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Health risk assessment via
ingestion of disinfection by-
products in drinking water

Lei Wangl*, Zisi Fang%*, Xiaocong Zhou?, Keyi Cheng?, Yanjun Ren3, Chaokang Li3,
Bing Gao?, Ye Lv3, Shanshan Xu? & Hong Xu3™*

Disinfection is a critical process to ensure the safety of drinking water. To curb the spread of various
bacteria and viruses, disinfectants are extensively employed in communities, hospitals, sewage
treatment plants, and other settings. However, disinfectants can produce disinfection by-products
(DBPs) that threaten human health. Despite their importance, research and systematic analyses

of these risks remain limited. This study monitored DBPs in drinking water across 13 districts and
counties in Hangzhou, conducting a risk assessment based on the health risk assessment model
recommended by the United States Environmental Protection Agency. Concentrations of 12 DBPs
ranged from 0.01 pg/L to 120 pg/L, with levels in 2020-2022 generally exceeding those in 2018-2019.
Notably, median concentrations of trichloromethane peaked at 18.00 pg/L in 2021. Most DBPs are
detected at higher concentrations in the central and northern parts. However, the spatial distribution
of DBPs in drinking water was determined to be random. The health risks associated with most DBPs
were higher in 2021 compared to other years. Cancer risks of DBPs ranged between 10-¢ and 10~* and
noncarcinogenic risks were below 1. This study demonstrates that increased disinfectant use during
water treatment may elevates DBPs concentrations.

Keywords Disinfection by-products, Health risk assessment, Drinking water, Trihalomethanes, Haloacetic
acids

Disinfection is a crucial component of the drinking water treatment process and a vital measure to ensure the
safety of public water supply systems. It prevents microbial infections and diseases, thereby enhancing drinking
water quality and safeguarding public health!. However, disinfectants such as chlorine, ozone, chlorine dioxide,
and chloramine are strong oxidants. When natural organic matter (NOM) is present in water, these disinfectants
react with NOM to form disinfection by-products (DBPs)>. Since their discovery in 1974, over 800 DBPs
have been identified in drinking water®®, including carbonaceous DBPs like trihalomethanes (THMs) and
haloacetic acids (HAAs), and nitrogenous DBPs such as nitrosodimethylamine, haloacetonitriles (HANSs), and
haloacetamides®”. The formation of these DBPs depends on the type of NOM, inorganic constituents, and other
physicochemical factors such as pH and temperature, leading to the creation of various DBP classes like THMs,
HAAs, HANS, haloketones, and trihalophenols. Most DBPs are potential human carcinogens and mutagens,
often linked to rectal and colon cancers, as well as developmental and reproductive disorders®. Research on
drinking water DBPs in China indicates that THMs and HAAs are the most prevalent DBPs formed during
chlorination and other disinfection processes”!. The United States Environmental Protection Agency (US
EPA) regulates THMs and HA As in drinking water, with maximum contaminant levels (MCLs) of 80 pg/L and
60 pg/L, respectively'!.

The adverse biological responses to DBPs include cytotoxicity, genotoxicity, mutagenicity, teratogenicity,
induction of reactive oxygen species, and enhancement of antibiotic-resistant pathogens!>!*. Over the past 40
years, numerous studies have investigated the potential health risks posed by these compounds. Epidemiological
evidence links exposure to DBPs with an increased risk of bladder cancer and reproductive effects!*!>. Some
DBPs are potential or known human carcinogens that can cause bladder and colon cancer!®.

Most scientific studies since the outbreak of SARS-CoV-2 have focused on the efficiency of virus elimination
or deactivation!”!%. Disinfection has been considered the most effective measure to eliminate or deactivate
viruses, including SARS-CoV-2, and prevent transmission. Consequently, the dose of disinfectants in domestic
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wastewater and drinking water was elevated to curb the spread of SARS-CoV-2!°. However, only a few studies
have evaluated the changes in the occurrence, distribution, and potential risks of DBPs resulting from the
increased use of disinfectants'®2°. This study analyzed the contamination of DBPs in Hangzhou’s drinking water
sources and conducted a risk assessment to better understand the impact of disinfection on drinking water,
providing data support for ensuring the safety of drinking water in Hangzhou.

Materials and methods

Study area

Hangzhou, the capital city of Zhejiang Province in East China, comprises 10 municipal districts and 3 counties
which is illustrated in Fig. 1. Covering a total area of 16,850 square kilometers, Hangzhou had a resident
population of 12,376,000 as of the end of 2022.

Sample collection

From 2018 to 2022, a total of 490 water plants in Hangzhou were sampled. Among these, 176 plants had a
processing capacity of over 1,000 cubic meters /Day, including 65 urban and 111 rural plants. Small water plant
was defined as the processing capacity of below cubic meters/Day. And there were 314 plants with the capacity
below 1,000 cubic meters /Day, comprising 7 urban and 307 rural plants. Almost 470 water plants are treated
with hypochlorite chemicals, and the other water plants are treated with chlorine dioxide. A total of 4,403
drinking water samples were collected from 13 districts and counties in Hangzhou, Zhejiang Province, China.
These samples were collected from each water plant twice a year. The number of water samples each year were
775,717, 886, 905 and 1120 respectively.

Treated water refers to the water treated by centralized water supply units. Treated water was collected before
entering the delivery pipeline and a total of 1397 treated water were collected. Secondary water supply systems
(SWSSs) refer to the in-building infrastructures (e.g., water tanks, pumps, pipes) that are used to store, pressurize
and transport water from the distribution main to taps. SWSSs are commonly constructed in multi-floor and
high-rise buildings in metropolitan cities, and they provide adequate hydraulic pressure for higher floors and
equalize water demands. SWSSs with a total of 387 samples were collected at the user’s faucet. Tap water refers
to the water that was transported from the factory through the water supply network to the terminal without
SWSSs. Tap water with a total of 2619 samples were collected at the user’s faucet.

Sample analysis

Two regular parameters of 4403 water samples were analyzed, which included trichloromethane (TCM)
and carbon tetrachloride (CT). 47 out of 4403 water samples were tested for 10 non-regular parameters:
dibromochloromethane (DBCM), bromodichloromethane (BDCM), methylene chloride (DCM),
trihalomethanes (THMs), 1,2-dichloroethane (1,2-DCA), 1,1,1-trichloroethane (1,1,1-TCA), bromoform
(TBM), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA) and trichloroethanal (CH). All 47 water
samples were collection from 8 urban plants with the capacity of over 1,000 cubic meters/Day and were treated
water. According to the state standard, THMs includes TCM, DBCM, BDCM and TBM. The THMs used was
the sum of the individual species.

The collection, preservation, and analysis of DBPs followed the Chinese Standard Examination Methods
for Drinking Water (GB/T 5750 —2006)2!. Samples were filled in brown glass bottles to protect from sunlight
until they overflowed. Hydrochloric acid was used to adjust the pH to below 2. Water temperature and residual
chlorine concentration were measured on the spot. Water samples were stored and transported at 4 °C. Results
were evaluated according to the Health Standard for Drinking Water (GB 5749 — 2006)? and the limits of DBPs
were listed in Table 2.

The elution-trapping/gas chromatography-mass spectrometry (GC-MS) method was employed followed
the Chinese Standard Examination Methods for Drinking Water (GB/T 5750 — 2006)*!. Reagents and materials
included methanol (Purity99.99%, Fisher), purified water (LC/MS Grade, Fisher), and standard stock solutions.
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Fig. 1. Geographical location of Hangzhou, China.
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Abbreviation | Parameter Value Unit

ADD Average daily potential dose - mg/(kg-day)
C Concentration of disinfection by-products in drinking water | - mg/L

IR Ingestion rate of daily drinking water 1.85 L/d

EF Exposure frequency 365 day-year™!
ED Exposure duration male (81.57); female (85.77) | year

BW Body weight male (66.20); female (57.30) | kg

AT Average time EDx365 years

SF Slope factor N/A (mg/kg-day)™!
RT Total risk N/A N/A

HQ Hazard quotient N/A N/A

HQT Total hazard quotient N/A N/A

Hqi Hazard quotient of each pollutant N/A N/A

Table 1. Variables and parameters for calculating health risk. N/A: not applicable. * THMs includes TCM,
DBCM, BDCM and TBM. The sum of the ratios of four compounds to their respective limits shall not exceed
1. LOD, limit of detection; SF, slope factor; RfD, reference dose; N/A: not applicable.

DBPs Limit LOD SF (mg/kg-day)™' | RfD (mg/kg-day)
TCM 0.06 mg/L | 0.6 ug/L | 0.010 0.020
CT 0.002 mg/L | 0.3 pg/L | 0.070 0.002
DBCM | 0.1mg/L |03 pg/L | 0.084 0.020
BDCM 0.06 mg/L | 1.0 ug/L | 0.062 0.020
DCAA 0.05mg/L | 2.0 ug/L | 0.050 0.004
DCM 0.02mg/L | 9.0 pug/L | 0.002 0.006
TCAA 0.1mg/L | 1.0pug/L | 0.070 0.020
CH 0.01mg/L | 1.0 ug/L | N/A 0.100
TBM 0.1mglL | 6.0pg/L |0.079 0.020
THMs 1* N/A N/A N/A
1,2-DCA | 0.02mg/L | 13 pg/L | N/A N/A
LLI-TCA | 2mg/L 50 pg/L | N/A N/A

Table 2. Toxicology coefficients of the disinfection by-products (DBPs).

The GC-MS underwent performance testing and was calibrated using the external standard method. TCM
(99.92%), CT (99.92%), DBCM (98.1%), BDCM (97.3%), and TBM (99.73%) were prepared. The samples were
injected with an injection port temperature of 150 °C and in split mode with a split ratio of 5:1. Helium gas (purity
99.999%) was used as carrier gas at a constant flow rate of 30 mL/min, and the injection volume was 30 pL. The
GC oven temperature was programmed from 60 °C (held for 3 min) to 150 °C at 30 mL/min, hold for 10 min.
The GC-MS was adjusted to meet the analysis conditions. The temperatures of the transfer line, quadrupole, and
ion source were 150 °C, 85 °C, and 180 °C, respectively. It was followed by purging, trapping, desorbing, and
automatic injection into the GC-MS for qualitative and quantitative analyses at room temperature. The method
limit of detection (LOD) was also listed in Table 2. Values reported below LOD were substituted with values
equal to half of LOD.

Health risk assessment
This study conducted a health risk assessment of DBPs in Hangzhou City’s drinking water using the health risk
assessment model recommended by the US EPA!!.

Cancer risk assessment
Cancer risk is often expressed as a risk value (R). Generally, a risk greater than 107 indicates a certain cancer
risk, while a risk greater than 10~* indicates an unacceptable cancer risk. When there are multiple pollutants, the
total of cancer risk (RT) is the sum of the risks of each pollutant. The variables and parameters are illustrated in
Tables 1 and 2.

The formulas are as follows:

ADD = (C x IR x EF x ED) / (BW x AT) (1)
R = SF x ADD (2)
RT = ZRi (3)
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Concentration (ug/L)

Noncarcinogenic risk assessment

Noncarcinogenic risks are described using the hazard quotient (HQ). Generally, an HQ less than 1 indicates a
low noncarcinogenic risk, whereas an HQ of 1 or greater indicates a high noncarcinogenic risk. The HQ of each
component was calculated by dividing the average daily dose (ADD) by the reference dose (RfD) as follows:

HQ = ADD/R{D (4)

HQT = Z Haqi (5)

Statistical analysis

Statistical analyses were performed using version 26.0. Data in accordance with non-normal distribution were
expressed as median, p25 and p75. Comparisons among different years were performed using non-parametric
test (the Kruskal Wallis test). The test statistic used in this test was called the H statistic. Differences were
considered statistically significant at P<0.05.

The geographical distributions of DBPs concentrations of were mapped by ArcGIS software version
10.4 using the spatial statistical analysis module. The Moran’s I value for global spatial autocorrelations was
computed. Moran’s I is a way to measure spacial autocorrelation. It’s a way to quantify how closely values are
clustered together in a 2-D space. Spatial autocorrelation assesses the patterns of spatial aggregation of DBPs
across Hangzhou, expressed through Moran’s I index, which ranges from -1 to 1.

Results

Occurrence of DBPs in drinking water

A total of 4,403 drinking water samples were collected and analyzed for TCM and CT from 2018 to 2022. Only 7
water samples of TCM were higher than the limit set by the Standard for Drinking Water Quality of China (GB
5749 —2006; 60 pg/L)*%, which ranged from 67 pg/L to 120 pg/L. All 7 water samples were collected from rural
plants with the capacity below 1,000 cubic meters/Day. The median concentration of TCM was 18 pg/L in 2021,
which was the highest in 5 years, and that was 2.5 pg/L in 2019. The concentration of CT in all samples were
below 2 ug/L, which conformed with the state standard. As shown in Fig. 2, there was a statistically significant
difference in the median concentrations of TCM over the past five years. The same significant difference was also
observed in CT. Notably, median concentrations of TCM peaked at 18.00 ug/L in 2021.

Forty-seven treated water samples were collected and analyzed for 10 DBPs from 2018 to 2022, including
DBCM, BDCM, DCAA, DCM, TCAA, CH, THMs, 1,2-DCA, 1,1,1-TCA, and TBM. Figure 3 presents the
concentrations of non-regular parameters in treated water. The results for these DBPs were below the limits of
the Standard for Drinking Water Quality of China®2. 8 indicators of DBCM, BDCM, DCAA, DCM, TCAA, CH,
THMs and TBM had significant differences from 2018 to 2022. However, the medians of 1,2-DCA and 1,1,1-
TCA showed no significant trends over the five-year period.

The spatial grade distribution of DBPs in drinking water is illustrated in Fig. 4, where darker colors represent
higher concentrations in the relevant district or county. Higher concentrations of TCM, DBCM, 1,2-DCA,
and 1,1,1-TCA are primarily found in the central regions. Higher concentrations of CT are mainly located in

2018
2019
2020
2021
2022

1N

TCM CT

Fig. 2. The annual median concentrations of TCM and CT in 4403 water samples in the past 5 years (ug/L).
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Fig. 3. The annual concentration of 10 DBPs in 47 water samples in the past 5 years (ug/L).

the northeastern regions. Elevated levels of BDCM, THMs, and CH are mainly found in the southern areas.
Higher concentrations of DCAA and DCM are primarily in the southeastern regions. TCAA concentrations are
predominantly higher in the northern areas, while TBM concentrations are higher in the central areas. Overall,
most DBPs are detected at higher concentrations in the central and northern parts.

Spatial autocorrelation analysis

The global Moran’s I results indicated that the Moran’s I values for TCM, BDCM, DCAA, CH, and THMs in
Hangzhou’s drinking water from 2018 to 2022 were all greater than 0, with values of 0.058, 0.082, 0.032, 0.029,
and 0.006, respectively. Conversely, the Moran’s I value for CT, DBCM, DCM, TCAA, 1,2-DCA, 1,1,1-TCA,
and TBM were all less than 0, with values of —0.044, —0.252, —0.282, —0.077, —0.163, —0.095, and —0.098,
respectively. However, since all P-values were more than 0.05, the spatial distribution of DBPs in drinking water
was determined to be random. Details are provided in Table 3.

Comparison of the concentrations of DBPs in drinking water
Table 4 shows that the median concentrations of TCM and CT in treated water, tap water and SWSSs. All three
types of water showed higher TCM and CT values in 2020-2022 compared to those in 2018-2019.

Table 5 presents a comparison of non-regular parameters between different years in treated water. The
median concentrations of BDCM, DCAA, DCM, CH and 1,1,1-TCA showed statistical differences between 2018
and 2022. However, these differences were not observed in other 5 indicators. BDCM and CH were significantly
higher in 2018 than in other years. And DCM reached its highest point in 2019, while DCAA reached its highest
point in 2021.

Cancer risk of DBPs

As shown in Table 6, the cancer risk values of TCM and CT in treated water, tap water, and SWSSs were higher
in 2020, 2021, and 2022 compared to other years. Females had the highest cancer risk for TCM in SWSSs in
2021 (6.86x107%) and for CT in treated water in 2022 (2.26 x 10~). Overall, the cancer risks for the regular
parameters of DBPs were all lower than 107, indicating that the cancer risk posed by TCM and CT is low.

As shown in Table 7, the cancer risk values of DBCM and BDCM in 2018 were higher than in other years,
with females having the highest cancer risk (9.40 x 10~° and 7.74 x 1078, respectively). The cancer risk value of
DCAA in 2021 was higher than in other years, with females having the highest cancer risk (11.46 x 10~°). The
cancer risk value of DCM in 2019 was higher than in other years, with females having the highest cancer risk
(0.42x107°). The cancer risk value of TCAA in 2021 was higher than in other years, with females having the
highest cancer risk (16.22 x 10~°). The cancer risk value of TBM in 2018 was higher than in other years, with
females having the highest cancer risk (5.95x 107°). All results ranged between 10~° and 107*, indicating they
were within the acceptable range.

Noncarcinogenic risk of DBPs
The noncarcinogenic risks of the regular parameters for DBPs are shown in Table 8. The noncarcinogenic risks
of TCM and CT in treated water, tap water, and SWSSs in 2020, 2021, and 2022 were higher than in other years.
SWSSs had the highest effect on females in 2021 (9.80x1072). CT had the highest noncarcinogenic risk in
treated water for females in 2022 (4.62 x 10~2). Overall, the noncarcinogenic risk of DBPs in drinking water was
lower than 1, which is acceptable in China.

As shown in Table 9, the noncarcinogenic risk values of DBCM, BDCM, CH, and TBM in 2018 were higher
than in other years, with females having the highest noncarcinogenic risks (1.60x 1072, 1.78 x 1072, 0.36 x 1072,
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Fig. 4. (a). The spatial grade distribution of DBPs in Hangzhou. (b). The spatial grade distribution of DBPs in
Hangzhou.

and 1.08 x 1072, respectively). The noncarcinogenic risk values of DCAA and TCAA in 2021 were higher than in
other years, with females having the highest noncarcinogenic risks (16.38 x 1072 and 3.31x 1072, respectively).
The noncarcinogenic risk value of DCM in 2019 was higher than in other years, with females having the highest
noncarcinogenic risk (9.94x 1072). All results were lower than 1, indicating they were within the acceptable
range.

Discussion
In recent decades, water pollution has become a global concern due to the substantial increase in the demand
for safe water driven by overpopulation?*?%. This study analyzed the distribution of DBPs from 2018 to 2022
and estimated their health risks in drinking water, which is crucial for understanding the water quality during
infectious disease epidemics. The concentrations of TCM and CT in drinking water from 2020 to 2022 were
higher than those in previous years. The total carcinogenic risk of exposure was lower than 1074, and the total
HQT of DBP exposure in drinking water was lower than 1, indicating acceptable levels based on the results from
490 drinking water treatment plants in Hangzhou.

Both World Health Organization (WHO) and China have set limits on the concentration of DBPs*. The US
EPA% and Health Canada® specified the MCL of THMs as 80 pug/L. In this study, the maximum concentrations
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Figure 4. (continued)

of CT, DBCM, BDCM, DCAA, DCM, TCAA, CH, THMs, 1,2-DCA, 1,1,1-TCA, and TBM were below the
standard limits, except for TCM with the highest concentrations of 120 pg/L. The median concentrations of
TCM, CT, and DCAA in 2021 were greater than those in other years. Increased formation of individual DBPs is
generally attributed to increased disinfectant doses and residual chlorine?®?. The increase in the use of chlorine
disinfectants during the COVID-19 may lead to an increase in the residual concentration of disinfectants in the
source water and the environment. Therefore, the concentration of DBPs in drinking water has also increased.
This finding contrasts with previously published results showing that increased disinfectant use within the
guideline range did not result in significant increases in DBP concentrations®. This difference may be attributed
to varied monitoring times and locations.

This study utilized both regular and non-regular parameters for monitoring DBPs. The regular parameters for
TCM were significantly higher than those for CT, and the non-regular parameters for THMs were higher than
haloacetic acids (HAAs) and halogenated acetaldehyde (HA). This finding aligns with a study showing THMs
in parts of China (3.26-69.28 pg/L) ranked highest among DBPs but remained below the US EPAs maximum
contamination limits®!. In Croatian drinking water, DBP values ranged from 0.40 pg/L to 30.90 pg/L for TCM,
which were lower than those in this study; however, TBM values ranged from the limit of quantification (LOQ)
to 16.6 pg/L, higher than the results of this study. BDCM concentrations in Croatian drinking water were lower
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DBPs Moran’s I | Expected value | Variance | Z P

TCM 0.058 -0.083 0.033 0.782 | 0.434
CT -0.044 -0.083 0.030 0.227 | 0.820
DBCM -0.252 -0.167 0.026 —-0.533 | 0.594
BDCM 0.082 -0.167 0.019 1.780 | 0.075
DCAA 0.032 -0.167 0.033 1.097 | 0.273
DCM -0.282 -0.167 0.030 —-0.665 | 0.506
TCAA -0.077 -0.167 0.013 0.772 | 0.440
CH 0.029 -0.167 0.017 1.485 | 0.138
THMs 0.006 -0.167 0.019 1.266 | 0.205
1,2-DCA | -0.163 -0.167 0.013 0.033 | 0.974
1,1,1-TCA | -0.095 -0.167 0.441 0.629 | 0.530
TBM -0.098 -0.167 0.014 0.441 | 0.659

Table 3. Spatial autocorrelation global Moran’s I analysis of disinfection by-products (DBPs) in drinking water.

2018 2019 2020 2021 2022
DBPs | Water sample M (P,,,P..) M (P,,P,,) M (P,,,P,.) M (P,,P,) M(P,,P,,) H P
Treated water (ug/L) | 2.60 (0.25, 10.00) | 2.50 (0.10,9.90) | 16.00 (4.00, 30.00) | 19.00 (3.20, 30.00) | 15.50 (5.16, 29.00) | 278.048 | <0.001
TCM | Tap water (ug/L) 3.30 (0.30, 9.00) | 2.50 (0.10, 9.80) | 13.00 (4.00, 30.00) | 16.00 (5.00, 30.00) | 13.00 (4.60, 24.00) | 479.770 | <0.001
SWSSs (ug/L) 2.30 (2.20,3.68) | 2.50 (0.25,7.73) | 13.95 (5.41,27.25) | 20.00 (9.78, 30.00) | 11.00 (3.92, 20.50) | 60.321 | <0.001
Treated water (ug/L) | 0.05 (0.02,0.08) | 0.05 (0.01,0.05) | 1.00 (1.00,1.00) | 1.00 (1.00,1.00) | 1.00 (1.00,1.00) | 1214.091 | <0.001
CT | Tap water (ug/L) 0.05 (0.01, 0.10) | 0.05 (0.01,0.05) | 1.00 (1.00, 1.00) | 1.00 (1.00,1.00) | 1.00 (1.00,1.00) | 2190.703 | <0.001
SWSSs (ug/L) 0.01 (0.01,0.05) | 0.30 (0.05,0.54) | 1.00 (0.49,1.00) | 1.00 (0.28,1.00) | 1.00 (1.00,1.00) | 239.177 | <0.001
Table 4. Concentrations of TCM and CT in different types of drinking water. M, median; P, 25th percentile;
P_., 75th percentile.
2018 2019 2020 2021 2022
DBPs M (P, P,,) M (P, P,.) M (P, P,,) M (P, P,.) M(P,,P,) |H P
DBCM (ug/L) | 4.10 (3.10, 4.15) 1.70 (1.08,1.98) | 2.20 (0.15,2.30) | 1.15(0.93,1.53) | 1.50 (1.35,1.73) | 7.692 | 0.104
BDCM (pg/L) | 3.10 (3.05, 4.30) 0.15 (0.05,2.10) | 2.15(1.05,3.05) | 2.05 (1.40,3.60) | 2.15(1.50,2.70) | 12.927 | 0.012
DCAA (ug/L) | 1.25(1.25,1.25) 1.25(1.25,1.25) | 1.25(1.25,1.25) | 6.03 (1.25,13.25) | 1.25(1.25,1.25) | 16.650 | 0.002
DCM (ug/L) 4.60 (4.10, 4.80) 7.20 (1.20, 10.40) | 0.10 (0.10, 1.10) | 0.55 (0.10, 1.30) | 0.40 (0.10, 3.50) | 14.997 | 0.005
TCAA (ug/L) | 0.50 (0.50, 1.05) 0.50 (0.50, 1.40) | 0.50 (0.50,0.75) | 5.75 (0.50,12.75) | 0.50 (0.50, 0.50) | 3.445 | 0.486
CH (pg/L) 3.60 (3.00, 4.65) 0.50 (0.50, 0.50) | 0.50 (0.50, 0.50) | 0.90 (0.50,3.25) | 1.05 (0.50, 3.90) | 19.756 | 0.001
THMs (ug/L) | 12.70 (12.60, 21.75) | 4.75 (1.30,8.00) | 6.50 (3.20, 13.70) | 4.95 (3.60, 11.85) | 6.85 (4.30, 8.30) | 7.938 | 0.094
1,2-DCA (ug/L) | 1.00 (1.00, 1.00) 1.00 (1.00,1.00) | 1.00 (1.00, 1.00) | 1.00 (1.00, 1.00) | 1.00 (1.00,1.00) | 1.914 | 0.752
%Q;’/IL')TCA 0.10 (0.10, 0.10) 0.10 (0.10,0.40) | 0.10 (0.10,0.10) | 0.10 (0.10,0.10) | 0.10 (0.10, 0.10) | 11.593 | 0.021
TBM (ug/L) 3.00 (2.00, 3.00) 1.00 (1.00, 1.00) | 1.00 (1.00, 1.00) | 1.00 (1.00, 1.00) | 1.00 (1.00, 1.00) | 9.427 | 0.051
Table 5. Concentrations of 10 DBPs in treated water. M, median; Py 25th percentile; P, 75th percentile.

than those in 2018 and 2021 in this study but higher than those in 2019, 2020, and 2022. TBM concentrations in
Croatian drinking water were higher than those observed in 2018-2022 in this study, while DCAA and TCAA
concentrations were lower than those in 2021 but higher than those in other years®2. Lower results for HAAs
(DCAA, TCAA) compared to THMs may be due to the increased potential for HAA formation in the first
3 h of chlorination; as contact time increases, residual chlorine levels decrease, reducing HAA formation33%,
The findings are consistent with other studies indicating that chlorinated disinfected water yields higher
concentrations of THMs than HA As>3¢. Regular parameters were divided among three different water bodies for
monitoring, with higher DBP concentrations found in treated water than in tap water and SWSSs. Additionally,
TCM’s relatively low boiling point may contribute to its reduction during pipe network transportation®!.

The results showed that the total cancer risk values for regular and non-regular parameters were between
10~%and 10~*, and the total noncarcinogenic risk value was less than 1, which is considered acceptable. Among
regular parameters, the TCM concentration in treated water posed a greater health risk than other DBPs. A
study by the National Cancer Institute confirmed the carcinogenic effect of TCM in experimental animals,
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Cancer risk (x1075)

DBPs | Water sample 2018 | 2019 | 2020 | 2021 | 2022
Male 233 | 1.63 | 484 |4.98 |4.60
Female | 2.69 | 1.89 |559 |575 |531
Male 260 |1.63 | 441 |477 |4.06
Female | 2.38 | 1.89 |5.10 |551 |4.69
Male 144 |1.62 | 440 |593 |3.69

Treated water

TCM | Tap water

SWSSs

Female | 1.66 | 1.87 |5.08 |6.86 |4.27
Male 027 018 |1.92 |192 |196
Female | 0.31 |0.20 |222 |222 |2.26
Male 023 1022 |1.87 |183 |194
Female | 0.26 |0.25 |2.16 |2.12 |224
Male 022 |0.67 |1.65 |134 |19%4
Female | 0.25 | 0.77 | 191 |1.55 |2.25

Treated water

CT Tap water

SWSSs

Table 6. Cancer risk of TCM and CT in drinking water.

Cancer risk (x10~%)

DBPs 2018 | 2019 | 2020 | 2021 | 2022

Male 8.14 |3.69 |4.48 |3.01 3.64
DBCM

Female | 9.40 |4.26 |5.17 |3.47 |4.20

Male 6.70 | 143 [3.59 (463 |3.74
BDCM

Female | 7.74 | 1.65 |4.14 |5.35 4.32

Male 1.72 | 1.75 |1.99 |9.92 1.75
DCAA

Female | 2.02 |2.02 |2.29 |11.46 |2.02

Male 0.25 [0.36 |0.14 [0.04 |0.14
DCM

Female | 0.28 |0.42 |0.16 |0.05 |0.16

Male 1.70 | 1.68 |1.60 |14.04 |7.42
TCAA

Female | 1.96 |1.94 |1.85 |16.22 | 8.57

Male 5.15 [2.43 [3.13 |2.21 2.68
TBM

Female | 595 |2.81 |3.61 |255 3.10

Table 7. Cancer risk of 10 DBPs in treated water.

Noncarcinogenic risk (x10~2)
DBPs | Water sample 2018 | 2019 | 2020 | 2021 | 2022
Male 317 |222 |658 |6.77 |6.25
Female | 3.85 |2.70 |7.80 |823 |7.60
Male 2.80 222 |6.00 |6.48 |5.52
Female | 3.40 |2.70 |7.29 |7.87 |6.70
Male 195 220 |598 |8.07 |5.02
Female | 2.37 |2.67 |7.26 |9.80 |6.10
Male 0.52 034 |373 |3.74 |3.80
Female | 0.63 | 0.42 |4.53 |4.54 |4.62
Male 044 | 042 |3.63 |356 |3.76

Treated water

TCM | Tap water

SWSSs

Treated water

CT Tap water

Female | 0.54 |0.51 |4.41 |4.32 |4.57
Male 042 |1.29 |321 |261 |3.78
Female | 0.51 |1.57 |3.90 |3.17 |4.59

SWSSs

Table 8. Health risks of TCM and CT in drinking water.

and a subsequent Salmonella mutagenicity test confirmed the mutagenic effect of organic extracts of drinking
water’”3, Compared to other non-regular parameters, TCAA and DCAA in treated water had the highest cancer
and noncarcinogenic risks, respectively. Most CDBPs are potentially carcinogenic, teratogenic, and mutagenic,
with HAAs, bromate, and THMs being more carcinogenic, while halogenated acetonitriles, halogenated
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Noncarcinogenic risk (x10~2)

DBPs 2018 | 2019 | 2020 | 2021 | 2022
Male 1.32 | 0.60 |0.72 |0.49 |0.59
Female | 1.60 |0.72 |0.88 |0.59 |0.72
Male 147 |0.31 |0.79 |1.02 |0.82
Female | 1.78 |0.38 |0.96 |1.23 1.00
Male 237 237 |2.70 |1349 |2.37

DBCM

BDCM

DCAA
Female | 2.88 |2.88 |3.28 |16.38 |2.88
Male 577 |8.18 |3.14 |096 |3.12
DCM
Female | 6.77 |9.94 |3.82 |117 |3.79
Male 033 033 031 273 |144
TCAA
Female | 0.40 | 040 |0.38 |3.31 |1.75
cH Male 0.30 |0.04 |0.04 |0.15 |0.17
Female | 0.36 |0.05 |0.05 |0.18 |0.21
Male 0.89 |0.51 |0.54 |0.38 |046
TBM

Female | 1.08 | 0.54 |0.65 |0.46 |0.56

Table 9. Health risks of 10 DBPs in treated water.

cyanides, and halogenated nitromethanes are more teratogenic and mutagenic®*’. A study determined the
annual average THM levels in municipal drinking water in 28 European countries from routine surveillance
records for 2005-2018 and estimated that 4.90% of bladder cancer cases in the EU population were attributable
to THM exposure in drinking water?!. Therefore, the presence of DBPs in drinking water remains a significant
risk factor for human health.

This study has several limitations. Estimating DBPs concentrations as half of LOD may lead to overestimations.
Additionally, the Chinese population’s habit of drinking boiled water rather than direct tap water may result in
overestimated health risks when using treated water concentrations for assessment. Moreover, health effects on
the skin, respiratory system, and other physiological systems from airborne volatile disinfectants and DBPs were
not considered, as this study focused solely on oral exposure routes. Further studies are necessary to accurately
assess the health risks of DBPs in drinking water.

Conclusion

This study compared the distribution and health risks of different DBPs in 490 water plants from 2018 to 2022.
All three types of water showed higher TCM and CT values in 2020-2022 compared to those in 2018-2019. Most
DBPs are detected at higher concentrations in the central and northern parts. However, the spatial distribution
of DBPs in drinking water was determined to be random. The cancer risk is within the acceptable range and
the noncarcinogenic risk of DBPs in Hangzhou’s drinking water was lower than 1, suggesting that long-term
consumption is unlikely to cause chronic somatic toxic effects. Developing healthier drinking water disinfection
technologies, such as the advanced oxidation processes, nanotechnology and solar radiation, is essential to
reduce the health risks associated with DBPs. Studying the health effects of drinking water DBPs is crucial to
ensure safe drinking water and protect the health of the Chinese population.

Data availability
The authors confirm that the data supporting the findings of this study are available within the article. Raw data
supporting the findings of this study are available from the corresponding author upon reasonable request.
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