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ccurrence and risk assessment of
haloacetic acids in swimming pool water and
drinking water

Huihui Zhao,a Linyan Yang, *abc Yejin Li,a Weibo Xue,a Kai Li,a Yingqi Xie,a

Shujuan Meng d and Guomin Caoabc

A prevalent group of disinfection by-products (DBPs), i.e., haloacetic acids (HAAs), have raised significant

public concern due to their high frequency of occurrence, considerable concentrations and potent

toxicity. This study investigated the environmental occurrence of HAAs and the corresponding predicted

human exposure to two important water matrices where humans are frequently and long-term exposed,

i.e., swimming pool waters (SPWs) and drinking waters (DWs), in Shanghai, China. The sum of five HAAs

in SPWs was 241 mg L�1 on average (dominated by dichloroacetic acid (DCAA) and trichloroacetic acid

(TCAA)), four times as much as its maximum contaminant level (MCL) regulated by the Environmental

Protection Agency (EPA) in DWs. The maximum HAA concentration in DWs was 35 mg L�1, with

chloroacetic acid (CAA) as the most dominant compound. The higher concentrations (reflected by total

organic carbon (TOC), dissolved organic carbon (DOC), and UV254) and more categories (body fluids and

personal care products in addition to natural organic matter) of organic contaminants and the higher

chlorine in SPWs should be responsible for the differentiated HAA yield and speciation. The qualification

rates of samples have been evaluated. The power function models correlating HAAs with multiple water

quality parameters were developed with correlation coefficients of 0.614 and 0.798 for SPWs and DWs

respectively. These models may provide the preliminary insights on how to minimize HAA formation by

grasping the relative importance of each parameter and how to build the framework to predict HAA

formation in untreated source water or SPWs subjected to chlorination. The predicted carcinogenic and

non-carcinogenic risks of humans exposed to SPWs and DWs with HAAs were within the acceptable levels.
1. Introduction

Water disinfection plays an important role in inactivating or
destroying pathogenic bacteria, fungi, viruses, cysts, and other
microorganisms in order to avoid the spreading of infectious
diseases among humans.1,2 On the other hand, disinfectants
may react with organic contaminants originating from natural
and anthropogenic inputs to generate noxious disinfection by-
products (DBPs).3,4 Haloacetic acids (HAAs) as one of the most
abundant DBP groups have raised public concern due to their
high frequency of occurrence, considerable concentrations and
potent toxicity.3,5,6 There have been abundant animal cancer
statistics to support the carcinogenic potential of HAAs in
chlorinated drinking water.7,8 Plewa et al.9 found that the
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chlorinated HAA is highly toxic to CHO cells and DNA.
Furthermore, bromochloroacetic acid (BCAA) and trichloro-
acetic acid (TCAA) are reported to induce developmental and
teratogenic effects in rats, including low birth weight, cardio-
vascular disease, and genitourinary tract malformations.10

HAAs were for the rst time regulated by the United States
Environmental Protection Agency (U.S. EPA) with a maximum
contaminant level (MCL) of 60 mg L�1 for the sum of chloro-
acetic acid (CAA), bromoacetic acid (BAA), dichloroacetic acid
(DCAA), dibromoacetic acid (DBAA), and trichloroacetic acid
(TCAA) in drinking waters (DWs).11 Aerwards, some other
global organizations and developed countries (i.e., World
Health Organization (WHO), Singapore, and Australia)
embraced HAAs into DW regulations and guidelines as well.6

The Chinese government has regulated two individual HAA
compounds, i.e., DCAA and TCAA with MCLs of 50 and 100 mg
L�1, respectively, in DWs since 2006 (GB 5749-2006, Table 1).

The swimming pool water (SPW) is a secondary important
water matrix next to DWs that human beings are frequently
exposed to, especially in some tropical and developed regions/
cities where water entertainments are popular.6 Swimming
skill becomes one of key criteria of evaluating the
RSC Adv., 2020, 10, 28267–28276 | 28267
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Table 1 Water quality standards for SPWs (CJ/T 244-2016) and DWs
(GB 5749-2006)a

Parameters Unit SPWs DWs

DCAA mg L�1 N.A. <50
TCAA mg L�1 N.A. <100
Free chlorine mg L�1 0.3–1.0 $0.05
Combined chlorine mg L�1 <0.4 N.A.
Turbidity NTU #0.5 #1.0
TOC mg L�1 N.A. <5
pH — 7.2–7.8 6.5–8.5

a N.A. indicates that the parameter is not included in the standard.
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View Article Online
comprehensive capability of undergraduates. Some universities
and schools even treat swimming as a mandatory skill in some
developed cities like Shanghai. The number of swimming pools
in top developed cities in China reached as high as 969, 1050,
469, and 406 for Shanghai, Beijing, Guangzhou, and Shenzhen,
respectively. The swimmers reached 300–400 daily during the
summer period based on the local survey statistics in Shanghai,
which is even higher than the number of swimmers in pools in
tropical regions (i.e., more than 100 000 annually in public
pools in Singapore12). The anthropogenic inputs including body
uids (urine and sweat in particular) and personal care prod-
ucts (PCPs, e.g., sunscreen, body lotion, shampoos, and other
cosmetics) from the swimmers in addition to the natural
organic matter (NOM) from source water may result in the
abundant formation of HAAs in SPWs.6 The HAAs in SPWs are
oen reported to be much or even several orders of magnitude
higher than the MCLs regulated in DWs.12–14 The swimmers
exposed to SPWs with high HAAs may potentially suffer from
health risks.14 Due to the lack of public awareness to SPW safety,
the occurrence and human exposure of HAAs in SPWs is
investigated not as much as that in DWs.3 Nevertheless,
formation, exposure, and health risks of DBPs in SPWs might
have higher negative effects on human health.15 In addition,
HAAs have yet to be included in any SPW quality standard.
Given these uncertainties and potential health risks, more
attention should be given to SPW quality.
Fig. 1 The HAA concentrations in SPWs (A) and DWs (B). The dash line

28268 | RSC Adv., 2020, 10, 28267–28276
There have been a handful of studies reporting the occur-
rence of HAAs in SPWs in some developed countries.12,13,16,17 It is
summarized that the distinct regulated disinfectant concen-
tration range in SPWs in different regions/countries has
a signicant effect on HAA formation.6 For example, the one or
two orders of magnitude higher concentrations of HAAs in U.S.
than Germany pools was mainly attributed to its much higher
regulated free chlorine range (1–5 vs. 0.3–0.6 mg L�1). The
different managerial approaches (e.g., SPW can be treated
circularly or discharged directly) and usage frequencies of
swimming pools in different regions/countries (leading to the
diverse water characteristics) may affect HAA formation/
accumulation as well. Therefore, the statistics of SPWs ob-
tained in other regions/countries may not reect the actual
situation in the region of interest. As far as we know, in
Shanghai, little attention has been paid to SPW quality (in
particular, HAAs) and the relevant data can rarely be found in
the existing literature, despite the high popularity of swimming
activities. Thus, a local survey for SPWs and the corresponding
human exposure assessment are needed to provide an overview
of SPW quality and understand the potential risks that humans
may suffer from. Such work may facilitate the designation of
decisions on how to improve water quality and ensure swim-
mers' safety, and therefore is highly supported by local
government and its citizens. In addition, the DW samples were
used for comparison purposes.

In this study, HAAs, chlorine, and some routine water quality
parameters including conductivity, pH, UV254, turbidity, total
organic carbon (TOC), dissolved organic carbon (DOC), and
total nitrogen (TN) in 27 SPW and 15 DW samples have been
determined and compared. A linear model correlating HAAs
with the individual water parameter and a power function
model correlating HAAs with multiple water quality character-
istics have been developed to evaluate the relative importance of
each parameter to HAA formation, which may provide
a preliminary insight into the effective HAA control and
prediction. In addition, human exposure and risk assessment
induced by HAAs have been evaluated. The obtained statistics
for HAAs (concentrations and exposure) could enrich the data-
base and promote the establishment/modication of HAA-
reveals the MCL of HAAs regulated by EPA in DWs.

This journal is © The Royal Society of Chemistry 2020
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Table 2 The characteristics of SPWs and DWsa

Parameters Unit SPWs DWs

Free chlorine mg L�1 0.5 � 0.5 (<0.05–2.0) 0.3 � 0.3 (<0.05–0.9)
Combined chlorine mg L�1 0.4 � 0.4 (0.1–1.4) 0.2 � 0.2 (N.A.b to 0.6)
Total chlorine mg L�1 0.9 � 0.7 (0.2–3.0) 0.5 � 0.4 (<0.05–1.0)
Conductivity ms cm�1 766 � 464 (394–2188) 397 � 84 (337–593)
pH — 7.5 � 0.3 (6.9–8.1) 7.6 � 0.2 (7.3–8.0)
UV254 cm�1 0.08 � 0.10 (0.03–0.53) 0.04 � 0.02 (0.03–0.10)
Turbidity NTU 0.6 � 0.5 (0.2–2.9) 0.6 � 0.3 (0.3–1.4)
TOC mg L�1 15 � 14 (4–64) 7 � 7 (0.3–24)
DOC mg L�1 13 � 14 (1–63) 6 � 7 (0.2–24)
TN mg L�1 11 � 5 (4–24) 3 � 2 (1–7)
HAAsc mg L�1 241 � 87 (62–407) 19 � 7 (11–35)

a The SPW and DW samples were collected independently from 27 swimming pools and 15 drinking water taps. b The combined chlorine was not
available when total chlorine was less than the detection limit of 0.05 mg L�1, therefore indicated as N.A. c HAAs were the sum of CAA, BAA, DCAA,
DBAA, and TCAA.

Table 3 The qualification rate of SPW and DW samples

Qualication rate

Parameters SPWs DWs

DCAA 37%a 100%
TCAA 22%a 100%
Free chlorine 37% 60%
Combined chlorine 63% N.A.b

Turbidity 59% 93%
TOC N.A.b 67%
pH 85% 100%

a The DW standard (GB 5749-2006) was used as reference since DCAA
and TCAA were not included in SPW standard. b N.A. indicates that
the qualication rate was not available when the parameter is not
included in the standard.
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View Article Online
related regulations, especially for those areas which pay little
attention to SPW quality.

2. Materials and methods
2.1 Chemicals

Five EPA-regulated HAAs including CAA, BAA, DCAA, DBAA, and
TCAA were monitored in this study. DBAA and TCAA were
Table 4 The linear and power function models correlating HAAs with w

SPWs

[HAAs] ¼ 204.033 + 73.488 [FC], R2 ¼ 0.187
[HAAs] ¼ 254.876 � 0.018 [Cond.], R2 ¼ 0.009
[HAAs] ¼ 1429.218 � 158.248 [pH], R2 ¼ 0.231
[HAAs] ¼ 249.948 � 103.314 [UV], R2 ¼ 0.015
[HAAs] ¼ 237.547 + 0.024 [TOC], R2 ¼ 0.001
[HAAs] ¼ 263.997 � 38.113 [Turb.], R2 ¼ 0.052
[HAAs] ¼ 7.228 � 106 � [FC]0.230[Cond.]�0.406[pH]�3.426[UV]0.276[TOC]�0.04

[HAAs] ¼ 5.420 � 10 � [FC]0.119[Cond.]�2.749[pH]10.234[UV]1.625[TOC]�0.020[

a The units of the variables are the same as those listed in Tables 1 and 2. b

model was developed for DWs.

This journal is © The Royal Society of Chemistry 2020
purchased from Dr Ehrenstorfer and Adamas Reagent respectively
and the rest were from Aladdin Biotechnology. The HAA standards
with the purity over 98% were in analytical grade, with one
exception, i.e., BAA inGC grade. The solvents includingmethyl tert-
butyl ether (MTBE) and methanol in GC grade ($99.8%) and the
other chemicals including sulfuric acid, sodium bicarbonate,
copper sulfate, and sodium sulfate in analytical grade were used
for the pre-treatment of HAA samples.
2.2 Field survey design

Twenty-seven SPW samples were collected randomly from 27
different swimming pools in Shanghai, China. The SPW samples
listed from 1–10 were collected in October 2018, from 11–20 were
collected in December 2018, and the rest were collected in March
2019 (Fig. 1A), in order to understand the effect of seasons on HAA
formation. Fieen DW samples were collected randomly from 15
taps in different locations, including campus dormitories and
laboratories, residential buildings, and public toilets, in particular,
ve samples were collected in the early morning period (�5:00 am,
considering that the retention of water overnight may allow us to
judge the effect of retention time on HAA formation). For each
swimming pool and drinking water tap, at least duplicate samples
were collected and the average values were used to eliminate the
measurement uncertainty.
ater parametersa

DWs

[HAAs] ¼ 16.877 + 8.145 [FC], R2 ¼ 0.092
[HAAs] ¼ 10.604 + 0.022 [Cond.], R2 ¼ 0.063
[HAAs] ¼ �152.478 + 22.489 [pH], R2 ¼ 0.279
[HAAs] ¼ 13.044 + 155.556 [UV], R2 ¼ 0.163
[HAAs] ¼ 17.829 + 0.201 [TOC], R2 ¼ 0.042
[HAAs] ¼ 14.132 + 8.634 [Turb.], R2 ¼ 0.094

9[Turb.]�0.462, R2 ¼ 0.614b

Turb.]0.032, R2 ¼ 0.798c

The power functionmodel was developed for SPWs. c The power function

RSC Adv., 2020, 10, 28267–28276 | 28269
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Fig. 2 The actual and simulated HAA concentrations in SPWs (A) and
DWs (B).
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2.3 Analytical methods

2.3.1 HAA quantication. The HAA sample with a volume
of 40 mL was headspace-free collected in an amber glass with
28270 | RSC Adv., 2020, 10, 28267–28276
�4 mg ammonia chloride to quench the free chlorine. The HAA
samples were transported to the laboratory immediately upon
collection and stored at 4 �C until analysis within one week. The
HAAs were quantied according to a modied EPA 552.3
method proposed in our previous research work.12 The HAA pre-
treatment process generally included HAA extraction by MTBE
and HAA derivatization by acidic methanol. The methylated
HAAs were then analysed by a gas chromatography mass spec-
trometry (GCMS: TQ8050, Shimadzu, Japan) equipped with an
analytical column (Rtx-5MS, Gs-Tek, USA, 30 m � 0.25 mm ID,
0.25 mm lm thickness, Shimadzu, Japan). The seven mixture
standards with 2, 5, 10, 20, 50, 80, and 100 mg L�1 of each HAA
were used for calibration. The correlation coefficient R2 of the
linear tting for each HAA was over 0.99.

2.3.2 Other parameters. Total chlorine and free chlorine
were determined immediately aer sampling based on the
dipropyl-p-phenylenediamine (DPD) method (Spectroquant®
chlorine test, EPA 330.5, US Standard Methods 4500-Cl2 G, and
EN ISO 7393). The combined chlorine was the subtraction
between total chlorine and free chlorine. The conductivity was
monitored by a potable conductivity meter (Myron L's Ultra-
meter II 4P, USA). The solution pH was determined by a pH
meter (FE20 Plus, Mettler Toledo). The UV254 was determined by
an ultraviolet spectrophotometer (UV-1800PC, Mapada)
running under a wavelength of 254 nm. The turbidity was
measured by a turbidity meter (HACH 2100Q, UAS). TOC and
DOC were determined by a TOC analyser (TOC-V CPN, Shi-
madzu, Japan). TN was determined by a DBR200 digester and
a DR3900 spectrophotometer (HACH, USA).

2.4 Statistical analysis

The SPSS (Statistical Package for the Social Sciences) soware
was used for statistical correlation analysis. The HAAs were
generated by the reaction between free chlorine and organic
precursors and their formation should be affected by the other
water parameters as well. A linear model was developed to
dene the degree of correlation between HAA formation and the
individual water parameter, including free chlorine, conduc-
tivity, pH, UV254, TOC, and turbidity. A power function model
was developed to elucidate the statistical correlation between
HAAs and multiple water quality characteristics and provide
a preliminary insight into the relative importance of each
parameter.18 The units of the dependent and independent
variables used in the models are the same as those listed in
Tables 1 and 2. The developed model could assist the fast
prediction of HAA formation potential in source water prior to
chlorination and the formed HAAs in chlorinated water (since
the HAA quantication process is rather complicated). Total
chlorine and DOC were not embodied in the model since free
chlorine and TOC as similar indicators have been included. TN
was not included since HAAs were not nitrogenous compounds.

2.5 Exposure assessment

Human bodies are exposed to DBPs mainly via three pathways:
(1) oral ingestion; (2) dermal absorption; (3) inhalation.6,19

Human exposure by HAAs in SPWs was evaluated by oral
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Chronic daily exposure of humans to HAAs via SPWs (A and B) and DWs (C and D), and the corresponding cancer risk (E) and hazard index
(F).
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ingestion and dermal absorption (indicated by chronic daily
exposures (CDE) as shown in eqn (1) and (2)), due to the low
volatility of HAAs. Human exposure by HAAs in DWs was
assessed by oral ingestion only (eqn (1)). The risk assessment
was evaluated by both carcinogenic and non-carcinogenic
indicators (i.e., cancer risk (CR) and hazard index (HI), eqn (3)
and (4)) according to the EPA guidelines.20 The equations were
listed as:21–23
This journal is © The Royal Society of Chemistry 2020
CDEoral ingestion ¼ CW � IR � EF � ED

BW � ATL � NY
(1)

CDEdermal absorption ¼ CW � SA � PC � ET � EF � ED

BW � ATL � NY

(2)

CR ¼ CDE � CSF (3)
RSC Adv., 2020, 10, 28267–28276 | 28271
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HI ¼ CDE

RfD
(4)

where CDEoral ingestion and CDEdermal absorption are chronic daily
exposure of HAAs by oral ingestion and dermal absorption,
respectively (mg (kg d)�1); CR and HI are cancer risk and hazard
index, respectively (dimensionless); CW is the chemical
concentration (mg L�1); IR is the ingestion rate (mL h�1); EF
and ED are exposure frequency (event per year) and exposure
duration (year), respectively; BW and SA are the body weight (kg)
and skin surface area (m2), respectively; ATL is the average total
lifetime (year); NY is the number of days per year (365 days per
year); PC is the permeability constant (cm h�1) and ET is the
exposure time (h per event); CSF is the cancer slope factor ((mg
(kg d)�1)) and RfD is the chronic reference dose (mg (kg d)�1).

The BW (62.70 kg for males and 54.4 kg for females), SA
(1.697 m2 for males and 1.531 m2 for females), and ATL (73.5
years for males and 79.7 years for females) were based on the
literature.24 For adults in SPWs, IR, ET, EF, and ED were 25 mL
h�1, 1.3 h per event, 120 event per year, and 30 years, respec-
tively.25 For DWs, IR was 2.14 L per day for males and 2 L per day
for females,26 EF was 365 days per year, and ED was the same as
ATL. The PC was 1–3 � 10�3 cm h�1.27 The CSF (5 � 10�2 and 7
� 10�2 mg (kg d)�1 for DCAA and TCAA, respectively) and RfD (3
� 10�3, 4 � 10�3, and 2 � 10�2 mg (kg d)�1 for CAA, DCAA, and
TCAA, respectively) of the oral route were obtained from the
Integrated Risk Information System (IRIS). The CSF of dermal
absorption for HAAs was assumed the same as that of oral
ingestion due to its unavailability in IRIS.23,28
3. Results and discussion
3.1 Comparison of general parameters in SPWs and DWs

The characteristics of SPWs and DWs have been shown in Table
2. The free chlorine (the summation of HClO and ClO�, as two
active ingredients for disinfection29) in SPWs ranged widely
from <0.05 to 2.0 mg L�1, of which 63% of the samples (Table 3)
were out of the range of 0.3–1.0 mg L�1 regulated by water
quality standard for SPWs in China (CJ/T 244-2016) (Table 1). A
eld survey study similarly showed that the free chlorine of
some SPWs was out of the regulated range.12 The excess chlo-
rine may lead to the substantial formation of DBPs.6 The
swimmers exposed in SPWs with insufficient chlorine may carry
the high risk of suffering from some infectious diseases.30 The
current survey statistics show that how to control the chlorine
content appropriately in SPWs is still a common challenge for
pool operators. The combined chlorine (as an indicator of
DBPs6) in SPWs was 0.4 mg L�1 in average, equivalent to its
MCL, which indicates that a signicant portion of SPW samples
exceeded the prescribed limit (37%). The maximum combined
chlorine reached 1.4 mg L�1, which indicates the high
contamination level by DBPs. The free chlorine concentration at
the end of pipeline network is regulated to be $0.05 based on
the DW quality standard (GB 5749-2006). The residual chlorine
is intended to sustain the continuous disinfection capability.
Forty percent of DW samples had free chlorine less than
0.05 mg L�1, demonstrating their insufficient continuous
28272 | RSC Adv., 2020, 10, 28267–28276
disinfection capacity. The combined chlorine in DWs was
0.2 mg L�1 in average.

The conductivity of SPWs ranged from 394 to 2188 ms cm�1,
much lower than the reported value of �5000 ms cm�1 in Sin-
gapore pools,31 demonstrating the relatively lower popularity of
swimming activities in the subtropical compared to tropical
regions. The minimum conductivity of 394 ms cm�1 in SPWs
was approximately equal to the average value of 397 ms cm�1 in
DWs (Table 2), demonstrating that the salinity in SPWs was
contributed both by source water and the swimmer inputs (i.e.,
urine and sweat as two main sources of contaminants released
by swimmers during pool activities32). The organic contami-
nants in SPWs (NOM, body uids and PCPs as main sources)
were nearly doubled compared to those in DWs (mainly come
from NOM), which were reected by TOC, DOC, and UV254. The
maximum TOC, DOC, and UV254 in SPWs reached 64 mg L�1,
63 mg L�1, and 0.53 cm�1 respectively. The turbidity of SPWs
was 0.6 NTU in average, higher than the MCL of 0.5 NTU
regulated by CJ/T 244–2016. The qualication rate for turbidity
in SPWs was only 59%. The TOC concentrations in ve DW
samples exceeded the MCL of 5 mg L�1 (corresponding to
a qualication rate of only 67%), of which the maximum value
reached 24 mg L�1. NOM should be the main organic source in
DWs, which possess a high potential towards the formation of
DBPs (e.g., HAAs).6,12 The pH values in all DW samples were
within the regulated range of 6.5–8.5, while only 85% of SPW
samples had pHs within 7.2–7.8. The average concentrations of
TN were 11 and 3 mg L�1 for SPWs and DWs, respectively.
3.2 Comparison of HAAs in SPWs and DWs

The sum of ve HAAs in SPWs ranged from 62 to 407 mg L�1,
with an average value of 241 mg L�1 (Table 2), much lower than
the reported values of 1002 mg L�1 in Singapore pools and 1440
mg L�1 in U. S. pools, although the TOC concentrations in the
investigated pools were signicantly higher (i.e., 15 mg L�1 in
local pools, 1.7 mg L�1 in Singapore pools, and 3.5 mg L�1 in U.
S. pools).12,33 The average concentration of 1002 mg L�1 for
Singapore pools collected during March and May may represent
the annual average since its climate is similar all year round.
Samples in local pools were collected dispersedly in October,
December, and March, with an average HAA concentration of
165, 286, and 268 mg L�1, respectively. The regional difference
(for example, water quality standards, swimming habits, pool
managerial approach) seems to play amore signicant role than
seasonal difference in terms of HAA formation, although the
comparison seems a bit rough. The lower regulated free chlo-
rine range of 0.3–1.0 mg L�1 for China pools than 1–3 mg L�1

for Singapore pools and 1–5 mg L�1 for U. S. pools should be
mainly responsible for the lower HAA concentration.6 It seems
that although HAAs are formed by the reaction between chlo-
rine and organics, chlorine plays a more dominant role on HAA
formation than organics.12 Bond et al. similarly found that the
yield of dihaloacetic acids and trihaloacetic acids was positively
correlated with the chlorine dosage.34 The positive correlation
between the regulated disinfectant concentration ranges and
the HAA concentrations in pools in different countries has been
This journal is © The Royal Society of Chemistry 2020
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well established,6 although the statistical correlation obtained
in this study was not as ideal as expected (see more discussion
in Section 3.3). It is worth noting that all SPW samples had
HAAs higher than the MCL regulated by EPA in DWs (Fig. 1A)
and the average HAA concentration in SPWs was 4 times as
much as the MCL.11 The chlorinated HAAs, i.e., DCAA and
TCAA, were observed as the predominant HAA compounds in
SPWs, which accounted for 27% and 57% of total HAAs,
respectively, possibly because that chlorination is the most
commonly used disinfection method. According to the DW
standard in China (GB 5749-2006), there were only 37% and
22% of SPW samples which had DCAA and TCAA less than the
threshold values of 50 and 100 mg L�1, respectively (Table 3).
The SPW samples collected in October (sample 1–10) had lower
HAA concentrations than those in December and March
(sample 11–27) (an average HAA concentration of 165, 286, and
268 mg L�1, respectively, Fig. 1A). More swimmers attended
water activities in October than other periods (partially reected
by an average TOC concentration of 21 and 12 mg L�1, respec-
tively), which reduces hydraulic retention time of fresh water in
swimming pools (more swimmers require a higher water
renewal rate according to pool managers) and avoids the long-
term accumulation of HAAs. Since all swimming pools are
indoor and water temperature is constant at �30 �C (based on
our preliminary survey), the effects of pool types and water
temperature on HAA formation can be eliminated.

HAAs in DWs were one order of magnitude lower than those
in SPWs, with an average value of 19 mg L�1 and a standard
deviation of 7 mg L�1 (ranging from 11 to 35 mg L�1, Table 2).
HAAs in all DW samples fullled the water quality standards
regulated by U. S. EPA and China (GB 5749-2006). The distri-
bution of individual HAA compounds in DWs was relatively
more uniform compared to that in SPWs (Fig. 1), with an
decreasing order of CAA (35%) > BAA (19%) z DCAA (19%) >
TCAA (15%) > DBAA (12%). It demonstrates that the various
water quality can not only affect the total HAA yield but also the
HAA speciation.18 The nearly half magnitudes of chlorine and
HAA precursors (indicated by TOC, DOC, and UV254) might be
simultaneously responsible for the lower HAA formation in
DWs compared to SPWs. The additional organic inputs, i.e.,
body uids and PCPs released from the swimmers, are reported
to be responsible for the higher HAA concentration in SPWs. For
example, uric acid, citric acid and hippuric acid as the main
ingredients in body uids have been veried as the main
precursors for HAA formation.12 The HAAs in DW samples
collected in the early morning did not show a signicant
difference compared to other samples, indicating that the
additional retention of one night was insufficient to differen-
tiate the HAA formation.
3.3 Correlation analysis of HAAs with water parameters

The HAAs are generated by the reactions between disinfectants
and organic compounds and the formation is affected by the
reaction condition as well.12 Therefore, the correlations between
HAAs and the individual water parameter have been assessed by
the linear models (Table 4). The formation of HAAs in both
This journal is © The Royal Society of Chemistry 2020
SPWs and DWs was positively correlated with free chlorine and
TOC, although the correlation coefficients R2 were relatively low
(Fig. 2), possibly due to the complicated water matrix in real
water environment.14 Fabris et al.35 and Glauner et al.36 similarly
found that the low TOC in SPWs or raw water is corresponding
to the substantially weakened DBP formation potential, as
a result, TOC is a commonly used parameter to reect DBP
precursors. The individual parameters, including conductivity,
UV254, and turbidity, showed the poor correlation with HAAs
(reected by the extremely low correlation coefficients and/or
the signicant difference between simulated and actual HAA
concentrations, Fig. 2). On the other hand, the solution pH was
relatively higher correlated with HAAs with the correlation
coefficient R2 of 0.231 for SPWs and 0.279 for DWs. It is inter-
esting to observe that HAA concentrations in SPWs were nega-
tively correlated with solution pH, while the positive inuence
was observed in DWs (the linear and power function models
showed the consistent trends, Table 4). Hansen et al. similarly
found that HAAs were positively correlated with pH in DWs.37

The pH variation inuents the dissociation equilibrium for
both disinfectants (e.g., the transformation between HClO and
ClO�) and organic compounds (the transformation between
neutral and ionic forms), which partially affects the reaction
potential and nally resultant amount.38 The organic composi-
tions with different pH-sensitivity in SPWs and DWs may be
responsible for these opposite trends. The organic contami-
nants in DWs are normally dominated by NOM. In addition to
NOM from the source water, body uids (urine and sweat in
particular) and PCPs (e.g., sunscreen, body lotion, shampoos,
and other cosmetics) released from the swimmers are two
additional organic sources in SPWs. Hansen et al.37 have
mentioned that different source water types may result in
opposite trends of HAA formation induced by pH variation.39

Therefore, the resultant HAA yield should be a result of the
combined effects of pH-induced reaction potential, source
water types, water matrices (i.e., SPWs or DWs), and other
potential factors, considering the complexity of actual water
quality. Further lab-scale control experiments (the change of
single factor) may be needed to resolve the respective role.
Similarly, HAA concentrations in SPWs were inversely corre-
lated with the other water parameters, including conductivity,
UV254, and turbidity, while the opposite trends were observed in
DWs.

Considering the poor correlation between HAAs and the
individual water parameter, a power function model correlating
HAAs with multiple water quality parameters was formulated.
The power function model better correlated HAAs with multiple
parameters, reected by the higher correlation coefficients of
0.614 for SPWs and 0.798 for DWs (Table 4). The correlation of
eld-based data seems not as good as that of laboratory-based
one because of some uncontrollable conditions in real water
environment (R2: 0.56–0.92 vs. >0.8).38,40–42 It indicates that the
formation of HAAs should be a combined result of disinfec-
tants, organic compounds and reaction conditions. It seems
that most models have the tendency to overestimate at the low
HAA concentrations and underestimate at the high HAA
concentrations. These trends are similar to the HAA prediction
RSC Adv., 2020, 10, 28267–28276 | 28273
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models developed in DWmatrix.18,43 These model equations can
assist the judgement of the relative importance of individual
parameter to HAA formation and may somehow guide the
decision makers to suggest the appropriate actions to minimize
HAA formation. For example, the positive power exponents of
free chlorine in models for both SPWs and DWs demonstrated
the positive correlation between free chlorine and HAAs, which
indicates that HAA minimization might be achieved by
reducing chlorine dosage.
3.4 Human exposure assessment

The chronic daily exposure (i.e., dermal absorption and oral
ingestion via SPWs, and sole oral ingestion via DWs) by males
and females has been shown in Fig. 3A–D. The difference of
CDE between males and females was not signicant in both
SPWs and DWs. The CDE by eachHAA was in a range of 1.3–22.6
� 10�6 mg (kg d)�1 in SPWs, and 6.8–25.7 � 10�5 mg (kg d)�1 in
DWs. The CDE via DWs was nearly one order of magnitude
higher than that via SPWs, attributing to the signicantly higher
ingestion rate of DWs than SPWs (2.14 vs. 0.6 L per day).
Swimmers exposed signicantly to TCAA and DCAA (i.e., CDE of
1.1 � 10�5 mg (kg d)�1 for DCAA and 2.3 � 10�5 mg (kg d)�1 for
TCAA for males), due to their several times' higher concentra-
tions compared to other HAA compounds in SPWs (Fig. 1). It
seems that dermal absorption was the main human exposure
pathway during pool activities (i.e., accounting for 58.5% of the
total CDE for males), which is consistent with the existed
research ndings.44 The CDE to each HAA in DWs followed the
same decreasing order of CAA > BAAz DCAA > TCAA > DBAA as
its concentrations.

The cancer risk as shown in Fig. 3E was the average of males
and females considering the insignicant difference caused by
different genders (the same for hazard index in Fig. 3F). Only
HAAs with the available constants (i.e., CSF and RfD) were
included. The total cancer risk of DCAA and TCAA in DWs was
�1.5 � 10�5, nearly one order of magnitude higher than that in
SPWs (�2 � 10�6). The cancer risk values were not higher than
EPA's usual excess cancer risk range of 10�6 to 10�4 (ref. 45) and
comparable with previous studies.15,44,46 The non-carcinogenic
risk of humans exposed in DWs was higher than that in SPWs
(indicated by hazard index, 0.12 vs. 0.005, Fig. 3F), and both
hazard indexes were lower than the threshold of 1.0.45 It
provides a precise assessment of chronic daily exposure, cancer
risk, and non-cancer risk to HAAs by citizens in Shanghai and
shows that the predicted human exposure to HAAs via both
water matrices is within the acceptable levels. Human exposure
assessment in this study was based on theoretical calculation
rather than experimental validation, since the latter was out of
the scope/control of this work (as human subject involved
research requires specic permission). There will be inevitably
some uncertain factors, i.e., actual exposure frequency, local
water sanitation, human body constitution, physical protection,
etc., affecting the accuracy of the results. For example, wearing
long-sleeved suit reduces the body contact with water and
therefore reduces human exposure. These additional potential
inuencing factors should be systematically considered for an
28274 | RSC Adv., 2020, 10, 28267–28276
effective comparison between theoretical and experimental
results upon available in the future.

4. Conclusions

This study investigated the environmental occurrence and
predicted human exposure of ve EPA-regulated HAAs in 27
SPWs and 15 DWs in Shanghai, China. The HAAs in SPWs and
DWs were 241 and 19 mg L�1, respectively, with the former
dominated by TCAA and DCAA and the latter by CAA. The nearly
doubled magnitudes of TOC, DOC, UV254 (as indicators of HAA
precursors), and chlorine in SPWs than in DWs might be
responsible for the higher HAA formation. The qualication
rate of each parameter in SPWs and DWs has been evaluated. A
linear model showed the positive correlation between HAAs and
free chlorine and TOC. A power function model correlating
HAAs with multiple water quality parameters was well devel-
oped with the correlation coefficient of 0.614 for SPWs and
0.798 for DWs. These models may provide the insights on how
to minimize HAA formation by grasping the relative importance
of each parameter and how to predict HAA formation in
untreated source water or SPWs subjected to chlorination.
Human intake was attributed mainly to TCAA and DCAA in
SPWs and CAA in DWs due to their higher concentrations in the
corresponding water matrices compared to other HAA
compounds. The carcinogenic and non-carcinogenic risk of
humans exposed in SPWs and DWs with HAAs is within the
acceptable levels as regulated by EPA. This regional case study
brought some raw data which may attract the local and even
other regional government's attention (especially for the low
qualication rate and the high HAA concentration) and
contribute to the better water quality management. The model
approach to evaluate the relative importance of each parameter
to HAA formation should be generally applicable, on the base of
which to minimize and predict HAA formation by pool
managers. Nevertheless, more statistics for SPW and DW
samples are needed to further optimize and validate the model
approach, due to the rather complicated water matrix. In
addition, experimental validation of human exposure should be
of particular signicance although such work is out of the scope
of this study.
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