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GRAPHIC ABSTRACT

*NOM formed more C-DBPs while amino acids
formed more N-DBPs during chlorination

* Aspartic acid and asparagine showed the highest
toxicity index during chlorination

* Dichloroacetonitrile might be a driving DBP for
cytotoxicity and genotoxicity

* Dichloroacetonitrile dominated the toxicity under
different chlorination conditions
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Chlorination, the most widely used disinfection process for water treatment, is unfortunately always
accompanied with the formation of hazardous disinfection byproducts (DBPs). Various organic matter
species, like natural organic matter (NOM) and amino acids, can serve as precursors of DBPs during
chlorination but it is not clear what types of organic matter have higher potential risks. Although
regulation of DBPs such as trihalomethanes has received much attention, further investigation of the
DBPs driving toxicity is required. This study aimed to identify the important precursors of chlorination
by measuring DBP formation from NOM and amino acids, and to determine the main DBPs driving
toxicity using a theoretical toxicity evaluation of contributions to the cytotoxicity index (CTI) and
genotoxicity index (GTI). The results showed that NOM mainly formed carbonaceous DBPs (C-
DBPs), such as trichloromethane, while amino acids mainly formed nitrogenous DBPs (N-DBPs),
such as dichloroacetonitrile (DCAN). Among the DBPs, DCAN had the largest contribution to the
toxicity index and might be the main driver of toxicity. Among the precursors, aspartic acid and
asparagine gave the highest DCAN concentration (200 g/L) and the highest CTI and GTI. Therefore,
aspartic acid and asparagine are important precursors for toxicity and their concentrations should be
reduced as much as possible before chlorination to minimize the formation of DBPs. During
chlorination of NOM, tryptophan, and asparagine solutions with different chlorine doses and reaction
times, changes in the CTI and GTI were consistent with changes in the DCAN concentration.
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1 Introduction
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Water disinfection is one of the most important measures
for public health progression. Chlorination is currently the
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Mao et al., 2018). In Canada, about 90% of drinking water
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is disinfected by chlorine (Chowdhury et al., 2011).
However, with the development of analytical techniques,
disinfection byproducts (DBPs) such as trihalomethane
have been detected in chlorinated water (Du et al., 2017b;
Richardson et al., 2007; Wu et al., 2019). DBPs are formed
when organic matter in water reacts with chlorine. The
organic matter in water is generally within the concentra-
tion range of several milligrams per liter, and is mainly
made up of natural organic matter (NOM) and other
compounds such as amino acids (Farré et al., 2013; Hu
et al., 2016).

Most DBPs are cytotoxic and genotoxic (Amjad et al.,
2013). During daily activities such as drinking, bathing,
and swimming, humans can be exposed to DBPs through
ingestion, inhalation, and dermal contact (Amjad et al.,
2013; Lee et al., 2013), which leads to potential health
risks. Epidemiological studies have suggested that long-
term exposure to chlorinated water is correlated to
increased cancer risk, especially for bladder and rectal
cancers (IARC, 1995; IARC, 2004). To ensure the safety of
drinking water, some DBPs are regulated by the World
Health Organization and in many countries (Richardson
et al., 2007). Trihalomethanes and haloacetic acids have
received the most attention among the DBPs in epidemio-
logical studies. However, many emerging and unregulated
DBPs, such as haloacetonitriles, haloacetaldehydes, and
haloacetamides, have been detected in water and are
regarded more toxic than the regulated DBPs (Richardson
et al., 2007). Therefore, unregulated DBPs should be
investigated.

To date, many studies have described the formation of
DBPs from NOM, such as humic acids and algal
metabolites in water (Lu et al., 2009; Bougeard et al.,
2010; Yang et al., 2013). Amino acids are also common in
surface water and wastewater. Trehy et al. (1986) found
that chloral hydrate (CH) and dichloroacetonitrile were the
dominant byproducts during chlorination of amino acids.
Some researchers have speculated that the chlorination of
proteins during algal blooms might play an important role
in the formation of trihalomethanes (THMs) in natural
water (Scully et al., 1988). However, it is unclear which of
the various organic matters have the highest potential risks
during chlorination.

Generally, the DBPs present in the highest concentra-
tions (i.e., trihalomethanes) have received the most
attention. However, their contributions to the total DBP-
associated toxicity need to be considered. For instance,
THMs are found in high concentrations in chlorinated
water and have received the most attention, but they are
reportedly less toxic than other DBPs (Li et al., 2019).
Researchers are concerned about DBPs because of their
potential toxic effects (Du et al., 2018a; Du et al., 2018b).
Toxicity indexes like the cytotoxicity index (CTI) and
genotoxicity index (GTI) have been proposed for quanti-
fication of DBP toxicity. These are quantitative, compre-
hensive indexes that combine both the concentration and

toxic potency of DBPs (Wagner and Plewa, 2017). In this
study, the CTI and GTI were used to assess the toxicity of
disinfected water and to identify the DBPs driving toxicity
during chlorination.

The objectives of this study were (1) to compare DBP
formation from the chlorination of NOM and typical amino
acids, (2) to investigate the CTI and GTI from chlorination
of NOM and typical amino acids with a theoretical
evaluation method, and (3) to identify the contributions of
different DBPs to the CTI and GTI to identify the DBPs
that cause toxicity. To achieve the objects stated above,
first DBPs concentration formed by NOM and amino acids
during chlorination were determined; then CTI and GTI of
DBPs were calculated to indicate potential cytotoxicity and
genotoxicity; finally the contribution to the total toxicity
index of each DBP were quantitatively compared, so that
the driving DBP for toxicity would be identified.

2 Materials and methods
2.1 Chemicals and reagents

Natural organic matter (the sample number is 2R101N,
which was collected at Suwannee River with RO isolation)
was obtained from the International Humic Substances
Society (Colorado-Denver, USA). Amino acids, including
L-tryptophan, L-tyrosine, L-phenylalanine, L-aspartic acid,
L-asparagine, L-arginine, and L-histidine were purchased
from J&K Scientific (Table 1). Sodium hypochlorite
(NaClO, 99% purity) was obtained from Shenzhen Tongyu
Technology. Sodium thiosulfate (Na,;S,03, 97% purity)
was obtained from Tianjin Zhiyuan Chemical Reagent
Company. Sodium dihydrogen phosphate (NaH,POy,
98.0% purity), disodium hydrogen phosphate (Na,HPOy,,
99.0% purity), and anhydrous sodium sulfate (Na,SO,,
99.0% purity) were bought from Macklin. Methyl-#-butyl
ether (reagent grade) was obtained from BCR International
Trading Ltd. Company. 1,2-Dibromopropane internal
standard (reagent grade) was obtained from Sigma—
Aldrich. In addition, standards of trichloromethane
(TCM), bromodichloromethane, tribromomethane, and
dibromochloromethane (99% purity) were purchased
from o02si Smart Solutions. Trichloronitromethane
(5 mg/L), bromochloroacetonitrile (99% purity), dichlor-
oacetonitrile (DCAN, 98% purity), dibromoacetonitrile
(98% purity), trichloroacetonitrile (98% purity), dichlor-
oacetamide (99% purity), trichloroacetamide (99% purity),
CH (99% purity), 1,1-dichloropropanone (1,1-DCP, 99%
purity), and 1,1,1-trichloropropanone (1,1,1-TCP, 97.9%
purity) were purchased from J&K Scientific (China).

2.2 Water sample preparation

A NOM stock solution was prepared by dissolving NOM
in ultrapure water (UPW, Milli-Q), and then filtered
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Table 1 Information of amino acids used in this study

Amino acids CAS Formula Structure
L-tryptoph -22- H,N B
ryptophan 73-22-3 C11H12N20, z OH
(0]
(0]
L-tyrosine 60-18-4 CoH|{NO;
OH
NH,
HO
(0]
L-phenylalanine 63-91-2 CoHNO,
OH
NH,
(0]
L-aspartic acid 56-84-8 C4H,NO,
aspartic aci 4H/NO, HO
OH
(0] NH,
(0]
L-asparagine 70-47-3 C4HgN,O3
H,N
OH
O NH,
NH (0]
L-arginine 74-79-3 CeH 14N4O, )k
H,N N OH
o NH,
N
L-histidine 71-00-1 CeHoN;0, </ / OH
HN NH,

through a 0.45-m filter membrane. A total organic carbon
analyzer (TOC-VCPH, Shimadzu, Japan) was used to
determine the dissolved organic carbon content. The NOM
stock solution was stored at 4°C. Stock solutions of seven
amino acids were prepared by dissolving L-tryptophan, L-
tyrosine, L-phenylalanine, L-aspartic acid, L-asparagine, L-
arginine, and L-histidine in UPW. All stock solutions were
stored in brown glass sealed bottles in the dark at 4°C.
Before use, the stock solutions would be diluted to 3 mg/L
NOM with UPW.

2.3 Chlorination

Before chlorination, the samples were buffered with 1 mM

Na,HPO, and NaH,PO, solution (pH 7.0) in a 2-L glass
bottle. The stock solution of NaClO ([Cl;] = 16.15 mg/mL,
or 22.7 mM) was then added according to the required
chlorine dose. In previous studies, 24 h chlorination was
usually practical to detect the yields of DBPs no matter
amino acids used as the precursors (Chu et al., 2015) or
NOM used as the precursor (Van et al., 2011). Thus, in this
study, 24 h was selected as the reaction time. Each sample
was chlorinated at 25+1°C for the required contact time
and kept in the dark. To stop the chlorination, free chlorine
residues were detected by a chlorine analyzer (HI-93711,
Hanna Instruments, Italy) and then quenched by adding
105% of the stoichiometric amount of 1.0 mol/L sodium
thiosulfate.
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2.4 Extraction of DBPs

Liquid-liquid extraction was used to concentrate the DBPs
in the water samples. For each water sample, a 30-mL
sample was quickly added by 3 mL of methyl-z-butyl ether,
which contained 100 g/L. 1,2-dibromopropane as an
internal standard for chemical analysis. Then, 6.0 g of
Na,SO,4 was added. The samples were then placed in a
rotary vibrator (QB-328, Qilin Bell Instrument Manufac-
turing) for 5 min and mixed. The mixed samples were left
to stand for 10 min to allow the organic and aqueous
phases to separate. Then, 1 mL of concentrated liquid from
the upper organic phase was carefully transferred into a
brown glass sample bottle using a glass dropper and sealed
with plastic cover, then stored in a —20°C refrigerator for
analysis.

2.5 Analytical methods

A gas chromatography-electron capture detector instru-
ment (7890B, Agilent) equipped with a DB-SMS column
(30m x 0.25 mm x 0.25 um) was used to analyze DBPs in
the concentrated sample after liquid—liquid extraction. The
instrument was operated as follows: inlet temperature 230°
C; pressure 60676 pa; heat-insulated purge flow rate 3 mL/
min and its temperature is 250°C; tail gas flow rate 60 mL/
min; column flow rate 1.2 mL/min; gas interface
temperature 230°C; and injection volume, 1 pL in splitless
mode. The column temperature was initially held at 3°C
for 9 min, increased to 40°C at 2°C/min and held for 1 min,
increased to 160°C at 10°C/min and held for 2 min, and
finally increased to 220°C at 40°C/min and held for 2 min.

2.6 Theoretical calculation of the CTI and GTI

In this study, the half lethal concentration (LCsy, M) and
50% Tail DNA (TDNA) or midpoint of tail moment (M)
(Table 2) were used to calculate the CTI and GTI,
respectively (Wagner and Plewa, 2017). The LCs, was
defined as the DBP concentration that induced a cell
density of 50% of that of the negative control and was used
to evaluate the cytotoxicity. The 50% TDNA or midpoint
of tail moment (M) value was defined as the point where
50% of the DNA had migrated away from the nucleus in
the comet assay and was used to evaluate the genotoxicity
(Wagner and Plewa, 2017). Wagner and Plewa (2017)
provided a mathematical method for quantitative analysis

of DBP-induced cytotoxicity and genotoxicity toward
Chinese hamster ovary cells. After obtaining the LCso and
50% TDNA or midpoint of tail moment value, the CTI and
GTI of the eight precursors were calculated using Eqs. (1)
and (2) and used to evaluate the toxicity of these precursors
in water after chlorination.

CTI = X(DBP concentration(M)/LCs) ()
GTI = Z(DBP concentration(M)
/50%TDNA or midpoint of tail moment) )

Smaller LCso (M) and 50% TDNA or midpoint of tail
moment (M) values gave larger CTI and GTL

2.7 Quality assurance and quality control

To reduce background pollution, all glass containers were
cleaned with tap water and UPW, 30 times and 15 times
respectively. Three parallel samples were set in a group.
Every sample was determined two times. Results were
expressed as the average valuetstandard deviation, within
a certain amount of relative error (less than 5%).

3 Results

3.1 Levels of DBP formation during chlorination of
different precursors

The water samples prepared using different precursors in
this study contained no bromide, and no brominated DBPs
were detected. Seventeen DBPs were measured and the
following five chlorinated DBPs were detected: TCM, CH,
DCAN, trichloroacetamide (TCAM), and trichloroacetone
(TCA). Figure 1 shows the levels of DBPs formed from the
eight precursors after chlorination. Among the precursors,
NOM gave the highest concentration of TCM (nearly
100 g/L), followed by tryptophan and tyrosine. Trypto-
phan, aspartic acid, and asparagine gave the highest
concentrations of CH, followed by NOM, tyrosine, and
histidine. By contrast, phenylalanine and arginine gave
only low CH concentrations. Among the precursors,
aspartic acid and asparagine gave the highest concentration
of DCAN (nearly 200 g/L), and the DCAN concentrations
from the other precursors were very low. TCAM was

Table 2 LCsy (M) and 50% TDNA or midpoint of Tail moment (M) of DBPs reported in the literature

DBPs LCso (M) 50% TDNA or midpoint of Tail moment (M) Reference

TCM 9.62 x 1073 NA a) Wagner and Plewa (2009)
CH 1.16 x 107 NA ¥ Jeong et al. (2015)
DCAN 573 x 107° 275 x 107 Muellner et al. (2007)
TCAM 2.05 x 1073 6.54 x 1073 Plewa et al. (2007)
TCA NA @ NA*? Wagner and Plewa (2017)

Note: a) not available.
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Fig. 1 Levels of DBPs formed during chlorination of different precursors: (a) TCM, (b) TCAL, (c) DCAN, (d) TCAM, and (e) TCA

(chlorine dose 9 mg/L, 12.7 uM; and contact time 24 h).

detected only in tryptophan, tyrosine, and asparagine
solutions. In addition, NOM formed TCA (11.5 g/L),
which was not formed by any of the amino acids.

3.2 Chlorine and nitrogen contents in DBPs from different
precursors

The concentrations of the DBPs were used in Egs. (3) and
(4) to calculate chlorine contents in byproducts (Clgp) and
nitrogen contents in byproducts (Ngp) for the eight

precursors to characterize their chlorine and nitrogen
substitution capacity.

Clgp = Z(DBPs concentration x percentage

of Cl in molecular weight) 3)
Ngp = Z(DBPs concentration x percentage of
N in molecular weight) 4
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Figure 2 shows that the Clgp (nearly 150 pg/L) and Np
(nearly 24 ng/L) concentrations for aspartic acid and
asparagine were similar and the highest among the eight
precursors. The Clgp concentrations for NOM, tryptophan,
tyrosine, and histidine were higher than those formed by
phenylalanine and arginine. The Ngp concentrations for
aspartic acid and asparagine were almost 25 times those
formed by tryptophan and histidine. The Clgp concentra-
tions for phenylalanine and arginine were only several
micrograms per liter, and arginine did not form any Ngp.

3.3 CTI and GTI from chlorination of different precursors

The CTI and GTI of the DBPs produced by aspartic acid
and asparagine were similar and the highest among all the
precursors (Fig. 3). The CTI of these two amino acids were
3.1 x 10 % and the GTI were nearly 6.5 x 10 *. Histidine,
tryptophan, NOM and tyrosine followed aspartic acids and
asparagine. The CTI of these four precursors were 3.1 x

160 - (a) Clgp
40} % ?
S 120f % %
2100t % % %
2wl %
S ull .
o R
Fig.2 (a)

102,14 x 1073, 1.4 x 107 and 6.9 x 107, respectively.
And the GTI of these four precursors were 6.4 x 107,
3.3 x 107, 2.7 x 107 and 1.6 x 107, respectively. The
CTI and GTI of phenylalanine and arginine were lower
than those of the other precursors, which agreed with the
Clgp and Ngp results. In addition, among the DBPs, DCAN
had the largest contributions to the CTI and GTI, the
proportion of DCAN in CTI arranged at 81%—90% and
that in GTI arranged 72%—100%, which was followed by
TCAM. The other DBPs had lower contributions.

3.4 Effects of the chlorine dose and reaction time on DBP
formation and the toxicity index

As described in Section 3.1, the concentrations of DBPs
formed by NOM, tryptophan, and asparagine were
relatively high, this was especially true for DCAN formed
from asparagine, which gave a much higher concentration
than the other precursors. Therefore, NOM, tryptophan,
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Fig. 3 (a) Cytotoxicity index and (b) genotoxicity index results for the chlorination of different precursors (chlorine dose 9 mg/L, 12.7

puM; and contact time 24 h).
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and asparagine were selected as precursors to study the
effects of the chlorine dose and reaction time on DBPs
formation and the toxicity index.

3.4.1 Effects of the chlorine dose on DBPs formation and
toxicity index

Figures 4(a)—4(c) shows the formation of DBPs after 1 h
chlorination of NOM, tryptophan, and asparagine solutions
with various chlorine doses (0-9 mg/L, or 0—-12.7 uM), and
Figs. 4(d) and 4(e) shows how the CTI and GTI were

affected by the chlorine dose. When NOM was the
precursor, the concentrations of TCM, CH, DCAN, and
TCA increased with the chlorine dose, and TCM was the
dominant DBP. When tryptophan was the precursor, the
concentrations of all DBPs except DCAN increased almost
linearly with the chlorine dose and CH was the dominant
DBP. When asparagine was the precursor, DCAN was the
main DBP formed, and its concentration first increased to a
maximum (about 40 pg/L)) and then decreased. The
concentration of CH increased stably but there were no
obvious changes in the concentration of TCM and TCA. In
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Fig. 4 Effects of chlorine dose (chlorine dose 0, 3, 6, 9 mg/L (or 0, 4.2, 8.5, 12.7 uM); and reaction time 1 h) on DBP formation and the
toxicity index: (a) NOM as the precursor, (b) tryptophan as the precursor, (c) asparagine as the precursor, (d) cytotoxicity index (CTI), and

(e) genotoxicity index (GTI).



addition, both the CTI and GTI of the NOM water sample
increased monotonously with the chlorine dose. For the
water sample containing tryptophan, the CTI and GTI
increased rapidly when the chlorine dose was increased
from 0 to 3 mg/L (4.2 uM). Then, when the chlorine dose
was increased from 3 to 9 mg/L (12.7 uM), the CTI
increased slowly and the GTI decreased slowly. The CTI
and GTI of the water sample containing asparagine first
increased to maxima (6.65 x 102 and 1.39 x 10
respectively) and then decreased.
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3.4.2 Effects of the reaction time on DBPs production and
toxicity index

The effects of various reaction times (0.5-24 h) on the
concentrations of DBPs formed during chlorination of
NOM, tryptophan, and asparagine (Figs. 5(a)-5(c)) and the
CTI and GTI (Figs. 5(d) and 5(e)) were investigated. When
NOM was the precursor, the concentrations of all DBPs
increased with the reaction time, and among the DBPs,
the concentration of TCM increased the fastest. With
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Fig. 5 Effects of reaction time (chlorine dose 9 mg/L (12.7 uM); and reaction time 0.5, 1, 12, or 24 h) on DBP formation and toxicity
index: (a) NOM as the precursor, (b) tryptophan as the precursor, (c) asparagine as the precursor, (d) cytotoxicity index (CTI), and (e)

genotoxicity index (GTI).
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tryptophan as the precursor and a chlorine dose of 9 mg/L
(12.7 uM), the concentration of DCAN first increased and
then decreased as the reaction time increased from 0.5 to
24 h, while the concentration of the other DBPs just
increased. When asparagine was the precursor, the
concentration of TCM almost showed no growth, whereas
the concentration of CH and TCAM increased with the
reaction time. By contrast, the concentration DCAN
increased rapidly in the first hour, slowly from 1 to 12 h,
and then decreased from 12 to 24 h. The CTI and GTI of
the water sample containing NOM increased with reaction
time, whereas those of the water samples containing
tryptophan and asparagine first increased, reaching max-
ima at a reaction time of 12 h, and then decreased.

4 Discussion

4.1 Formation of DBPs, Clgp, and Npp from different
precursors

The formation of DBPs shown in Fig. 1 was in agreement
with other literatures. Bond et al. (2012) found that DCAN
and other haloacetonitriles were produced from the
chlorination of selected free amino acids. Yang et al.
(2012) determined that asparagine, tyrosine and tryptophan
generated the greatest amount of DCAN, at concentrations
greater than 0.85 M DCAN/mM amino acid (pH= 7.2, 3
mM chlorine applied to 0.1 mM amino acids). Later, Jia et
al. (2016) found that the yields of DCAN during
chlorination by eight amino acids were much higher than
that of other DBPs: Aspartic acid generated DCAN at the
concentration more than 1.5 yM DCAN/mM amino acid
(pH="7.2, 3 mM chlorine applied to 0.1 mM amino acids).

From the results presented in Fig. 1, the concentrations
of three classes of DBPs, namely carbonaceous DBPs (C-
DBPs), nitrogenous DBPs (N-DBPs), and total DBPs,
formed from each precursor were calculated using Egs. (5),
(6), and (7) (Table 3).

N-DBPs(pg/L) = DCAN + TCAM (5)

Table 3 DBP formation from the chlorination of different precursors

C-DBPs(pg/L) = TCM + CH + TCA (6)

Toal DBPs(pg/L) = N-DBPs + C-DBPs (7)

NOM mainly formed C-DBPs, and the concentration of
N-DBPs formed by NOM was much lower than that of N-
DBPs formed by amino acids. This result was consistent
with other research (Bond et al., 2012; Bond et al., 2014;
Chu et al., 2015; Trehy et al., 1986). For instance, Trehy et
al. (1986) found that aspartic acid could form both DCAN
and CH during chlorination, whereas tryptophan generated
TCM, DCAN, and CH. Bond et al. (2012) found that free
amino acids such as aspartic acid and tryptophan were
important precursors of N-DBPs like haloacetonitriles and
haloacetamides. This is because NOM has a high carbon
content and low nitrogen content, whereas amino acids
have high nitrogen contents (Scully et al., 1988; Van Huy
et al., 2011). In addition, among the precursors, aspartic
acid and asparagine gave the highest concentrations of N-
DBPs, total DBPs, Clgp, and Ngp. These results could be
explained by the structures of the amino acids (Table 1).
Reactive side groups such as amino nitrogen groups and
activated aromatic rings in amino acids are the main
chlorine substitution sites (Hureiki et al., 1994). Table 1
shows the structures of the amino acids used in this study.
Aspartic acid and asparagine have similar structures.
Tryptophan, tyrosine, and phenylalanine all contain a
benzene ring. According to the reactivities of the
compounds, the most active substitution site in each of
asparagine and aspartic acid is the amino nitrogen group
located in the middle of the carbon chain (Li et al., 2018),
which is a flexible chain without a benzene ring. Therefore,
asparagine and aspartic acid have low steric hindrance, and
the amino nitrogen groups will be exposed to chlorine and
readily available for reaction (Liu and Zhang, 2014; Yoon
and Tanaka, 2014). This may explain why asparagine and
aspartic acid gave high DBP concentrations.

4.2 Contributions of the DBPs to the toxicity index

The main contributor to the toxicity index of the water
samples was DCAN (Fig. 3), even though it was present in

Precursors N-DBPs (pg/L) C-DBPs (ng/L) Total DBPs (png/L)
NOM 8.13 121.46 129.59
Tryptophan 16.90 75.90 92.81
Tyrosine 6.39 14.04 20.43
Phenylalanine 0.28 2.77 3.05
Aspartic acid 197.49 34.87 232.36
Asparagine 198.67 36.10 234.77
Arginine ND @ 2.76 2.76
Histidine 19.26 10.40 29.65

Note: a) not detected.
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a low concentration in the water samples. To more
intuitively express the contributions of the DBPs to the
toxicity index, the contribution of every individual DBP to
the concentration, CTI, and GTI was evaluated. This
method is widely used to evaluate the toxicity contribu-
tions of individual DBPs (Chuang et al., 2019; Jeong et al.,
2012; Park et al., 2016). For NOM, TCM was the main
DBP formed on a mass concentration basis, and it
accounted for 77% of the total measured DBPs concentra-
tion. However, TCM had low contributions to the
calculated CTI and GTI. DCAN had the largest contribu-
tion to the DBP-associated CTI, accounting for 90% of the
total, although its contribution to the mass concentration of
the total DBPs concentration was only 6%. These results
are consistent with those reported for real water. For
example, Watson et al. (2012) used an in vivo model
(Artemia franciscana) to evaluate the toxicity of DBPs.
Their results showed that the observed toxicity was not
related to the concentrations of THMs and nitrosamines
present in water samples. Hansen et al. (2012) estimated
the GTI and CTI of DBPs in a treated particle suspension
and found that HANs had the largest contribution to the
toxicity among the measured DBPs.
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4.3 Relationship between DCAN and Ngp concentration
and the toxicity index

The results in Figs. 1-3 were used to analyze the
correlations between the DCAN and Ngp concentration
and the CTI and GTI from chlorination of different
precursors (Fig. 6, Table 4). Previous studies have shown
significant positive correlations between the nitrogen
contents in byproducts and the toxicity of chlorinated
water (Lee et al., 2007; Lin et al., 2016). The results of this
study showed that DCAN was significantly positively
correlated to the CTI and GTI (Pearson correlation
coefficients of 1.000 and 1.000, respectively, p < 0.01).
Therefore, DCAN might cause the toxicity of chlorinated
water. The DCAN and Ngp concentrations could reflect the
ability of the precursor to form N-DBP. The stronger the N-
DBP formation ability of the precursor, the more DCAN
and Ngp it forms and the more toxic the chlorinated water
(Lin et al., 2016). From the results of this study, aspartic
acid and asparagine have the strongest N-DBP formation
abilities, and they form the most Ngp,. Therefore, to reduce
the formation of chlorinated DBPs and toxicity, emerging
N-DBPs such as DCAN should be investigated and

0.0008
(b) GTI
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0.0004 |
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O
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0.0008
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Fig. 6 Correlation between DCAN and Ngp concentrations and the toxicity index: (a) DCAN-CTI, (b) DCAN-GTI, (c) Ngps—CTI, and
(d) Ngps—GTIL. Data are the concentrations of DCAN and Ngps, CTI, and GTI for different precursors (chlorine dose 9 mg/L (12.7 uM);

and reaction time 24 h).
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Table 4 Correlation analysis between DCAN, Npp and toxicity index

DBP Toxicity Pearson correlation Significance
index index coefficient )
DCAN CTI 1.000 <0.01
GTI 1.000 <0.01
Ngp CTI 1.000 <0.01
GTI 1.000 <0.01

aspartic acid and asparagine concentrations should be
reduced before chlorination.

4.4 Effects of the chlorine dose and reaction time on DBP
formation and toxicity index

When NOM was the precursor, the formation of TCM
showed the largest increases with increasing chlorine dose
and reaction time. When tryptophan was the precursor, the
concentration of CH increased rapidly and it was the
dominant DBP. When asparagine was the precursor,
despite hydrolysis, DCAN was the dominant DBP. These
results could be explained by the chemical structures and
reactivities of the precursors (Liu and Zhang, 2014; Yoon
and Tanaka, 2014), as discussed in Section 4.1. When
tryptophan and asparagine were the precursors, the
concentration of DCAN first increased and then decreased
with increases in the chlorine dose and reaction time. In
other studies on DBP formation, it has been reported that
when the chlorine dose/dissolved organic carbon exceeds a
certain value, as the reaction time increases, the concentra-
tion of DCAN reaches a maximum and then decreases
(Reckhow et al., 2001; Sun et al., 2013). This is because
DCAN is an unstable DBP (Huang et al., 2012) and its
concentration is related to both its formation and hydro-
lysis rates. DCAN is first hydrolyzed to dichloroacetamide
and then hydrolyzed to dichloroacetic acid (Yang et al.,
2018).

The results (Figs. 4(d, e) and 5(d, ¢)) showed the growth
of CTI and GTI of NOM, tryptophan, and asparagine were
similar to the growth of DCAN with increases in the
chlorine dose and reaction time. Although the concentra-
tions of DBPs in NOM, tryptophan, and asparagine
solutions were different, the changes in the CTI and GTI
were similar. As discussed in Section 4.3, the concentration
of DCAN was positively correlated with the CTI and GTIL.
Therefore, within a certain concentration range, the
toxicity of chlorinated water mainly depended on DBPs
with higher toxicity index, such as DCAN, rather than the
DBPs with higher concentrations, such as THMs, which
have previously been given the most attention (Wagner and
Plewa, 2017).

5 Conclusions

The formation of DBPs, Clgps, Npps, and toxicity index

were investigated during the chlorination of various
precursors (NOM and amino acids). Changes in the
DBPs, CTI, and GTI with the chlorine dose and reaction
time were measured. The relationships between the DCAN
and Ngp concentrations and the CTI and GTI were also
analyzed. We drew the following main conclusions:

1) Under the same chlorination conditions, NOM mainly
formed C-DBPs such as TCM, whereas amino acids
mainly formed N-DBPs such as DCAN.

2) Among the precursors, aspartic acid and asparagine
gave the highest Clgp and Ngp concentrations and CTI and
GTI values. Therefore, aspartic acid and asparagine are
important precursors driving toxicity and their levels
should be reduced as much as possible before chlorination.

3) There were significant positive correlations between
the DCAN and Ngp concentrations and the CTI and GTI;
that is, the higher the DCAN and Ngp concentrations, the
more toxic the chlorinated water.

4) DCAN might be an important DBP for both the CTI
and GTI. CTI and GTI changes under different chlorine
dose and contact time showed the same trend as DCAN
changes. In future, attention should be focused on DBPs
such as DCAN that might drive toxicity rather than those
only with high concentrations.
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