk water, which can
protect the quality of tap water. The discharge of water from the
draining outlets was particularly large, so that the cleaning effect
was realized by increasing the ﬂow rate, which can cause hydraulic
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disturbance. A 5 L of ﬂushing water was collected and then ﬁltered
through a 0.2-mm membrane to get enough solid sample for
elemental analysis by X-ray ﬂuorescence (XRF). Sampling and
testing were conducted from March to September in 2018.
2.3. Analytical methods
The detection of residual disinfectant, temperature and pH were
conducted at the sampling locations, and an appropriate amount
ascorbic acid was added to the water samples for the DBPs measurement preservation (Ding et al., 2013). Pre-sterilized tubes were
used to collect water samples for bacterial count. Then, the water
samples were transported back to the laboratory and put in a
refrigerator for further analysis; dissolved organic carbon (DOC),
Br, bacterial count, and DBPs were measured in laboratory.
The residual disinfectant (when NaClO or ClO2 were used as
disinfectants) concentration was analyzed using N, N-diethyl-pphenylenediamine (DPD) method (APHA et al., 1998) onsite
immediately after sampling. The water temperature was measured
by a water thermometer, and pH was analyzed by a pH meter.
Before the detection of Br and DOC, the water samples were
ﬁltered through 0.45-mm membrane ﬁlters. Br was quantiﬁed by
an ion chromatograph (Aquion, USA) equipped with an Ionpac AS19
column (250 mm 4.0 mm, 5.0 mm). TOC-VCPH analyzer (Shimadzu,
Japan) was used to analyze the value of DOC. The plate counting
method was used to obtain the bacterial count. During this study,
the temperature ranged from 15  C to 21  C, the pH of the water
samples ranged from 7.11 to 8.07, and DOC ranged from 1.10 to
6.78 mg/L.
Before the measurement of DBPs, the water samples were
ﬁltered through 0.45-mm membrane ﬁlters. C-DBPs and N-DBPs
analysis were performed on a gas chromatograph with an electron
capture detector (GC/ECD) (Agilent 7890); the column used was an
HP-5 fused silica capillary column (30 m  0.25 mm I.D. with
0.25 mm ﬁlm thickness) based on USEPA Standard Methods 551.1
and 552.3. For the HAAs analysis, the samples were pretreated with
an extraction/derivatization procedure by MTBE and acid methanol
(Fang et al., 2010). In this study, THMs include trichloromethane
(TCM), bromodichloromethane (BDCM), dibromochloromethane
(DBCM) and tribromomethane (TBM), HAAs include monochloroacetic acid (MCAA), monobromoacetic acid (MBAA), dichloroacetic
acid (DCAA), dibromoacetic acid (DBAA) and trichloroacetic acid
(TCAA), HKs include 1,1-dichloropropanone (DCP) and 1,1,1-trichloropropanone (TCP), and HANs include dichloroacetonitrile
(DCAN), trichloroacetonitrile (TCAN), bromochloroacetonitrile
(BCAN) and dibromoacetonitrile (DBAN). TCNM was chosen as the
representative of HNMs since the rest of the HNMs could hardly be
detected in tap waters in these areas.
Inductively coupled plasma mass spectrometry (ICP-MS,
Thermo Scientiﬁc XSeries 2) was used for the measurements of
manganese, aluminum, iron, copper, and zinc (Mn, Al, Fe, Cu, and
Zn) in the water samples. The metal content in the water was
analyzed in both total and soluble fractions. The total concentration
was determined by ICP-MS after the water samples were digested
with nitric acid. An additional 0.22-mm ﬁltration procedure was
adopted for determining the soluble metal fraction (Cerrato et al.,
2006). The particulate fraction was the difference between the total and soluble factions. Elemental analysis of ﬂushing solids sample was conducted by XRF (X-ray ﬂuorescence, Thermo ARL
Perform’ X 4200).
2.4. Toxicity calculation
The unit cytotoxicity index values were deﬁned as the reciprocal
of LC50 values for THMs, HAAs, HANs and TCNM, the unit
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genotoxicity index values were deﬁned as the reciprocal values of
the midpoint of Tail moment for HAAs, HANs and TCNM (Muellner
et al., 2007). The data presented were calculated based on method
reported in literature on the toxic potential of both regulated and
emerging DBPs (Wagner and Plewa, 2017), and the data are shown
in Table S1. The calculated unit cytotoxicity and genotoxicity index
values are listed in Table S2. To characterize the DBPs toxicity, the
DBPs cytotoxicity and genotoxicity indexes of evaluated DBPs were
deﬁned as the product of unit toxicity indexes and DBPs concentrations (Ding et al., 2013).
2.5. Statistical analysis
The relationships of ﬁve DBP species, Br and BSF, different
metal fractions and DBPs were analyzed by Pearson correlation
coefﬁcient, and spatial variability of DBPs between ﬁnished water
and tap water was analyzed by Paired-samples T test. The value of r
represents the Pearson correlation coefﬁcient, and the purpose of
the Paired-samples T test is to test whether there is a difference
between two related samples. The two-tailed test was used to
calculate the statistical signiﬁcance of the correlation coefﬁcient.
The value of p below 0.05 or 0.01 indicates a signiﬁcant correlation.
IBM SPSS 22 was used for the statistical analysis.
3. Results and discussion
3.1. DBPs occurrence proﬁle
3.1.1. Concentrations of DBPs in tap water and ﬁnished water
During this investigation, 154 normal water samples (including
tap water and ﬁnished water samples) were collected from DWDSs
of 14 WTPs in eastern China. The distance between sampling sites
was about 2e3 km, and the booster stations were about 11e26 km
away from respective WTP, and some DWDSs had more than one
booster stations. Fig. 1 shows the concentrations of THMs, HAAs,
HANs, HKs, and TCNM. Among them, the concentration of THMs
was the highest ranked by median values of different DBP species,
ranging from 3.26 mg/L to 69.28 mg/L with median value 29.76 mg/L.
During the study, TCM was the predominant THMs compound with
an average of 11.26 mg/L, representing 8.44%e71.63% of the total
THMs. The total THMs of all water samples were below 80 mg/L,
which is the current MCL regulated in the USA. The sum of the ratio
of each THMs concentration to its respective MCL ranged from 0.04
to 0.92, and all were below 1.0 according to the Standards for
Drinking Water Quality of China (GB5749-2006):

CCHCl3 CCHCl2 Br CCHClBr2 CCHBr3
þ
þ
þ
 1:0
60
60
100
100

(1)

In this study, ﬁve types of HAAs regulated by the USEPA were
detected. The concentration of HAAs ranged from 3.48 mg/L to
82.18 mg/L, and the median value was 20.47 mg/L 5.19% of the samples exceeding the MCL (60 mg/L) regulated in the USA. The results
also illustrated that the average concentrations of DCAA, TCAA and
DBAA were higher than those of the other two HAAs in the tap
water
samples.
Dihalogenated-HAAs
(di-HAAs)
and
trihalogenated-HAAs (tri-HAAs) had a larger proportion than
monohalogenated-HAAs (mono-HAAs) in actual drinking water,
and the aggregate concentration of polyhalogenated-HAAs ranged
from 3.48 mg/L to 77.36 mg/L, accounted for 53.91%e100% of all
HAAs.
The third highest concentration of DBPs was for the aggregate
concentration of HANs ranging from 0.83 mg/L to 26.85 mg/L with a
median value of 3.98 mg/L. The concentrations of DCAN and BCAN
ranged from 0.16 mg/L to 6.05 mg/L and from 0.19 mg/L to 4.21 mg/L,

104

Y. Yu et al. / Chemosphere 228 (2019) 101e109

Fig. 1. Relative frequency of concentrations for different DBPs (a) THMs, (b) HANs, (c) HAAs, (d) TCNM, (e) HKs in water samples. The inserted plot in (a) is the sum of the ratio of
each THMs concentration to its respective MCL.

which were the two highest concentrations of HANs, ranged from
41.10% to 85.98% of the total HANs.
The fourth highest concentration of DBPs was HKs, which
ranged from 0.33 mg/L to 14.28 mg/L with a median value of 0.76 mg/
L. DCP represented 71.95% of HKs on average. TCNM concentration
was low; it was detected in only 72.73% of the water samples. It had
a maximum concentration of 0.24 mg/L with an average value of
0.05 mg/L.
In 9 WTPs where NaClO used as disinfectant, there were two
kinds of water sources, they were reservoir water and river water.
Fig. S2 shows the values of DOC in river waters (for WTP EC, WTP
YZ, WTP CX, WTP CQ, WTP SYY and WTP GJG) were higher than
reservoir waters (for WTP XZ, WTP JB, and WTP DXL), which caused
higher DBPs concentrations in corresponding ﬁnished water and

rural tap water. This is consistent with a previous study which
demonstrated that dissolved organic matter (DOM) fractions in
micro-polluted river water could more readily form DBPs than
those in well-protected reservoir water (Fan et al., 2014), and if the
regional source water contains more dissolved organic nitrogen
(DON), the tap water will have a higher concentration of N-DBPs
(Pan et al., 2016). The water sources of other 5 WTPs using ClO2 as
disinfectant were all river waters. The total DBP concentrations of 3
WTPs (WTP CZH, WTP YC and WTP ZW) using ClO2 were lower
than those using NaClO, but the other 2 WTPs (WTP ST and WTP JS)
exhibited opposite trends, which might be due to the relatively
heavier pollution of their source water and inefﬁcient treatment
efﬁciency.
In this study, a correlation analysis among ﬁve DBPs species was
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performed (Table S3). The correlations coefﬁcients between THMs
and HAAs, THMs and HKs, HAAs and HKs, and HANs and TCNM
were lower than 0.8 (p < 0.05), indicating that their correlations
were not strong but signiﬁcant. Additionally, the correlation between C-DBPs and N-DBPs was greater than 0.8 (p < 0.01), indicating a strong and signiﬁcant correlation between C-DBPs and NDBPs. Therefore, C-DBPs could be considered as a predictor of NDBPs for the water samples during a long HRT. This is consistent
with the data reported in Shenzhen, China (Huang et al., 2017).
3.1.2. Spatial variability of DBPs
During long-HRT transportation, the variations in concentrations of DBPs had been scrutinized. Paired-samples T test was
conducted for the ﬁnished water and tap water in 7 WTPs where no
secondary stations for boosting disinfectant, and the DBPs concentrations of tap water in a DWDS was taken as the average
concentration of all tap water samples. Fig. S3 shows that the
concentrations of HAAs, HKs and HANs decreased at the end of the
DWDSs compared with the ﬁnished water (p < 0.01, p < 0.01,
p < 0.05, respectively), and the variations in HAAs and HKs were
consistent with other studies while that of HANs was contrary to
previous studies in Canada (Guilherme and Rodriguez, 2014;
Hsinhsin and Xie, 2009). According to another previous study,
TCAN and DCAN could be readily hydrolyzed to TCAA and DCAA in
alkaline conditions (Chu et al., 2010), and the pH of the water
samples ranged from 7.11 to 8.07, thus, HANs might be transformed
to HAAs during long HRT. In contrast, THMs and TCNM showed no
obvious variations, with relatively stable or higher values in the
DWDSs. In terms of different water supply system, spatial variability of small drinking water system was largely dependent on the
DWDSs, however, long HRT water systems might have a credible
spatial variability of DBPs (Guilherme and Rodriguez, 2015). In this
study, the HAAs concentration decreased the most in all main pipes,
decreasing by 18.82% on average. According to previous studies, the
reasons possibly due to (1) the decrease in disinfectant concentration at the end of the pipe network and the consequent microbial degradation effect (Hsinhsin and Xie, 2009; Zhang et al., 2009),
(2) tri-HAAs would be decomposed to form tri-THMs via decarboxylation pathway (Zhang and Minear, 2002), and (3) the effect of
hydrolysis (Zhu and Zhang, 2016). However, although the total
concentrations of these two groups of DBPs decreased signiﬁcantly,
the analysis also indicated that the concentrations of tri-DBPs were
much more stable than those of di-DBPs and mono-DBPs during
long HRT, such as TCM, TBM, TCAA, TCAN, and TCP. These results are
consistent with a previous study that demonstrates most dehalogenation bacterial can readily degrade mono-HAAs (Zhang et al.,
2009).
3.2. The variability of cytotoxicity and genotoxicity from DBPs
Fig. 2 (a) and (b) show the cytotoxicity indexes of THMs, HAAs,
HANs, TCNM and the genotoxicity indexes of HAAs, HANs and
TCNM. The median cytotoxicity index of HANs was the highest
among THMs, HAAs and TCNM, and its cytotoxicity index was one
and two orders of magnitude higher than that of THMs and HAAs,
respectively. It is important to control the generation of N-DBPs in
terms of cytotoxicity during the water treatment process. Meanwhile, TCNM was found to have the lowest cytotoxicity and genotoxicity indexes based on certain detection frequencies and median
concentration levels (0.03 mg/L). Although the concentration of
HAAs decreased at the end of the pipelines, the median genotoxicity index of HAAs was one and two orders of magnitude higher
than HANs and TCNM, respectively, therefore it is critical to control
the concentration of disinfectant and precursors of HAAs in water
treatment process.
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Due to the long HRT in rural areas, the concentration of residual
disinfectant decreased radically, resulting in the reduction of
toxicity caused by HAAs and HANs. Fig. 3 (a) and (b) show the
variations in cytotoxicity and genotoxicity indexes of evaluated
DBPs in ﬁnished water and rural tap water in 7 DWDSs. The total
mean cytotoxicity and genotoxicity indexes of DBPs in rural tap
water were 23.2% and 30.5% lower than those of ﬁnished water,
respectively. The reduction of cytotoxicity and genotoxicity indexes
mainly attributed to HANs and HAAs, their reduced amounts at the
end of the pipe network accounted for 48.0% and 51.9% of the total
cytotoxicity indexes reduced, respectively. Meanwhile, the reduction of genotoxicity mainly attributed to HAAs and HANs, its
reduced amounts at the end of the pipe network accounted for
88.5% and 11.5% of the total genotoxicity indexes reduced. As
demonstrated above, the potential health effects from HAAs and
HANs were non-negligible since the cytotoxicity and genotoxicity
from evaluated DBPs were mostly determined by the variations in
HAAs and HANs in eastern China. Based on the water toxicity from
DBPs, WTPs should put more attention to the control of HAAs and
HANs in ﬁnished water.
3.3. Effect of Br on the transformation of DBPs
With more and more research on DBPs, the formation of
brominated-DBPs (Br-DBPs) in drinking water becomes an issue of
high concern. Br-DBPs was found to be more toxic than
chlorinated-DBPs (Cl-DBPs) (Liu and Zhang, 2014; Nobukawa and
Sanukida, 2000; Wagner and Plewa, 2017; Yang and Zhang, 2013).
Bromide can be oxidized to hypobromous acid (HOBr) and then
react quickly with NOM to form Br-DBPs during the drinking water
chlorination process (Kumar and Margerum, 1987). The concentration range of Br in 154 water samples of this investigation was
60.03 mg/L to 475.58 mg/L, and the largest concentration of Br was
found for WTP ZW and WTP YC, this is in accordance with the
concentration of Br generally ranging from trace amounts to
approximately 500 mg/L as reported by World Health Organization
(WHO, 2009). To examine the effect of Br on DBPs formation
during the distribution process, the relationship between Br and
Br-DBPs in tap water was analyzed. A previous study introduced the
bromine substitution factor (BSF) to investigate the bromine substitution of DBPs (Hua et al., 2006). BSF was deﬁned as the ratio of
the molar concentration of bromine incorporated into a given class
of DBPs to the total molar concentration of chlorine and bromine in
that class (Equation (2)). BSF is the percentage of bromine in the
total halogen of each class of DBPs, and it can vary from 0 to 1.
Equation (3) uses THMs as an example to show the method for
calculating the BSF.

BSF ¼

DBP  Br
DBP  ðCl þ BrÞ
P3

THMs  BSF ¼
¼

n¼1 n

(2)
i
h
 CHClð3nÞ Brn

P
3 3n¼0 CHClð3nÞ Brn

CHBrCl2 þ 2  CHClBr2 þ 3  CHBr3
3  ðCHCl3 þ CHBrCl2 þ CHClBr2 þ CHBr3 Þ

(3)

The THMs-BSF and dihaloacetonitriles-BSF (DHANs-BSF) values
were calculated in ﬁnished water and tap water samples, which
used NaClO as disinfectant in 9 WTPs. The results showed that the
values of THMs-BSF ranged from 0.09 to 0.57, and the corresponding values of DHANs-BSF ranged from 0.13 to 0.52. Fig. 4 (a)
shows signiﬁcant correlation between the average value of THMsBSF and the concentration of Br in tap water (r ¼ 0.80, p < 0.05)
and Fig. 4 (b) shows the correlation between DHANs-BSF and Br
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Fig. 2. Cytotoxicity indexes of THMs, HAAs, HANs and TCNM (a) and the genotoxicity indexes of HAAs, HANs and TCNM (b). The square (,) represents the mean value, the lines
within the boxes are the median values, the tops and bottoms of the boxes are the 75th and 25th percentile values. The error bars extend to the 90th and 10th percentiles. The cross
(  ) indicates outlying points.

Fig. 3. The variations of cytotoxicity indexes of TCNM, HANs, HAAs, and THMs (a) and genotoxicity indexes of TCNM, HANs and HAAs (b) between ﬁnished water and tap water in 7
DWDSs. The error bars represent the standard deviations of total evaluated DBPs toxicity for tap water samples.

Fig. 4. Correlation between Br and (a) THMs-BSF, (b) DHANs-BSF in tap water and ﬁnished water using NaClO as disinfectant. The error bars represent the standard deviations for
tap and ﬁnished water samples from each WTP.

was signiﬁcant (r ¼ 0.72, p < 0.01). When ClO2 was used as disinfectant, the relationships between BSF and the concentrations of
Br are shown in Fig. S4. The results indicated that as the Br
concentration increased, so did the Br-DBPs. It could be deduced

that bromine acted as a more efﬁcient substituting agent than
chlorine for THMs and DHANs, participating in more oxidation
reactions, particularly for longer HRT DWDSs on account of more
adequate reaction time. Meanwhile, when the concentration of Br
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was 330.55 mg/L, bromine accounted for 44% and 45% of the halogen
in THMs and DHANs, respectively. It is inferred that the conventional Cl-THMs and Cl-DHANs would transfer to Br-THMs and BrDHANs when the concentration of Br exceeds 450.67 mg/L and
610.25 mg/L, respectively. In addition, the chlorine-bromine speciation of THMs and DHANs depends on the bromide content of the
bulk water. However, the ranking of the BSFs for THMs and DHANs
could vary, which were probably related to the differences in precursor characteristics and disinfection conditions.
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ﬂushing water, and the weight contents of different constituents in
the ﬂushing solids are presented in Fig. S5 (the content of each
constituent is normalized). In the ﬂushing solids, the content of Mn
was found to be much higher than other metal fraction, which
could promote the generation of DBPs effectively according to
above analysis. Hence, particulate metals in loose deposits might be
signiﬁcantly able to promote the generation of DBPs in DWDs, but
the mechanism involved in this phenomenon needs further study.
3.5. Effect of hydraulic disturbance

3.4. Effect of metals on DBPs formation
Table 1 shows the relationships between soluble and particulate
metal fraction and DBPs. Signiﬁcantly positive correlations were
present between the particulate metal fraction and THMs, HKs, and
HANs. However, the soluble metal fraction was not signiﬁcantly
correlated with HAAs, HKs, and HANs. Al-based and Fe-based coagulants are used in most WTPs in China. Mn is an element often
associated with water discoloration. Cu and Zn have also been
included in the standard for the drinking water quality of China
(GB5749-2006). These metal elements affect not only water puriﬁcation but also the formation of DBPs during long distribution
process. TCNM was only found in low concentration at the sampling sites. Given its weak presence, this compound was not
studied in this section. In this investigation, most of the pipe materials were plastic (PVC and PE), which may not affect the variation
in the metal fraction of bulk water.
As shown in Table 2, signiﬁcantly positive relationships between
the formation of four species of DBPs and Mn were found. Among
them, the correlation between HKs and Mn was the highest, which
implied that Mn might most effectively promote the generation of
DBPs. Except for that, the correlations between all kinds of particulate fraction and HKs were positive, supporting the above discussion that particulate metals might promote the formation of
DBPs. However, no positive correlations were found between HAAs
formation and soluble fraction Al, Fe, Cu and Zn.
The above analysis indicated that the particulate metal fraction
might promote the formation of DBPs. According to a previous
study (Li et al., 2018), particulate metal would deposit on the pipe
walls. In order to conﬁrm the possible effect of pipe solids on the
transformation of DBPs, loose deposits sample was collected from

In the research areas, the exchange between the peak and offpeak of water consumption periods might lead to the release of
deposits into bulk water, resulting in discolored water problem, the
variability of DBPs caused by this hydraulic disturbance is rarely
reported. In addition, pressure booster stations were usually set up
for water transportation for long DWDSs. The hydraulic disturbance
caused by the booster stations resulted in the increase of turbidity
from 0.59 to 1.73 in DWDS of WTP ST. This is similar to the hydraulic
disturbance caused by exchange of peak and off peak of water
consumption periods. Meanwhile, the concentration of THMs
changed from 45.05 mg/L to 53.8 mg/L. Similarly, the turbidity of
water from WTP YZ also increased from 0.56 to 0.77 after the
booster stations, and the THMs changed from 31.97 mg/L to
36.32 mg/L. The result is consistent with a previous study that hydraulic disturbance could increase DBPs concentrations (Idornigie
et al., 2010).
The hydraulic disturbance caused by the pressure booster stations resulted in the increase of concentrations of DBPs, but the
number of pressure booster stations was limited in investigated
areas. In order to further conﬁrm the above phenomenon, we
selected two typical DWDS sites (WTP ST and WTP DXL) with more
obvious peak and off-peak water consumption patterns to conduct
the ﬂushing experiments, which can simulate the hydraulic
disturbance. Normal tap water samples were collected before
ﬂushing experiment as contrast to study the effect of hydraulic
disturbance on the variability of DBPs during distribution process.
Eight water samples were collected during the ﬂushing process for
DWDS of WTP DXL, and 6 water samples were collected along the
pipeline from customers' taps before ﬂushing. Similar with DWDS
of WTP DXL, 5 water samples were collected during the ﬂushing

Table 1
Correlations between soluble and particulate metal fraction and DBPs.

Soluble Metal

r
p
r
p

Particulate Metal
**

THMs

HAAs

HKs

HANs

0.13
0.15
0.36**
0.00

0.06
0.53
0.12
0.21

0.08
0.37
0.40**
0.00

0.15
0.11
0.42**
0.00

Correlation is signiﬁcant at the 0.01 level (2-tailed).

Table 2
Correlations between different metal fractions (S: soluble metal, P: particulate metal) and DBPs.
S-Al
THMs
HAAs
HKs
HANs
*

r
p
r
p
r
p
r
p

0.16
0.09
0.07
0.48
0.38**
0.00
0.37**
0.00

P-Al

S-Mn
*

0.22
0.02
0.15
0.10
0.13
0.18
0.43**
0.00

Correlation is signiﬁcant at the 0.05 level (2-tailed).
Correlation is signiﬁcant at the 0.01 level (2-tailed).

**

**

0.48
0.00
0.19*
0.05
0.75**
0.00
0.51**
0.00

P-Mn
**

0.54
0.00
0.31**
0.00
0.70**
0.00
0.60**
0.00

S-Fe

P-Fe
**

0.26
0.01
0.03
0.79
0.15
0.12
0.13
0.18

0.14
0.15
0.06
0.50
0.24**
0.01
0.13
0.16

S-Cu
0.13
0.17
0.07
0.45
0.07
0.46
0.02
0.80

P-Cu
**

0.31
0.00
0.06
0.53
0.25**
0.01
0.25**
0.01

S-Zn

P-Zn

0.11
0.23
0.03
0.78
0.09
0.36
0.02
0.86

0.14
0.15
0.12
0.21
0.15
0.11
0.20*
0.04

108

Y. Yu et al. / Chemosphere 228 (2019) 101e109

HANs.
Chlorine-bromine speciation of THMs and DHANs depended on
the bromide content of the water, especially for THMs (r ¼ 0.80,
p < 0.05) and DHANs (r ¼ 0.72, p < 0.01).
Correlations between Mn and DBPs implied that Mn fraction
might promote the generation of DBPs, and the effect of pipe deposits could not be ignored. Hydraulic disturbance could increase
DBPs concentrations because of DBPs release from loose deposits
accumulated in distribution pipes.
Acknowledgements
This work was supported by the National Key R&D Program of
China (2016YFC0400803), the National Natural Science Foundation
of China (51678558), and the National Water Pollution Control and
Treatment Special Key Project of China (2017ZX07108-002).

Fig. 5. Effect of ﬂushing process on concentrations of DBPs. The error bars represent
the standard deviations of total DBPs concentrations for ﬂushing water samples and
tap water samples.

process of DWDS of WTP ST, and 14 water samples were collected
from customers’ taps along the line before ﬂushing. During the two
ﬂushing processes, the deposits on the pipe walls were sheared off,
resulting in the increased turbidity of the ﬂushing water. As shown
in Fig. 5, the average concentrations of THMs, HAAs, and HKs
increased by 15.6%, 26.5% and 33.9% in DWDS of WTP DXL,
respectively. Similarly, the average concentrations of THMs, HAAs,
and HKs increased by 4.3%, 27.3%, and 29.8% in DWDS of WTP ST,
respectively. Hence, ﬂushing process can lead to increased concentrations of THMs, HAAs, and HKs. This result might be attributed
to the enhanced release of DBPs from loose deposits under the
condition of hydraulic disturbance.
Taken together, the concentrations and toxicity of evaluated
DBPs in rural areas were slightly higher than those of other large
Chinese cities reported in the literature (Huang et al., 2017; Wei
et al., 2010). The higher concentrations of DBPs might be due to
booster stations for second disinfectant addition and pressure
disturbance. The micro-pollution of source water could be another
reason. Previous study also found that hydraulic disturbance can
lead to the increase of DBPs concentrations (Idornigie et al., 2010).
The relationship between Br and DBPs-BSF was consistent with
some laboratory studies (Bond et al., 2015). According to the results
of correlation analysis, there was a positive correlation between
particulate and soluble Mn and the concentrations of DBPs, which
indicated that Mn might play critical roles in promoting the production of DBPs in DWDS. However, compared with Fe and Cu, the
effects of Mn on the production of DBPs are rarely reported, which
need further study since Mn is one of the common metal elements
in pipe deposits.
4. Conclusions
This investigation was conducted to proﬁle the occurrence and
transformation behaviors of DBPs in the drinking water distribution process under relatively long HRT in rural areas. Some main
ﬁndings are as follows:
The concentrations of HAAs, HKs and HANs decreased from
WTPs to the end of the DWDSs. Compared with di-DBPs and monoDBPs, the concentrations of tri-DBPs were more stable in DWDSs.
The cytotoxicity and genotoxicity of evaluated DBPs reduced
from the treatment plant to consumers’ taps, which could be primarily attributed to the decreased concentrations of HAAs and

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.chemosphere.2019.04.095.
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