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ABSTRACT: As disinfection byproducts (DBPs) are ubiquitous sources of chemical exposure in disinfected drinking water,
identifying unknown DBPs, especially unknown drivers of toxicity, is one of the major challenges in the safe supply of drinking water.
While >700 low-molecular-weight DBPs have been identified, the molecular composition of high-molecular-weight DBPs remains
poorly understood. Moreover, due to the absence of chemical standards for most DBPs, it is difficult to assess toxicity contributions
for new DBPs identified. Based on effect-directed analysis, this study combined predictive cytotoxicity and quantitative genotoxicity
analyses and Fourier transform ion cyclotron resonance mass spectrometry (21 T FT-ICR-MS) identification to resolve molecular
weight fractions that induce toxicity in chloraminated and chlorinated drinking waters, along with the molecular composition of
these DBP drivers. Fractionation using ultrafiltration membranes allowed the investigation of <1 kD, 1−3 kD, 3−5 kD, and >5 kD
molecular weight fractions. Thiol reactivity based predictive cytotoxicity and single-cell gel electrophoresis based genotoxicity assays
revealed that the <1 kD fraction for both chloraminated and chlorinated waters exhibited the highest levels of predictive cytotoxicity
and direct genotoxicity. The <1 kD target fraction was used for subsequent molecular composition identification. Ultrahigh-
resolution MS identified singly charged species (as evidenced by the 1 Da spacing in 13C isotopologues), including 3599 chlorine-
containing DBPs in the <1 kD fraction with the empirical formulas CHOCl, CHOCl2, and CHOCl3, with a relative abundance order
of CHOCl > CHOCl2 ≫ CHOCl3. Interestingly, more high-molecular-weight CHOCl1−3 DBPs were identified in the chloraminated
vs chlorinated waters. This may be due to slower reactions of NH2Cl. Most of the DBPs formed in chloraminated waters were
composed of high-molecular-weight Cl-DBPs (up to 1 kD) rather than known low-molecular-weight DBPs. Moreover, with the
increase of chlorine number in the high-molecular-weight DBPs detected, the O/C ratio exhibited an increasing trend, while the
modified aromaticity index (AImod) showed an opposite trend. In drinking water treatment processes, the removal of natural organic
matter fractions with high O/C ratio and high AImod value should be strengthened to minimize the formation of known and
unknown DBPs.
KEYWORDS: toxicity drivers, unknown DBPs, fractionation, high molecular weight, ultrafiltration

■ INTRODUCTION
Disinfection of drinking water is one of the ten public health
achievements in the 20th century.1 Various disinfectants, e.g.,
free chlorine, chloramine (NH2Cl), chlorine dioxide (ClO2),
and ozone (O3), can reduce the spread of waterborne diseases
by inactivating pathogens in water.2 The disinfectant
simultaneously reacts with natural or anthropogenic organic
matter and halides to form toxic disinfection byproducts
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(DBPs), which are associated with the potential for adverse
health conditions, including cancer and reproductive or
developmental effects.3 To date, >700 DBPs have been
identified, approximately 100 of which have been investigated
for their occurrence, formation, and quantitative cytotoxicity
and genotoxicity.3−5 However, >50% of the total organic
halogen (TOX) formed during disinfection remains unknown.6

Due to the adverse health effects associated with DBPs in
drinking water, the World Health Organization, United States,
European Union, China, and other countries have currently set
up guidelines or regulations for several DBPs in drinking
water.7−9 For example, 11 DBPs including four trihalo-
methanes (THMs) and five haloacetic acids (HAAs) have
been regulated in the U.S. However, most DBPs are not yet
adequately identified, regulated, or controlled in drinking
water.7

As chloramination forms lower levels of regulated THMs
and HAAs than chlorination, chloramine has been increasingly
adopted as a secondary disinfectant to maintain a residual
disinfection ability in distribution systems.10−12 However,
TOX formed during chloramination (generally less than that
from chlorination) can still reach considerable levels, depend-
ing on the chloramine dose, Cl/N ratio, pH, and other
conditions.13 Moreover, in chloraminated drinking water, up to
70% of TOX formed remains unknown, a significantly higher
unknown fraction than observed for chlorination (∼50% of
TOX unknown).14,15 The unknown TOX formed during
chlorination and chloramination may contain a substantial
amount of toxic DBPs, which need identification.16,17

Continued efforts have been made to identify unknown
DBPs in drinking water, especially for the toxicity drivers.18−28

The identification of unknown DBPs and corresponding
toxicity assessments significantly enriched the knowledge of
unknown TOX. One of the tricky challenges in the assessment
of complex drinking water mixtures is the identification of
those DBPs that contribute significantly to observed toxicity. A
recent forcing factor study of U.S. drinking waters, which
combined the quantification of 72 DBPs with whole-water
cytotoxicity measurements, found unregulated dihaloacetoni-
triles to be the main cytotoxicity drivers in drinking water,
along with iodo acids in chloraminated drinking waters
containing iodide.29 When measured whole-water toxicity
data are not available, another approach called “TIC-Tox” is
often used, where each measured low-molecular-weight DBP is
multiplied by the reported cytotoxicity or genotoxicity index of
that DBP measured in Chinese hamster ovary (CHO) cells.30

However, the TIC-Tox method is limited to the ∼100 low-
molecular-weight known DBPs for which quantitative cellular
toxicity data have been evaluated. For unknown/unquantified
DBPs, it is difficult to use the TIC-Tox method to identify
unknown DBP toxicity drivers.7

Although most DBPs previously identified through gas
chromatography−mass spectrometry (GC-MS)-based meth-
ods are low-molecular-weight (one and two carbon atoms),
volatile or semivolatile compounds, this does not necessarily
mean that the majority of DBP toxicity drivers fall into this
category. While >700 low-molecular-weight DBPs have been
identified, the molecular composition of high-molecular-weight
DBPs (>C2) remains poorly understood.31 Liquid chromatog-
raphy−mass spectrometry (LC-MS) based methods, using
softer ionization methods (e.g., electrospray ionization (ESI))
and high-resolution MS (HRMS), have heightened the
possibilities for the detection of unknown DBPs. With

increased use of LC-MS, more and more hydrophilic, high-
molecular-weight DBPs have been identified, broadening our
understanding of the physical and chemical characteristics of
DBPs in drinking water.19,20,32,33

With new DBPs and micropollutants increasingly being
identified,34 drinking water is known as a complex mixture
comprised of thousands of compounds, which makes it nearly
impossible to attribute drinking water toxicity to any one
compound. Generally, natural organic matter (NOM) is the
main precursor of DBPs in drinking water, the total
concentration and characteristics of which are a function of
allochthonous sources, autochthonous production, and other
anthropogenic compounds.35 As NOM is a heterogeneous
mixture of organic chemicals with various polarities and
molecular weights in an aquatic environment, DBPs formed
during disinfection may exhibit the same trend, i.e., various
polarities and molecular weights. Previous investigations have
shown that nonvolatile DBPs are related to much of the total
toxicity in drinking water.36−38 Therefore, the overall toxicity
in drinking water may be driven by a few mixture fractions.39

For the identification of unknown DBPs, it is helpful to switch
from chemical-by-chemical identification to fraction identi-
fication, e.g., via linking chemical identification and toxicity
analysis by trait-based or effect-directed approaches.

Identifying the toxicity-driver factors leading to dominant
toxicity and subsequently removing these DBP precursors or
minimizing DBP formation would reduce the health risks of
the drinking water.40 Effect-directed analysis (EDA), combin-
ing chemical analysis and toxicity/effect evaluation, is an
efficient tool to identify key toxicants in complex water
matrices. By a bioassay-directed fractionation of water samples,
EDA can reduce natural water samples to less complex
mixtures or individual compounds for identification of the
relevant toxicity drivers.41−44 In EDA, in vitro toxicity
assessment of different fractions is widely used to discover
toxicity-driving fractions of bulk water. Although in vitro
toxicity evaluation cannot guarantee a DBP to be a human
health risk factor, these quantitative in vitro assays allow for
quantitative comparisons of the relative cytotoxicity, genotox-
icity, or toxicogenomic effects of a series of drinking water
fractions.45−48 Then a subsequent HRMS analysis can be
conducted to identify the DBP toxicity drivers in a less
complex sample fraction. Currently, suspect screening and
nontarget screening strategies have been applied to toxicant
identification in EDA.43 As unknown DBPs usually lack
standard chemical and MS library information, a nontarget
approach is more feasible for unveiling unknown DBPs present
in these waters. For example, FT-ICR-MS has been used to
determine the molecular formulas of chlorinated and
brominated DBPs formed in drinking water samples.37,49

The ultrahigh mass-resolving power and mass accuracy of FT-
ICR-MS allow confident assignments for tens of thousands of
the unique elemental compositions possible.

Herein, the EDA protocol including predictive cytotoxicity
and direct genotoxicity assays and nontarget identification
using FT-ICR-MS was adopted to identify unknown DBP
toxicity drivers in chlorinated and chloraminated drinking
waters. More specifically, we aim to (1) evaluate toxicity-driven
molecular weight fractions in chloraminated and chlorinated
drinking water, (2) obtain molecular information on the
unknown high-molecular-weight DBPs in toxicity-driven
fractions, and (3) compare these high-molecular-weight
DBPs in chlorinated and chloraminated drinking waters. To
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the best of our knowledge, this work presents the first EDA-
based nontarget analysis of unknown high-molecular-weight
DBPs in finished drinking water.

■ METHODS
Reagents. Detailed reagent information can be found in

Text S1 (Supporting Information).
Water Sample Collection. Chlorinated and chlorami-

nated drinking water (100 L each) were sampled from drinking
water plants in Texas (TX), Georgia (GA), and South Carolina
(SC) along with 20−100 L of source water (river water) that
serves these plants. The two SC plants share a common source
water (sample 3), with a midrange TOC and bromide/iodide
ions; one plant uses pre-ClO2 with NH2Cl disinfection (sample
1), and the other plant uses Cl2 disinfection (sample 2). The
TX plant (sample 5) uses NH2Cl disinfection and has a high
TOC/high bromide/iodide ion source water (sample 4), and
the GA plant uses Cl2 disinfection (sample 7) and has a low
TOC/low bromide/iodide ion source water (sample 6).
Further information is shown in Table S1, and water quality
data and disinfectant doses are shown in Table S2. 20 L Teflon
bottles, rinsed three times before collection, were used to
collect water samples, and no quencher was added to maintain
the stability of formed DBPs.
Molecular Formula Identification Workflow. The

workflow for unraveling high-molecular-weight DBP toxicity
drivers in drinking waters is shown in Figure S1. Briefly, water
samples were size-fractionated using ultrafiltration membranes,
extracted using XAD resins, and evaluated for predictive and
genomic DNA damage. For the most cytotoxic and genotoxic
fractions, FT-ICR-MS analysis was adopted to obtain
molecular information.
Molecular Weight Fractionation and XAD Resin

Extraction. Finished drinking water and source waters were
fractionated using a Millipore Pellicon 2 mini ultrafiltration
device (Amicon, Beverly, MA) with ultrafiltration membranes
(molecular weight cutoffs of 500−5 kD), which resulted in
several fractions with different effective molecular weights. 100
L of chloraminated drinking water (sample 1) was concen-
trated to ∼50 mL in each molecular mass fraction, namely, >5,
and 3−5, and 1−3 kD except for the <1 kD fraction. Further
concentration was not carried out for the <1 kD fraction which
had passed through all the ultrafiltration systems. The <0.5 kD
fractionation is an inefficient process (only tried for sample 4),
and was not applied to other samples. XAD resin extraction of
finished whole drinking water (20 L) and molecular-weight-
fractionated waters (100 L of total water fractionated) was
carried out based on a published procedure.50,51 Briefly,
drinking waters were added with sulfuric acid to adjust pH < 1
and passed over a resin bed of DAX-8 and XAD-2 resins (with
a ratio of 770:1 water:resins used). Ethyl acetate was adopted
to elute extracts from the resins, which was then dried with
Na2SO4 and concentrated under N2 using a TurboVap
(Biotage) for toxicity analysis and nontarget analysis.
Representative molecular-weight-based fractions of chlorami-
nated and chlorinated drinking water samples are shown in
Figure S2.
Toxicity Assays. The organic solvent eluent of the resin

was used for toxicity evaluation. As a widely used toxicity test
method, concentration factor or equivalent water volume is
adopted in dose−response curves.52−54 A N-acetyl-L-cysteine
(NAC) thiol reactivity assay was employed for predictive
cytotoxicity that measures the alkylation of cysteine thiol in

NAC to mimic the cysteine thiol in glutathione.53 Glutathione
is a cellular antioxidant which could prevent damage induced
by toxic compounds. Thiol reactivity results correlate with
CHO cell cytotoxicity in various waters (e.g., drinking water,
surface water, and wastewater).12,53,55 Thus, thiol reactivity as a
surrogate for cytotoxicity provides a screening assay to evaluate
the toxicity of a drinking water sample. This predictive assay
does not require cells or biological safety measures and can be
used as a screening tool to identify the toxicity drivers in
drinking water.53,55 This thiol reactivity assay was used to
investigate cytotoxicity of drinking water fractions, and a CHO
single-cell gel electrophoresis (SCGE) assay28,56 was used to
evaluate the genotoxicity of different molecular weight
fractions. Details on the thiol reactivity assay are provided in
Text S2 and were published,53 and SCGE assay protocols are
described in Text S3 and were published.5

Nontarget Analysis of Unknown DBPs. Nontarget
analysis of unknown DBPs was conducted at the National
High Magnetic Field Laboratory (Tallahassee, FL), where a 21
T FT-ICR-MS with ESI ionization and resolving power of
≥1000000 was used to identify molecular information for
unknown DBPs (m/z 50−1000).57,58 Prior to FT-ICR-MS
analysis, an aliquot of each XAD extract (20−100 L) was
solvent-exchanged with methanol (200 μL), followed by 2-fold
dilution. Direct infusion was adopted to achieve longer
acquisition times. A complete list of experimental details is
included in Text S4. All FT-ICR-MS files will be publicly
available via the Open Science framework.
Molecular Formula Assignments. Only mass spectral

peaks with signal magnitude >6-fold the baseline root-mean-
square noise were exported to a peak list, converted and sorted
based on Kendrick mass defect analysis, and assigned
elemental compositions by PetroOrg software. During
molecular formula assignments, errors >0.5 ppm were
discarded, and only chemical classes with a combined relative
abundance ≥0.25% of the total were further considered. The
chlorine number and type of halogens in unknown DBPs were
determined and verified based on characteristic isotopic
patterns. As this study focuses on the identified chlorine-
containing DBPs (i.e., CHOCl1−3), the identified unknown
DBPs are divided into three groups based on the number of
chlorine atoms (i.e., CHOCl, CHOCl2, and CHOCl3), which
has been widely adopted in previous publications.59,60 H/C
and O/C ratios of individual molecular formulas identified
were calculated to construct van Krevelen plots. Parameters of
molecules, including average carbon oxidation state (O̅S̅c),
double bond equivalents per carbon (DBE/C), and modified
aromatic index (AImod) were calculated based on elemental
compositions according to eqs 1−3 (n is the number of atoms
of each type in the DBP molecular formula).61

= ×n n n
n

OS
H ( O 2) Cl

Cc (1)

= + × ×n n n
n

DBE/C 1 0.5
( C 2) H Cl

C (2)

= + × × ×
×

n n n n
n n

AI
1 C 0.5 O 0.5 H 0.5 Cl

C 0.5 Omod

(3)

Target DBPs and Total Organic Halogen (TOX). 65
regulated and priority unregulated DBPs (all low molecular
weight) from 8 DBP classes were also quantified for
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comparison using liquid−liquid extraction, derivatization, and
GC-MS. Method details have been published and can be found
in Text S5.29,62 4 THMs, 6 iodinated trihalomethanes (I-
THMs), 8 bromo/chloro haloacetic acids (Br/Cl-HAAs), 4
iodinated haloacetic acids (I-HAAs), 10 haloacetonitriles
(HANs), 7 halonitromethanes (HNMs), 9 haloketones
(HKs), 13 haloacetamides (HAMs), and 4 trihaloacetalde-
hydes (tri-HALs) were included in the target DBP analysis.
Speciated TOX (TOCl, TOBr, and TOI) was analyzed using
combustion ion chromatography; details have been published
and are provided in Text S6.29

Statistical Analyses. For the toxicity analyses of each
water sample, the lowest summed molar concentration that
induced a statistically significant level of toxicity as compared
to its concurrent negative control (P ≤ 0.05) was determined
by a one-way analysis of variance (ANOVA) test with the
power of the ANOVA test maintained as >0.8 at α = 0.05.63

EC50 values (effective concentration of the sample that induced
a reduction in NAC thiol concentration by 50% compared to
negative controls) were determined by regression analysis.52,53

Like LC50, EC50 can be used as an indicator of cytotoxicity of
water samples. In this study, the higher the EC50 value, the
higher the concentration factor required to induce a reduction

in NAC thiol concentration by 50%, indicating that the
cytotoxicity of the water sample is relatively low. The mean
and standard error (SE) of the mean for the EC50 values (thiol
reactivity assay), the mean thiol reactivity index (TRI)
(defined as (EC50

−1) (103)), 50% Tail DNA values
(genotoxicity assay), and genotoxicity index value (GTI)
(defined as (50%TDNA−1) (103)) were determined for water
samples using nonlinear regression and bootstrap statistical
analysis.

■ RESULTS AND DISCUSSION
Toxicity Overview of Chlorinated and Chloraminated

Drinking Waters. For the identification of unknown DBP
toxicity drivers, multiple toxicity assays applied to the extracted
chemical organics from a water sample are useful to identify
toxic responses associated with water quality and the
disinfection process.53,64,65 Then the water sample fractions
expressing high levels of toxicity are candidates for detailed
chemical identification using HRMS to uncover the toxic
agents. The toxicity of chlorinated and chloraminated drinking
water samples from SC were first analyzed using the thiol
reactivity assay. Previously, we compared the TRI and
cytotoxicity index (CTI) values for drinking water and pool

Figure 1. Thiol-reactivity-based cytotoxicity of chloraminated (sample 1 in SC) and chlorinated (sample 2 in SC) drinking waters (a) and thiol-
reactivity-based cytotoxicity of molecular-weight-fractionated chloraminated drinking water (sample 1) (b). The dashed lines represent a schematic
diagram of regression to obtain EC50, and the error bars represent the standard error of the mean with triplicate/concentration.

Figure 2. Molecular-weight-fractionated genotoxicity of chlorinated drinking water from GA (sample 7) (a) and river water and chloraminated
drinking water from TX (samples 4 and 5, respectively) (b). In Figure 2a, the CHO cell genomic DNA damage was only observed in the <1 kD
fraction, the 1−3 kD fraction, and the whole water samples. The <0.5 kD fraction, as well as the >5 kD fraction, were not genotoxic. The liter-
equivalent is the volume of the original water sample that contains the mass of organic matter with which the cells were treated. Data from sample 7
should be considered preliminary, as only two replicates per concentration were able to be determined due to limited sample volume.
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samples, and TRI and CTI were statistically significantly
correlated (r = 0.99; P < 0.001).52,53 Thiol reactivity can be a
reliable predictor of CHO cell cytotoxicity in water samples.
Figure 1a shows that the TRI value of chlorinated water sample
1 is 1.3-fold that of the whole chloraminated sample 2,
indicating that sample 1 is slightly more toxic than sample 2.
Then, the TRI values of different MW fractions were
investigated using a thiol reactivity assessment. As shown in
Table S3, the EC50 value of the chloraminated <1 kD fraction
was much lower than those of the other three fractions,
indicating that the <1 kD fraction is the most cytotoxic
fraction.

SCGE is a sensitive assay which can quantitatively measure
genomic DNA damage in individual nuclei of treated cells
induced by a toxicant, which has been widely used as a
predictor of carcinogenic activity.66,67 As shown in Figure 2,
the <1 kD fraction exhibits potent mammalian cell genotoxicity
in both the chlorinated and chloraminated drinking water
samples collected from TX and GA. The SCGE genotoxic
potency, calculated for each fraction as the midpoint in each
concentration−response curve, revealed that the <1 kD
fraction exhibited the highest genotoxicity for both chlorinated
and chloraminated waters. In the chlorinated water sample, the
<1 kD fraction exhibited genomic DNA damage similar to that
of the whole water sample, indicating that the genotoxicity of
the whole water sample may be mostly attributed to the <1 kD
fraction. In the chloraminated drinking water sample, the <1
kD fraction was a more potent DNA-damaging fraction than
the high-molecular-weight fraction (>1 kD), consistent with
the thiol reactivity results. As shown in Table S4, the GTI of
the <1 kD fraction was 4-fold more genotoxic than the 1−5 kD
fraction of the chloraminated drinking water sample. Overall,
the <1 kD fraction in both chloraminated and chlorinated
drinking water samples is a potent mammalian cell cytotoxin
and genotoxin, which may pose an adverse effect to public
health and warrants a further chemical identfication to
determine their exact chemical compositions.
DBP Formation in Chlorinated and Chloraminated

Drinking Waters. Total Organic Halogen (TOX) and Known
DBPs. Generally, higher levels of TOX are useful indicators of
higher levels of DBPs, including known and unknown DBPs in
drinking water. The TOCl, TOBr, and TOI values of the
chlorinated and chloraminated drinking water samples from
SC (samples 1 and 2) were determined. TOCl dominated the
overall DBP formation. As shown in Figure S3, TOCl and
TOBr were 92.3 ± 2.4 and 20.7 ± 0.9 μg/L, respectively, in the
chlorinated water sample, higher than those in the chlorami-
nated water sample. However, the TOI of the chlorinated
water sample (0.6 ± 0.1 μg/L) was slightly lower than that of
the chloraminated water sample (0.9 ± 0.15 μg/L), probably
due to higher levels of iodo-DBPs during chloramination,
which generally occur due to competing reactions and different
rates of formation.64,68 Kristiana et al. compared the formation
of halogen-specific TOX from chlorination and chloramination
of NOM isolates (molecular size fractions of NOM that were
subsequently chlorinated or chloraminated) and found that
THMs comprised only 7% of TOX in chloraminated water,
while they comprised up to 47% of TOX in chlorinated
water.15 Thus, the chlorinated high-molecular-weight unknown
DBPs in these waters were a focus of subsequent nontarget
identification.

Figure 3 illustrates the total concentrations (μg/L) of each
DBP class in chlorinated and chloraminated drinking water

from SC. Eight DBP classes, including THMs, HAAs, HALs,
HNMs, HANs, HAMs, I-THMs, and I-HAAs, were detected in
both the chlorinated and chloraminated samples. Overall, the
formation of known DBPs in chlorinated drinking water was
higher than in chloraminated drinking water. THMs and HAAs
are the most prevalent of the known DBPs in both the
chlorinated and chloraminated drinking waters, with summed
THM and HAA concentrations in the range of 28.5−42.3 and
21.4−32.1 μg/L, respectively (Figure 3). The third most
abundant DBP group was HALs, with trichloroacetaldehyde
(TCAL) being consistently detected at the highest concen-
tration (up to 6.5 μg/L). Further, nitrogenous DBPs (HNMs,
HANs, and HAMs) were also detected in water samples (<5.0
μg/L for each group), indicating the presence of nitrogenous
DBP precursors in the source water.

Unknown DBPs. The molecular formulas of chlorine-
containing high-molecular-weight DBPs in the most toxic
fraction (<1 kD) were analyzed using ultrahigh-resolution FT-
ICR-MS. Because chlorine-containing contaminants can also
occur in source waters, molecular formula crosschecking was
conducted in the source vs disinfected waters to ensure that all
assigned chlorinated formulas were DBPs formed during
treatment. Figure S4 shows the negative-ion FT-ICR mass
spectra of the chlorinated and chloraminated water extracts
(samples 1 and 2) from SC. The majority of the peaks were in
the m/z range of 150−1000, which are similar to those
presented previously, with multiple peaks per nominal
mass.37,69 The negative-ion FT-ICR mass spectra of the
chloraminated and chlorinated water samples look similar,
both of which generally follow a normal distribution. The
ultrahigh resolution and mass accuracy of abundant peaks
enabled the accurate assignment of a unique molecular
composition to most peaks. For chlorine-containing DBP
molecular formula identifications, isotopic pattern matching for
one, two, and three chlorine-containing formulas were
conducted one by one (Figure S5) to improve the accuracy
of identification. The isotopic pattern matching for CHOCl,
CHOCl2, and CHOCl3 DBPs are exemplified in Figure 4 with
three chlorine-containing DBPs (i.e., C19H24O8Cl,
C11H5O7Cl2, and C6H2O5Cl3).

Using FT-ICR-MS analysis, 3599 chlorine-containing DBPs
(S/N > 10) were detected in these chloraminated and
chlorinated water samples from SC, which fall into molecular
formulas with CHOCl1−3 and masses ranging from 150 to
1000 D and are rich in carboxylic and phenolic groups. No

Figure 3. Quantified DBPs formed in chloraminated (sample 1 in SC)
and chlorinated (sample 2 in SC) drinking waters. All DBP analyses
were conducted in duplicate.
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chlorine-containing nitrogenous or sulfur-containing products
were identified, probably due to the relatively low abundance
of nitrogenous and sulfur-containing precursor molecules.
Given that known N-DBPs were formed (Figure 3), we would
expect unknown high-molecular-weight N-DBPs to also form.
At the same time, it is also possible that the reaction time of
NOM with chloramine in drinking water treatment was
sufficient to cause the high-molecular-weight N-DBPs to
further transform into lower molecular weight N-DBPs. In
addition, in the FT-ICR-MS analysis, only data with S/N > 10
were identified, indicating that the low-abundance CHONCl
group may have been filtered out. Moreover, the negative ESI
ionization mode may be unfavorable for CHON and CHONCl
groups. Thus, these results might not fully present the presence
of the CHON group and the formation of CHONCl DBPs.
The identification of unknown N-DBPs needs further
investigation in the future.

Of the Cl-DBPs, 1847 contained one chlorine (CHOCl),
1243 contained two chlorines (CHOCl2), and 509 contained
three chlorines (CHOCl3). In our previous comprehensive
review of DBPs, >600 Cl-DBPs were compiled (mostly

identified using GC-MS or derivatization with GC-MS), with
217 DBPs containing at least one chlorine atom.24 Generally,
GC-MS analysis (electron ionization) selects for the
identification of somewhat nonpolar and (semi)volatile
DBPs, while this study adopted ESI, which can provide
complementary information to GC-MS and broaden insights
into the composition of TOX in drinking water.

Earlier studies using FT-ICR-MS to identify unknown DBPs
in drinking water (without toxicity) have found some empirical
formulas of CHOCl, CHOCl2, and CHOCl3, but in much
lower numbers compared to our findings. For example, 659
CHOCl and 348 CHOCl2 DBPs were identified in chlorinated
simulated drinking water from China.37 Another full-scale
chlorinated drinking water study using FT-ICR-MS reported
357 CHOCl and 199 CHOCl2 DBPs.69 In a study from
Sweden, no CHOCl3 molecular formula was observed for
unknown DBPs in drinking water samples.70 CHOCl3 DBPs
were speculated to form but further transform to known DBPs
(e.g., volatile THMs), which are no longer amenable for FT-
ICR-MS analysis.70 For the first time, apart from CHOCl and
CHOCl2, up to 509 CHOCl3 DBPs were successfully detected

Figure 4. Isotopic pattern matching for high-molecular-weight CHOCl, CHOCl2, and CHOCl3 DBPs in the FT-ICR mass spectra of
chloraminated drinking water (sample 1 in SC). Theoretical isotopic structures of CHOCl, CHOCl2, and CHOCl3 are shown for each isotopic
peak. Δm values between masses calculated from the assigned isotopic composition with experimentally derived masses (FT-ICR-MS) are in the
range of 11−25 ppb.
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in drinking water samples 1 and 2 in this study. Moreover, as
the CHOCl3 group may be key intermediates of known DBPs
(e.g., THMs and HAAs usually containing 3 halogen atoms),
the successful identification of CHOCl3 DBPs may facilitate
the determination of more specific formation pathways for
regulated and unregulated, low-molecular-weight DBPs.

Interestingly, in this study, more Cl-DBPs were identified in
chloraminated drinking water sample 1 than in chlorinated
drinking water sample 2. Among the 3599 detected Cl-DBPs,
3423 (95%) were present in the chloraminated drinking water
sample, with 1739 CHOCl, 1203 CHOCl2, and 481 CHOCl3
DBPs, while in chlorinated drinking water sample, only 1092
CHOCl, 761 CHOCl2, and 302 CHOCl3 DBPs were found.
Because FT-ICR-MS reports tens of thousands of individual
elemental compositions within a single sample, van Krevelen
diagrams are often applied to DOM samples (and sometimes
to DBP samples)71 to rapidly visualize compositional changes
between samples.72,73 In the van Krevelen diagrams con-
structed for these size-fractionated drinking waters (Figure 5),
each dot represents one or more elemental compositions with
a specific O/C and H/C ratio. Based on different H/C and O/
C ratios, the ranges of the classifications for the van Krevelen
diagram can be classified into 7 groups, including lignin/
carboxylic-rich aromatic moieties (lignin/CRAMs), lipids,
carbohydrates, aliphatic/peptides, unsaturated hydrocarbons,
tannins, and aromatic structures (Table S5).36 Note that a van

Krevelen plot combines all isomers into a single O/C and H/C
value, which can result in a loss of chemical specificity,
meaning that two molecules that land on the same spot on a
van Krevelen plot may react differently when exposed to the
same disinfectant.74

As shown in Figure 5, the van Krevelen diagrams for both
the chlorinated and chloraminated drinking water samples
were similar, with a dominance of lignin/CRAM-like formulas
with an O/C molar ratio of 0.1−0.67 and a H/C molar ratio of
0.7−1.5. The lignin/CRAM-like region potentially includes
carboxyl-rich alicyclic molecules, indicating that this fraction of
DOM serves as the main precursors of CHOCl1−3 DBPs.75 In
addition, tannin-like formulas (region 6 in Figure 5a) also
appear in both drinking water samples, which may be
additional terrigenous precursors to CHOCl1−3 DBPs.
Although condensed hydrocarbon (region 4) and aromatic
structures (region 7) can be released into the water from
incomplete combustion of forest/grass or fossil fuel in the
watershed,71 few chlorinated DBPs were identified in regions 4
and 7, indicating that the NOM reactivity of these regions
during chlorination and chloramination were lower than those
of lignin/CRAM-like and tannin-like regions. Interestingly,
with the increase of chlorine atoms, the distribution pattern of
CHOCl1−3 exhibits a shift, i.e., from a dominant lignin/
CRAM-like region to a dominant tannin-like pattern,
indicating that the tannin-like region of NOM (higher O/C

Figure 5. Van Krevelen plots of high-molecular-weight CHOCl, CHOCl2, and CHOCl3 DBPs formed in chloraminated (a−c, sample 1 in SC) and
chlorinated (d−f, sample 2 in SC) drinking water samples (<1 kD fraction). With the color of circles from gray to red, the relative abundance of
DBPs increased in water samples. Regions 1−7 in Figure 5a indicate lipids (1), aliphatic/peptides (2), carbohydrates (3), unsaturated
hydrocarbons (4), lignin/CRAM (carboxylic-rich aromatic moieties)-like (5), tannins (6), and aromatic structures (7).
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ratios) is prone to serve as precursors of multichlorine-
containing DBPs.

FT-ICR-MS can be used for semiquantitative analysis using
the peak intensities of different molecular species in a mass
spectrum to estimate their relative concentrations, rather than
providing absolute quantification. Figure S6 shows a
representative negative-ion ESI-FT-ICR mass spectrum for
chlorine-containing products at nominal m/z 375. In the mass
range of m/z 375.0−375.05, 70% of the ions have been
assigned with molecular formulas and 50% of the peaks were
identified to be chlorine-containing DBPs. It seems that the
relative abundance of the CHOCl group was higher than that
of the CHOCl2 group. Then the relative abundances of
CHOCl, CHOCl2, and CHOCl3 DBPs in the chloraminated
drinking water sample 1 were statistically analyzed using a box-
whisker plot (Figure S7). It is clear that the relative abundance
followed the order CHOCl > CHOCl2 > CHOCl3, which is
reasonable, as CHOCl2 and CHOCl3 groups were formed from
the CHOCl group. Moreover, the chlorination reaction rate of
activated aromatic structures (e.g., electrophilic aromatic
substitution reactions with phenolic compounds) usually
decreases after each chlorine incorporation, meaning that the
3 chlorine atom incorporation into the CHO moiety may be a
slow process during the continuous chlorination.76 Thus, for
the high-molecular-weight DBPs, the relative abundance and
compound types of CHOCl DBPs were significantly higher
than those of CHOCl2 and CHOCl3 DBPs. However, it should
be noted that the relative abundance of ESI peaks is not
directly equivalent to their concentrations, as both matrix
effects and ion suppression can occur, which affect quantitative
analysis.77

To further illustrate the unknown DBP formation
mechanism and precursors, the O/C and H/C ratios of
identified chlorinated DBPs (i.e., CHOCl, CHOCl2, and
CHOCl3) were compared with the CHO group (Figure S8).
For the O/C ratio, significant differences were observed
between CHO and CHOCl, CHOCl2, and CHOCl3 groups (P

< 0.001) in both chloraminated and chlorinated drinking water
samples. This result is consistent with the van Krevelen
diagrams in Figure 5, indicating that the newly formed
chlorine-containing components (CHOCl, CHOCl2, and
CHOCl3) are more oxidized than the already present CHO
group. Meanwhile, the CHOCl3 DBPs identified in this study
have relatively high O/C ratios, indicating that the CHOCl3
group may be rich in carboxylic and phenolic groups and the
chlorination of NOM was preferred to precursors that have
high O/C ratios. In contrast, the difference of H/C among
CHOCl, CHOCl2, and CHOCl3 DBPs was not significant.
Only in chloraminated drinking water samples was the H/C
ratio of CHOCl1−3 higher than that of the CHO group (P <
0.01). O̅S̅c vs double bond equivalence (DBE)/C of CHOCl,
CHOCl2, and CHOCl3 DBPs are plotted in Figure S9.
Consistent with the previous results, CHOCl3 DBPs exhibit
higher O̅S̅c and lower DBE/C than CHOCl and CHOCl2
DBPs. It is not surprising that the O̅S̅c values of CHOCl3 were
the highest among the 3-chlorine-containing group because
chlorination of NOM both through electrophilic substitution
and addition to unsaturated bonds usually leads to an increase
in the average O̅S̅c.

During the chlorination process, oxidation, electrophilic
substitution, and addition reactions with NOM are possible
pathways and both addition and electrophilic substitution
reactions can induce the formation of chlorinated DBPs. In
chlorine addition reactions, addition of δ+Cl-OHδ− to double
bonds could increase H/C and O/C, while in electrophilic
substitution reactions, a hydrogen atom is usually displaced by
chlorine, leading to a decreased H/C and unaffected O/C.76

Overall, the O/C ratios increased, while H/C ratios were
mostly unchanged compared with the CHO group in
chloraminated drinking water samples, indicating that the
internal averaging of both the substitution reactions and the
addition reactions determined the O/C and H/C ratios in the
CHOCl, CHOCl2, and CHOCl3 groups.

Figure 6. Overlap of high-molecular-weight CHOCl, CHOCl2, and CHOCl3 DBPs formed in both chloraminated (sample 1 in SC) and
chlorinated (sample 2 in SC) drinking water samples (<1 kD fraction).
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Figure 6 exhibits the overlap of CHOCl, CHOCl2, and
CHOCl3 DBPs formed in both the chloraminated and
chlorinated water samples using Venn diagrams, which shows
not only the unique DBPs for chlorination and chloramination
but also the common DBPs that have identical molecular
formulas formed in both disinfection processes. The CHOCl
formulas identified in both chlorinated and chloraminated
drinking water samples were very similar. Most of the CHOCl
(90%), CHOCl2 (63%), and CHOCl3 (69%) DBPs formed in
chlorination were also detected in chloramination, while the
overlaps of chlorinated DBPs account for only ∼60%, 40%, and
40% of CHOCl, CHOCl2, and CHOCl3, respectively. As these
chlorinated and chloraminated drinking waters share a
common source water, the precursors of CHOCl1−3 DBPs
should be quite similar and the molecular diversity of
CHOCl1−3 DBPs could reflect how the disinfectants (i.e.,
HOCl and NH2Cl) impact the formation of TOX and DBPs.
Of the different chloramination reaction mechanisms, DBPs
formed during reactions between HOCl hydrolyzed from
monochloramine and NOM, are mostly the same as those
produced in chlorination.78 However, as the hydrolysis of
NH2Cl into HOCl is a slow process, DBPs from chloramina-
tion may be comprised of chlorinated high-molecular-weight
DBPs (>C2), rather than known low-molecular-weight DBPs
(C1 and C2).

A previous study found that there are good linear
correlations between the formation of TOX and the aromatic
character of the NOM isolates, with aromatic moieties playing
an important role in the formation of TOX.15 A modified
aromaticity index (AImod), an indicator for the identification of
aromatic and polycyclic fractions in NOM, was adopted and
calculated from the molecular formulas to estimate the fraction
of aromatic and condensed aromatic structures.79 As shown in
eq 3, AImod only counts half of the oxygen atoms and assumes
the other half is σ bonded. Two threshold values are set for the
existence of either aromatic (AImod > 0.5) or condensed
aromatic structures (AImod ≥ 0.67) in NOM.79 As shown in
Figure S10, most AImod values of CHOCl, CHOCl2, and
CHOCl3 groups are <0.5 in both the chloraminated and
chlorinated drinking water samples. In the chloraminated water
sample, 89% of CHOCl, 91% of CHOCl2, and 94% of
CHOCl3 have AImod values <0.5. These AImod distributions
indicate that few CHOCl, CHOCl2, and CHOCl3 DBPs
belong to chlorinated aromatic or condensed aromatic
structures. With the increase of chlorine atoms, the AImod
values of CHOCl, CHOCl2, and CHOCl3 groups exhibit a
decreasing trend. For example, the average AImod values of
CHOCl, CHOCl2, and CHOCl3 in chloraminated drinking
water were determined to be 0.29 ± 0.16, 0.28 ± 0.15, and
0.26 ± 0.14, respectively. The reaction pathway between
chlorine and aromatic structures has been investigated
intensely.76,80 As the number of chlorine atoms increases in
high-molecular-weight DBPs, AImod shows a downward trend,
indicating that the partial structure of the NOM is undergoing
transformation from aromatic to aliphatic, which eventually
leads to the formation of low-molecular-weight DBPs.

Chlorine-Free Groups Identified in Drinking Water
Samples. Apart from the CHOCl, CHOCl2, and CHOCl3
groups, chlorine-free groups including CHO, CHON, and
CHOS groups were detected in both the chloraminated and
chlorinated drinking water samples. Taking chloraminated
water sample 1 as an example, 3265 CHO, 1772 CHON, and
958 CHOS formulas were identified in the <1 kD fraction

(Figure S11). Compared with the CHO group of raw water
(sample 8) in Figure S12, a low O/C ratio fraction was
removed during the coagulation-sedimentation-filtration treat-
ment. Similar with identified CHOCl1−3 DBPs, most of the
CHO, CHON, and CHOS formulas are in the lignin/CRAM-
like region of a van Krevelen plot. The relative abundance
followed the order CHO ≫ CHON > CHOS. In aquatic
NOM, CHO is the dominant composition, while nitrogen
primarily exists in amide or amino-quinone structures and
heterocyclic nitrogen structures.81 The presence of sulfur
compounds (i.e., CHOS) in the drinking water samples is also
not surprising. Sulfur-containing compounds have been
identified in NOM using negative ionization FT-ICR-MS.82

In this study, given that nitrogenous DBPs including HAMs,
HNMs, and HANs have been detected in chlorinated and
chloraminated drinking water, it is speculated that unknown
nitrogenous DBPs (like CHONCl1−3) would form after
disinfection. However, due to the low abundance of CHON
and CHOS groups (i.e., precursors of DBPs), it is difficult to
conduct isotopic verification for chlorinated CHON and
CHOS formulas, especially for 37Cl-containing formulas.
Generally, known nitrogenous DBPs exhibit significantly
higher cytotoxicity and genotoxicity than carbonaceous DBPs
that do not contain nitrogen.5,54,83 Therefore, it is important to
identify unknown nitrogenous DBPs and determine their
formation mechanisms and pathways. Continued research is
necessary to improve the ionization and enrichment efficiency
of nitrogenous and sulfur-containing compounds, and to
further identify their unknown chlorinated products.

■ ENVIRONMENTAL IMPLICATIONS
DBPs pose a ubiquitous source of chemical exposure in
drinking water. While >700 DBPs (mostly C1 or C2) have been
identified in drinking water, the composition of high-
molecular-weight DBPs in drinking waters, especially for the
toxicity-driven unknown DBPs, remain poorly understood.
Due to the wide absence of chemical standards, it is usually
impossible to assess the toxicity contribution of identified
DBPs by HRMS. This study combined toxicity analysis and
FT-ICR-MS chemical analysis to identify the toxicity-driven
high-molecular-weight DBPs in drinking water. Using a thiol-
reactivity-based predictive cytotoxicity and direct genotoxicity
assay, the <1 kD fraction in both the chloraminated and
chlorinated water drinking samples exhibited the highest levels
of cytotoxicity and genotoxicity. The most toxic fractions were
identified by FT-ICR-MS, with 1847 CHOCl, 1243 CHOCl2,
and 509 CHOCl3 DBPs being successfully identified
(according to molecular formulas). With the increase of
chlorine number in the unknown CHOCl1−3 DBPs, O/C
exhibited an increasing trend, while AImod showed an opposite
trend. Unexpectedly, more unknown CHOCl1−3 DBPs were
identified in the chloraminated drinking water. Due to slow
hydrolysis (to HOCl) and the weak oxidation ability of NH2Cl,
most DBPs formed in the chloraminated drinking water sample
may be composed of chlorine-containing unknown DBPs
rather than known THMs and HAAs (Figure S13). To
minimize the formation of known and unknown DBPs,
removal of the NOM fractions with high O/C ratio and high
AImod values should be included in drinking water treatment
processes.84 Overall, all the reaction mechanisms (oxidation,
electrophilic substitution, addition reactions), ion suppression
within the ESI source, and internal averaging could impact the
results. More control experiments are necessary in the future to
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unveil the formation mechanism of unknown toxicity-driven
DBPs.
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