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ABSTRACT: The Yangtze River basin covers one-ﬁfth of China’s land area and serves
as a water source for one-third of China’s population. During long-distance water
transport from upstream to downstream, various sources of dissolved organic matter
(DOM) lead to considerable variation in DOM properties, signiﬁcantly impacting
water treatability and disinfection byproduct (DBP) formation after chlorination.
Using size-exclusion chromatography and ﬂuorescence spectroscopy, the spatial
variation in DOM characteristics was comprehensively investigated on a basin scale.
The formation of 36 DBPs and speciated total organic halogen in chlorinated samples
was determined. Overall, the Yangtze River waters featured a high proportion of
terrestrially derived humic substances that served as important precursors for
trihalomethanes and haloacetic acids, which was responsible for the increase in total
DBP formation along the Yangtze River. The downstream waters were characterized
by high levels of microbially derived protein-like biopolymers, which signiﬁcantly
contributed to the formation of haloacetaldehydes and haloacetonitriles that dominated DBP-associated mammalian cell
cytotoxicity. Moreover, the precursors of haloacetaldehydes and haloacetonitriles in downstream waters were highly hydrophilic,
posing a challenge for water treatment. This study presents an extensive basin-scale study, providing insights into DOM variations
along the Yangtze River, illustrating the impact of DOM properties on drinking water from a DBP perspective.
KEYWORDS: disinfection byproducts, characterization, precursors, Yangtze River, hydrophobicity, calculated CHO cell cytotoxicity
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INTRODUCTION
As one of the greatest achievements in public health in the
20th century, disinfection of drinking water largely reduced the
outbreak of cholera, typhoid, and many other waterborne
diseases, thereby signiﬁcantly contributing to the extension of
the human life span.1 However, unintended reactions between
dissolved organic matter (DOM), bromide, iodide, and
disinfectants produce disinfection byproducts (DBPs) that
pose a chemical risk to drinking water safety.2 Soon after the
discovery of trihalomethanes (THMs) in 1974, researchers
found DBPs are ubiquitous in chlorinated drinking waters and
can cause cancer in laboratory animals.2,3 Epidemiological
studies have shown that human exposure to DBPs is associated
with increased risks for bladder cancer and other adverse
health eﬀects.3−5 As a result, the World Health Organization,
European Union, and many countries issued guidelines/
regulations for DBPs in drinking water. A toxicological
database based on Chinese hamster ovary (CHO) cell in
vitro toxicity assay has been developed to provide comparative
cytotoxicities for more than 100 quantitatively analyzed DBPs.6
It has been indicated that (1) unregulated DBPs including
haloacetaldehydes (HALs), haloacetonitriles (HANs), and
halonitromethanes (HNMs) are orders of magnitude more
cytotoxic and genotoxic than regulated THMs and haloacetic
© 2021 American Chemical Society

acids (HAAs); and (2) the order of toxicity declines as follows:
iodinated DBPs > brominated DBPs ≫ chlorinated DBPs.6−8
These pieces of evidence encourage interdisciplinary collaborations among chemists, toxicologists, epidemiologists, and
engineers to investigate the identiﬁcation, occurrence, toxicity,
formation mechanism, and control of emerging DBPs in
addition to traditional regulated DBPs.
Regarding the potential risk to public health, DBP issues in
the Yangtze River basin are of great concern. The Yangtze
River basin covers one-ﬁfth of the land area of China and
serves as a water source for one-third of China’s population
(∼0.5 billion people).9 The mainstem originates from the
Qinghai-Tibet Plateau; ﬂows across the southwest, central, and
eastern China; and ﬁnally merges with the East China Sea in
Shanghai. During long-distance water transport from upstream
to downstream, various sources of DOM within the Yangtze
River basin lead to considerable spatial variation in DOM
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Figure 1. Location of sampling sites. See Table S1 for more information.

water treatment processes, thus ensuring higher quality and
greater safety of drinking water.
The main objective of this study was to improve our
understanding of the spatial variation in DOM characteristics
along the Yangtze River on a basin scale and the derived
formation of regulated and unregulated DBPs, as well as the
formation of speciated total organic halogen (TOX) upon
chlorination. Six investigated DBP classes (i.e., THMs, HAAs,
HALs, HANs, HNMs, and iodinated trihalomethanes (ITHMs)) involved most commonly regulated DBPs and
unregulated DBPs that had higher toxicities compared with
regulated ones.3 By weighing DBP concentration with metrics
of toxic potency, the contribution of each DBP class to the
total DBP-associated toxicity was also evaluated. For a
comprehensive understanding of DBP precursors along the
Yangtze River, a statistical method, principal component
analysis, was used to reveal the inter-relationship between
DBP formation and DOM characteristics. In addition, the
properties of DBP precursors in Yangtze River waters were
evaluated based on hydrophobicity, which provided insights
into their treatability during drinking water treatment
processes.

properties, which can signiﬁcantly impact water treatability and
DBP formation upon subsequent disinfection. It was acknowledged that soil and plant litter are signiﬁcant contributors to
terrestrial DOM, especially during and after storm events,
when researchers found increased levels of DOM and DBP
precursors in surface water.10,11 The quality and quantity of
terrestrial DOM are also aﬀected by the types of soil and
vegetation and the hydrology and climate.12,13 For instance,
researchers found heather leaches more dissolved organic
carbon (DOC) than sphagnum, but the leachate from
sphagnum has higher chlorine demand than that from heather,
which therefore results in diﬀerent levels of formation of
THMs and HANs during chlorination.12
Moreover, the inputs of agricultural, industrial, and domestic
wastewater into the Yangtze River also alter the quantity and
reactivity of DOM that constitutes the DBP precursor pool.
This is particularly relevant for the downstream segment of the
Yangtze River basin featuring high urbanization levels and
population density, where the contribution of treated wastewater to the river ﬂow (i.e., de facto wastewater reuse) can
exceed 20%.9 Source waters impaired by wastewater eﬄuents
usually feature higher dissolved organic nitrogen (DON) that
contributes to the formation of nitrogenous DBPs.14 Many
environmental contaminants (e.g., pesticides, pharmaceuticals)
are poorly removed during wastewater treatment, and these
contaminants together with their metabolites also serve as DBP
precursors for downstream waters.15−17 Additionally, algal
blooms have occurred downstream frequently as a result of
eutrophication, further complicating the water matrix.18 On the
other hand, naturally occurring transformation processes such
as humiﬁcation and photochemical and microbial degradation
alter the composition and reactivity of DOM, thus aﬀecting its
DBP formation after reaction with chlorine.19−21 For instance,
after simulated sunlight irradiation in the laboratory, the
formation potential of HANs attenuates signiﬁcantly for
wastewater eﬄuents, while that of HNMs exhibits a diﬀerent
trend due to the eﬀect of nitrite.22,23
In the context of various DOM sources and complicated
transformations during water travel, little has been done to
understand the quality and quantity of DBP precursors for the
Yangtze River on a basin scale. Also, it is still unknown how
diﬀerent DOM properties upstream, midstream, and downstream aﬀect DBP formation upon chlorination. A better
understanding of the spatial variation in DOM characteristics
and chlorine reactivity would facilitate the optimization of

■

MATERIALS AND METHODS
Sampling and Chemicals. The sampling locations for this
study are depicted in Figure 1. Sampling sites labeled 1−17
included the mainstem and major tributaries (with lengths
longer than 1000 km) in the upstream, midstream, and
downstream regions (Table S1). The Huangpu River, the last
tributary of the Yangtze River before it enters the East China
Sea, was also involved in the investigation. Water quality
parameters for the water samples, including DOC, DON, UV
absorbance at 254 nm (UV254), and bromide level, are
summarized in Table S2. The level of dissolved inorganic
nitrogen, including nitrate, nitrite, and ammonia, is shown in
Figure S1. The suppliers of DBP analytical standards and other
chemicals are available in Text S1.
Characterization and Resin Fractionation. The measurements of general water quality parameters, including DOC,
DON, UV254, bromide, and residual chlorine, are described in
Text S2. Fluorescence excitation−emission matrix (EEM)
measurements were performed by spectroﬂuorometry (F-7100,
HITACHI, Tokyo, Japan). The raw EEMs were corrected with
a modiﬁed Dr. EEM toolbox to remove Rayleigh and Raman
scattering.24 Quantitative characterization of ﬂuorescent DOM
12327
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Figure 2. Proportions of (a) SEC-OCD fractions and (b) regional EEM volumes in DOM along the Yangtze River. See Table S2 for a summary of
the raw data.

of chlorine, achieving a residual free chlorine level of ∼1.0 mg/
L as Cl2 after 24 h. Note that the background ammonia of
water samples was in the range of 0.01−0.18 mg-N/L. It takes
7.6 mg/L chlorine to break out 1.0 mg/L ammonia-nitrogen
(i.e., 0.76−1.36 mg/L as Cl2 in this study). Despite the
background ammonia would have consumed some of the free
chlorine, the formation of DBPs from diﬀerent waters still was
compared at a similar residual chlorine level. Chlorinated
samples were held in the dark at 25 °C. After the reaction,
chlorinated samples were quenched with ascorbic acid at 120%
of the required stoichiometric amount and then subjected to
DBP and TOX analyses immediately.
DBP and TOX Analyses. THMs, I-THMs, HALs, HANs,
and HNMs were determined with liquid−liquid extraction and
gas chromatography/electron capture detection. HAAs were
analyzed with liquid−liquid extraction, derivatization, and gas
chromatography/mass spectrometry. Detection limits for
investigated DBPs were lower than 0.3 μg/L. Halogen-speciﬁc
TOX, including total organic chlorine (TOCl) and total
organic bromine (TOBr), was determined with the adsorptionpyrolysis-ion chromatography method.36,37 Unknown total
organic halogen (UTOX) was calculated from the diﬀerence
between the speciated TOX and the sum of the chlorine/
bromine-equivalent concentrations of measured speciﬁc DBPs.
TOX measured with the method reﬂects the portion of TOX
that can be adsorbed on activated carbon columns. Details for
the analysis of DBPs and TOX are provided in Text S5. Error
bars in ﬁgures reﬂect the standard deviations of triplicates.
Calculation of DBP-Associated Mammalian Cell
Cytotoxicity. Assuming the cytotoxicities of DBPs are
additive, measured DBP concentrations were weighed by
their toxicity potencies determined in toxicological assays
employing the TIC-Tox method. 38 Brieﬂy, the molar
concentration of each DBP was divided by its corresponding
LC50 value (i.e., molar concentration associated with a 50%
reduction after 72 h exposure in the growth of CHO cells

was based on regional integration of ﬂuorescence, which
divides EEM into ﬁve regions: these are tyrosine-like proteins
(region I), tryptophan-like proteins (region II), fulvic acid-like
organics (region III). soluble microbial product-like substances
(region IV), and humic acid-like organics (region V). For each
ﬂuorescence region, the peak integration (i.e., volume)
represents the cumulative ﬂuorescence response of DOM
with similar properties, and it was then normalized by dividing
the corresponding area. Fluorescence parameters, including the
ﬂuorescence index (FI), humiﬁcation index (HIX), and
freshness index (β/α), were also calculated and are
summarized in Table S3. FI explains the origins of DOM: a
high FI value reﬂects an organic matter of microbial origin,25,26
while a low FI value reﬂects an organic matter of terrestrial
origin. HIX is associated with the extent of humiﬁcation.27 β/α
is an indicator of recently produced DOM.28
The apparent molecular weight distribution of DOM was
determined by size-exclusion chromatography with an organic
carbon detector (SEC-OCD). The analytical details are
provided in Text S3. Based on the elution time (i.e., apparent
molecular weight), DOM in Yangtze River waters can be
assigned to ﬁve major subfractions, including biopolymers
(fraction A), humic substances (fraction B), building blocks
(fraction C), low-molecular-weight acids (fraction D), and
low-molecular-weight neutrals (fraction E).29
To understand the characteristics of DBP precursors from
the perspective of hydrophobicity, the bulk DOM of water
samples was separated into hydrophilic fractions, transphilic
fractions, and hydrophobic fractions according to a resin
fractionation method.30−32 The detail of the resin fractionation
method is available in Text S4.
Chlorination Experiments. DBP formation was investigated under uniform formation conditions, which allows a
direct comparison of DBP formation among diﬀerent
waters.33−35 Typically, water samples were buﬀered at pH
8.0 with 4 mM borate and treated with a predetermined dose
12328
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Figure 3. (a) Formation of DBPs, (b) DBP-associated cytotoxicity, and formation of (c) TOCl and (d) TOBr after chlorination of Yangtze River
waters under uniform formation conditions. THMs = regulated trihalomethanes; HAAs = haloacetic acids; HALs = haloacetaldehydes; HANs =
haloacetonitriles; HNMs = halonitromethanes; I-THMs = iodinated trihalomethanes. Tributaries were highlighted with star symbols.

OCD for upstream waters, while other fractions, including
biopolymers, building blocks (referred to as breakdown
products of humic substances), low-molecular-weight acids,
and low-molecular-weight neutrals, accounted for only 6.4, 2.5,
18.7, and 2.9%, respectively. Humic acid-like and fulvic acidlike substances were also responsible for the majority (80.2%)
of the ﬂuorescence response in EEMs, emphasizing the
dominant role of humic substances in upstream waters. From
upstream to midstream, the median proportion of the humic
substance fractions decreased by 5.0%, while those of building
blocks and low-molecular-weight acids showed slight increases,
implying the possible degradation of humic substances and
input of low-molecular-weight DOM along the Yangtze River.
This trend was further enhanced in downstream water, with
the median percentage of humic substance fractions decreasing
to 50.4%. Compared with waters from the upstream and
midstream, the downstream waters featured higher biopolymer
fractions that accounted for ∼10.0% of the DOM pool. The
fraction of biopolymers in surface water usually consists of
polysaccharides, proteins, and amino sugars.29 The high
percentage of EEM volumes for tyrosine-like and tryptophanlike substances suggested that the increased biopolymers in
downstream waters were largely proteinaceous. As an indicator
of the inﬂuence of wastewater eﬄuent, the percentage of EEM
volume of tryptophan-like substances increased from 10.8%
(upstream) to ∼15.8% (downstream), on a median basis. This
implied an increasing contribution of wastewater-derived
DOM in downstream waters.41 An increasing trend of nitrate
from upstream to downstream was observed for Yangtze River
waters (Figure S1), which indicated the impact of wastewater
as well.42 The proteinaceous biopolymers in downstream
waters were also associated with algae growth, which will be
discussed in the following section.
DBP Precursors along the Yangtze River. DBP
Formation upon Chlorination. Figure 3a provides the
concentrations of DBPs formed after chlorination of Yangtze
River waters. With some exceptions, the total DBP
concentrations increased from upstream to downstream, and
the medians for upstream, midstream, and downstream waters

compared to control groups). For example, the associated
cytotoxicity of THMs can be calculated with the equation
listed below. The cytotoxicities of the investigated DBPs are
summarized in Table S4. This potency-weighting approach can
be used to evaluate the contribution of individual DBPs to the
total DBP-associated toxicity, facilitating the prioritization of
DBPs exhibiting health concerns. It is noteworthy that the
additivity of DBP cytotoxicity has been tested and partially
veriﬁed in a recent study.39 In a study using 74 DBPs from the
CHO cell cytotoxicity assay database, a robust quantitative
structure−activity relationship model was developed to predict
the cytotoxicity of DBPs.40
3

associated cytotoxicityTHMs =

∑
n=0

CHCl3 − nBrn
LC50CHCl3−nBrn

■

RESULTS AND DISCUSSION
Spatial Variation in DOM Characteristics. General
Water Parameters. Figure S1 provides the trends in general
water quality parameters found along the Yangtze River.
Generally, the DOC concentration gradually increased from
upstream to downstream, ranging from 0.79 to 4.50 mg/L.
Elevated DOC levels were observed for waters from tributaries,
including the Jialing River at S5 (2.24 mg/L), Han River at
S12 (2.73 mg/L), and Huangpu River at S17 (4.50 mg/L).
There is a good linear correlation between DOC and UV254 for
all water samples (UV254 = 1.49 × DOC + 1.64, coeﬃcient of
determination (R2) = 0.84, Figure S3). In contrast, the SUVA
values of Yangtze River waters showed an opposite trend,
suggesting decreasing aromaticity levels along the Yangtze
River. No pronounced trend for DON was found, and the
DON concentrations of the Yangtze River ranged from 0.24 to
2.69 mg/L, with a median level of 1.35 mg/L.
SEC-OCD and Fluorescence Fingerprints. Figure 2 shows
the comparison of DOM composition for sections of the
Yangtze River. The DOM of Yangtze River waters was
dominated by humic substance fractions. On a median basis,
the humic substance fractions accounted for 68.7% of the SEC12329
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Figure 4. Comparison of (a−c) DBP formation and DBP-associated cytotoxicity, (d−f) regional EEM volume, and (g-i) SEC-OCD proﬁle
between mainstem (S6, S13, and S16) and tributaries (Jialing River upstream (S5), Han River midstream (S12), and Huangpu River downstream
(S17)). Region I, tyrosine-like proteins; region II, tryptophan-like proteins; region III, fulvic acid-like organics; region IV, soluble microbial
product-like substances; region V, humic acid-like organics.

were 137.4, 196.1, and 208.4 μg/L, respectively. For all
chlorinated water samples, THMs and HAAs were the
dominant DBP classes, constituting ∼90% of the total
concentration of all measured individual DBPs, and they
were responsible for the increase in total DBP concentration.
The continuous increase in total DBP concentration along the
Yangtze River was associated with the change in DOC, as a
good linear relationship (coeﬃcient of determination (R2) =
0.76) was found.
While DBP precursor levels for most tributaries were
comparable to those of their connected mainstem, high levels
of DBP precursors were found in waters from the Jialing River
(S5), the Han River (S12), and the Huangpu River (S17).
Compared with the corresponding mainstem (S6 and S13),
waters from the Jialing River and the Han River featured high
contents of humic substances that could serve as important
precursors for THMs and HAAs, as shown in Figure 4
(ﬂuorescence regions III and V and fraction B in SEC-OCD).
In addition, the Jialing River water was characterized by high
levels of soluble microbial product-like substances (ﬂuorescence region IV) and low-molecular-weight organics (fractions
D and E in SEC-OCD), which might also play a role in DBP
formation during chlorination. It should be noted that the
increased level of soluble microbial product-like substances
implied the impact of algal blooms,43 likely arising from
eutrophication issues in the Jialing River. The water from the
Huangpu River had the highest level of DBP precursors, with a
total DBP concentration of 326.3 μg/L after chlorination. High
responses were found in all SEC fractions and EEM regions for
the Huangpu River water, reﬂecting the impact of intensiﬁed
anthropogenic activities in Shanghai City on the water
environment. Note that the Huangpu River water featured

high levels of both biopolymers (fraction A in SEC-OCD) and
soluble microbial product-like substances (ﬂuorescence region
IV). This result suggested that the increased biopolymer level
could be a result of abundant algal growth in the Huangpu
River. It was previously reported that humic substances
constitute the majority of the DBP precursor pool, while
biopolymers play a minor role in THM formation.44 However,
biopolymers in downstream waters could still serve as
important precursors for HALs and HANs that could raise
greater toxicological concern.
Notably, the yields (μg-DBPs/mg-C) of THMs and HAAs
signiﬁcantly decreased along the Yangtze River (Figure S4).
Compared with the upstream waters, the yields of THMs and
HAAs in the downstream waters decreased by 26.0 and 47.2%
on a median basis, respectively. Interestingly, this observation
was consistent with the decreasing trend of the proportion of
humic substances in DOM composition (Figure 2). It is
commonly acknowledged that humic substances contain the
bulk of THM and HAA precursors.45 The results obtained in
this study suggest that humic substances exhibited higher
yields of THMs and HAAs than other components of DOM
during chlorination. The median yields of HALs and HNMs
also exhibited substantial decreases of 24.8 and 25.7% from
upstream to downstream, respectively. This ﬁnding concurs
with that of a previous study that reported a high yield of
HALs from phenolic model compounds and claimed that
humic phenolics could potentially serve as important
precursors for HALs.46 High formation of THMs and HAAs
was also previously reported during chlorination of humic
phenolics.45,47 HNMs are believed to be produced from a
series of organic nitrogen compounds, including amines, amino
acids, amino sugars, and molecules containing nitromethane
12330
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moieties.48 The decreasing yield of HNMs indicated that
organic nitrogen associated with humic substances might play a
more signiﬁcant role in HNM formation during chlorination.
In contrast, more variability was observed for the yields of
HANs.
TOX and UTOX Formation upon Chlorination. Figure 3c,d
shows the formation of halogen-speciﬁc TOX and UTOX in
chlorinated Yangtze River waters. Similar to the pattern of total
DBP concentration, TOX was dominated by THMs and
HAAs. The sum of investigated DBPs accounted for 40.9−
74.4% of TOCl and 25.1−85.6% of TOBr, with medians of
59.5 and 49.3%, respectively. Notably, the UTOX/TOX ratio
exhibited a decreasing trend along the Yangtze River.
Moreover, the proportion of low-molecular-weight organics
increased signiﬁcantly from upstream to downstream, suggesting an increasing role of low-molecular-weight DOM in
forming known DBPs. Size fractionation using ultraﬁltration
membranes also indicated that in the range of 0−10 000 Da,
the formation of UTOX decreased with decreasing molecular
weight.49 However, the UTOCl/TOCl ratio showed a slight
increase in chlorinated downstream waters. This might be due
to the elevated level of proteinaceous organics (Figure 2) that
can produce more UTOX during chlorination.50 α-amino
groups and side chains of proteins can rapidly react with
chlorine to form transforming products, but the cleavage of
peptides and carbon−carbon bonds in proteins is diﬃcult,
which required a long series of reactions to liberate 1−2carbon DBPs.51 Therefore, the yields of commonly known
DBPs are typically low during chlorination of proteins,
accompanying a high proportion of UTOX. Recent studies
investigating the chlorination of amino acids indicated that the
yields of DBPs such as THMs and HANs were typically low
(<5%), while other unidentiﬁed transformation products
accounted for a greater proportion of TOX.50 Moreover, the
yield of TOCl decreased signiﬁcantly from 218.5 to 81.4 μgCl/mg-C along the Yangtze River. From the perspective of
chlorine reaction chemistry, the decreasing trend of the TOCl
yield implied that electron transfer rather than halogen
substitution played a more important role in chlorination.52
This further demonstrated the distinctly diﬀerent characteristics of DOM along the Yangtze River.
DBP-Associated Mammalian Cell Cytotoxicity. Figure 3b
provides the calculated cytotoxicity of chlorinated water
samples, showing the trend of potency-weighted DBP
formation from upstream to downstream. In contrast to the
total DBP concentration, the calculated cytotoxicity was
dominated by HALs and HANs, which contributed 85.9−
95.4% to the total calculated cytotoxicity. Comparable levels of
calculated cytotoxicity were observed for the upstream and
midstream waters, regardless of whether they were from
mainstem or tributaries. However, the total calculated
cytotoxicity increased signiﬁcantly downstream. HAL-associated cytotoxicity increased by 86.0−192.7%, while HANassociated cytotoxicity increased by 199.3−709.0% (Figure
S5).
On the one hand, the substantial increase in cytotoxicity
downstream was due to the increased quantity of HAL and
HAN precursors. The concentrations of total HALs and HANs
increased signiﬁcantly, with percentages up to 89.2 and 78.9%,
respectively. As shown in Figure 2, biopolymers accounted for
a higher percentage of DOM in downstream waters. Unlike
those upstream and midstream, the increase in biopolymers
was accompanied by an increasing proportion of protein-like
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organics in EEMs. This result indicates that proteinaceous
organics served as common precursors and signiﬁcantly
contribute to the formation of HALs and HANs in
downstream waters.53 The formation of both HALs and
HANs during chlorination of a model protein bovine serum
albumin was reported previously.54 For upstream and midstream waters, macromolecules such as polysaccharides might
account for the majority of biopolymers, thus leading to the
production of fewer HALs and HANs during chlorination. The
insigniﬁcant formation of HANs from polysaccharide monomers has been reported previously.55
More importantly, the calculated cytotoxicities of HALs and
HANs in downstream waters were mainly (∼80 to 90%)
contributed by brominated species, as shown in Figure S5. The
median bromide level in the downstream waters was 85 μg/L,
which was substantially higher than those in the upstream (38
μg/L) and midstream (44 μg/L) waters. Especially for the
Huangpu River water (S17), the bromide level was as high as
123 μg/L as a result of seasonal seawater intrusion. Elevated
bromide levels promoted the formation of hypobromous acid,
which then reacted with corresponding precursors to form BrHALs and Br-HANs. Consequently, the median bromine
incorporation factors of DHALs, THALs, and DHANs
increased by 124.2, 68.4, and 150.0%, respectively, from
midstream to downstream (Figure S5). High levels of
brominated HALs and HANs were also reported in drinking
waters of coastal cities where source waters were rich in
bromide.56 I-THMs were also detected at 1.3−4.8 μg/L levels
in chlorinated waters, but their contribution to the total
calculated cytotoxicity was lower than 0.5%. Although the
cytotoxicity of iodoform was comparable to that of HANs and
HALs, it was still an insigniﬁcant contributor to total
cytotoxicity due to the low concentration (< 0.2 μg/L).
During chlorination, iodide can be rapidly oxidized to iodine,
and further oxidations by bromine formed in situ and chlorine
transform most iodine to iodate, a desirable sink for iodide.57
The inconsistent trends for DBP concentration and DBPassociated toxicity raise doubts regarding whether THMs and
HAAs could serve as good indicators of exposure to DBP
complex mixtures. THMs and HAAs are dominant DBPs
formed during chlorination and are often targeted for
regulation based on the assumption that they correlate well
with toxicity drivers in chlorinated waters.5,58 However, when
comparing measured DBP concentrations weighted by metrics
of toxic potency, HALs and HANs (unregulated in most
countries) had orders of magnitude higher contributions to
DBP-associated toxicity than THMs and HAAs,7,59,60 particularly for the downstream waters impacted by intensive
anthropogenic activities. The inadequacy of regulated DBPs
as the metric for DBP exposure was also reported for drinking
water in Rajasthan, India, where wastewater-impaired water
sources are used.42 This emphasizes the importance of a
comprehensive investigation of DBP formation for micropolluted water sources.
Weighting DBPs by metrics of toxicity potency provides a
rough comparison of the relative contribution of individual
DBPs to DBP-associated toxicity, helping researchers to
prioritize toxicity-driving DBPs for future studies. However,
the calculated toxicity of disinfected waters should not be
considered as the accurate prediction of water toxicity, as there
is a considerable portion of UTOX in disinfected waters (26−
59% of TOCl and 18−75% of TOBr were unknown in this
study). Therefore, additional research is needed to determine
12331
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Figure 5. Plots of (a) loadings (i.e., variables) and (b) scores (i.e., samples) from the principal component analysis of DBP formation and DOM
characteristics. BP, HS, BB, LMWA, and LWMN present proportions of biopolymers, humic substances, building blocks, low-molecular-weight
acids, and low-molecular-weight neutrals in SEC-OCD. HIX = humiﬁcation index; FI = ﬂuorescence index; β/α = freshness index; PI−Pv values
represent proportions of EEM volume for ﬁve regions (tyrosine-like proteins, tryptophan-like proteins, fulvic acid-like organics, soluble microbial
product-like substances, and humic acid-like organics).

Figure 6. (a) DBP formation after chlorination of hydrophobic (HPO), transphilic (TPI), and hydrophilic (HPI) fractions under uniform
formation conditions. Contributions of chlorinated HPO, TPI, and HPI fractions to (b) total DBP concentration and (c) total calculated
cytotoxicity. THMs = regulated trihalomethanes; HAAs = haloacetic acids; HALs =haloacetaldehydes; HANs = haloacetonitriles.

the toxicity of chlorinated Yangtze River waters with bioassays
and evaluate the health risk of unknown DBPs and other DBP
classes (e.g., haloacetamides, iodinated HAAs, and nitrosamines) that were not measured in this study.
Principal Component Analysis. Principal component
analysis (Text S6) conducted on DBP formation and DOM
characteristics showed that principal component 1 (PC1) and
principal component 2 (PC2) explained 44.3% and 17.6% of
the total variance, respectively. Pearson’s correlation analysis is
displayed in Figure S6. As shown in Figures 5a and S6,
variables highly correlated with humic substances of high
aromaticity were distributed on the positive axis of PC1;
therefore, positive loadings on PC1 should indicate aromaticity. Also, these variables were distributed away from FI,

indicating a terrestrial origin. DBPs including THMs, HAAs,
HALs, HNMs, and TOX clustered with HS, PIII, SUVA, and
HIX (i.e., high extent of humiﬁcation). This observation
supported the knowledge that the precursors of those DBPs
were mainly associated with terrestrially derived aromatic
humic acid-like substances. Variables including PI, PII, PIV, BP,
FI, β/α, and HANs were positively correlated and distributed
on the negative axis of PC1. This indicates that freshly
produced, microbial-derived (high FI values), protein-like
biopolymers had a high tendency to form HANs. Variables
presenting DOM components of high molecular weight were
distributed on the positive axis of PC2; therefore, positive
loadings on PC2 should indicate molecular weight. The
distribution pattern for PC2 suggested that humic acid-like
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the calculated cytotoxicity during chlorination. The contribution of hydrophilic fractions to HAL formation also increased
slightly (up to ∼10%) from upstream to midstream. Note that
hydrophilic DOM is removed ineﬀectively during conventional
processes, which could lead to the formation of elevated levels
of toxicity-driving DBPs, especially for downstream Yangtze
River waters containing high levels of proteinaceous organics.
When nanoﬁltration or ozone/granular activated carbon (O3/
GAC) serves as a polishing step after conventional treatment,
the accumulated removal of hydrophobic, transphilic, and
hydrophilic fractions can reach up to ∼60 to 80%, ensuring
suﬃcient and comprehensive removal of DBP precursors.61,62
Nevertheless, the performance of GAC ﬁltration is highly
dependent on its service time. When the dominant DOM
removal mechanism shifts from adsorption to biodegradation
as the ﬁlter ages, the decrease in DOM removal eﬃciency
could be signiﬁcant.63,64 Moreover, the formation of highly
toxic brominated DBPs was facilitated due to the elevated
bromide/DOC ratio present after GAC ﬁltration, which is
particularly relevant when treating waters with high bromide
levels.34
Environmental Implications. The results of this study
suggest that there was considerable diversity in DOM
characteristics and chlorine reactivity along the Yangtze
River. The upstream and midstream waters were mainly
characterized by humic substances with terrestrial origins,
while high levels of low-molecular-weight organics and
microbial-derived protein-like biopolymers were present in
downstream waters. From upstream to downstream, an
increasing role of low-molecular-weight organics was also
found. These observations reﬂect the variation of DOM under
a range of impacts, helping us to understand the transformation of DOM during long-distance water transport. The
changed DOM characteristics were accompanied by a diﬀerent
pattern of DBP formation upon chlorination, which was well
described by the statistical method principal component
analysis, providing important insights into the origins and
properties of DBP precursors.
Varied DOM characteristics along the Yangtze River require
a more accurate and water quality-dependent solution for DBP
control. For the upstream and midstream waters mainly
characterized by humic substances, conventional treatment
processes (i.e., coagulation, sedimentation, and sand ﬁltration)
are eﬀective in removing the bulk of DBP precursors and
meeting regulation limits for THMs and HAAs. For downstream waters containing high levels of protein-like biopolymers, advanced treatment processes such as nanoﬁltration can
help in the removal of both hydrophobic and hydrophilic
precursors to achieve comprehensive DBP control.62,65 GAC
ﬁltration preferentially removes hydrophobic precursors than
hydrophilic ones, and the removal of DBP concentration and
DBP-associated toxicity can be reduced by 30−90% (on a
molar basis) and 30−80% (across young−middle−old GAC),
respectively.63 Alternative disinfectants (e.g., UV, chlorine
dioxide, ozone, and chloramine) are increasingly used by water
utilities for DBP control. When switching chlorine to
chloramine, the formation of regulated DBPs can be reduced
by up to 90%.58 However, each disinfectant promotes diﬀerent
DBP classes, and much less is known about emerging DBPs
formed from these alternative disinfectants.5
Since the end of the 20th century, water pollution in the
Yangtze River basin has attracted the attention of policymakers, and a series of national plans have been launched to

substances played a more important role than fulvic acid-like
substances in DBP formation. The low signiﬁcance of lowmolecular-weight components (i.e., building blocks, lowmolecular-weight acids and neutrals) as DBP precursors was
consistent with the decreasing yield of DBPs along the Yangtze
River (Figure S4). Overall, the principal component analysis
describes the inter-relationships between DBP formation and
precursor characteristics, providing important insights into the
origins and properties of DBP precursors.
The scores of Yangtze River waters are shown in Figure 5b.
It was clear that the upstream and midstream waters clustered
closely together, while the downstream waters showed a wider
distribution on the score plot, indicating greater variations in
DOM properties. The distribution pattern also suggested that
the upstream and midstream waters were mainly characterized
by terrestrially derived humic substances (high HIX and low FI
values). In contrast, the downstream waters were mostly
distributed along the negative axis of PC1 and thus were
associated with low-molecular-weight organics and protein-like
biopolymers with microbial origins.
Characterization of DBP Precursors Based on Hydrophobicity. Figure 6 gives the contributions of chlorinated
DOM fractions to the total DBP concentration and total
calculated cytotoxicity. Generally, the contributions of diﬀerent
DOM fractions to total DBP formation remained largely
unchanged along the Yangtze River, and their contribution
decreased in the following order: hydrophobic fractions (45.1−
58.0%) > hydrophilic fractions (27.1−37.9%) > transphilic
fractions (17.0−27.8%). For most waters, hydrophobic
fractions exhibited higher formation of THMs, HAAs, HALs,
and HNMs than transphilic and hydrophilic fractions (Figures
6 and S7). This was consistent with the fact that hydrophobic
fractions constituted 48.7−57.0% of the total DOC (Figure
S7). During drinking water treatment, conventional processes
(i.e., coagulation, sedimentation, and sand ﬁltration) provide
eﬀective removal (40−45%) of hydrophobic DOM; thus,
eﬀective control of total DBP formation upon subsequent
chlorination can be expected.61 However, conventional
processes provide inadequate removal of hydrophilic DOM
(<25%),61 which could still result in high formation of THMs
and HAAs for some waters (e.g., S5 and S17). The enhanced
removal of hydrophilic DOM by advanced treatment processes
is discussed below.
However, a distinctly diﬀerent trend was found for the
calculated cytotoxicity (Figure 6c). The contribution of the
hydrophilic fraction to DBP-associated cytotoxicity increased
signiﬁcantly, from 29.1 to 76.2%, along the Yangtze River, even
for the upstream and midstream waters where hydrophilic
fractions exhibited similar total DBP formation. As discussed
previously, DBP-associated cytotoxicity was driven by HANs
and HALs. For the upstream and midstream waters,
comparable levels (30−40%) of HANs were formed from
hydrophobic and hydrophilic fractions, and a relatively lower
level (10−30%) of HANs was formed from the transphilic
fraction. For downstream waters, HAN formation (47.3−
60.7%, Figure S8) from the hydrophilic fraction was
signiﬁcantly higher than that from the hydrophobic and
transphilic fractions, despite a slight decrease in its DOC
proportion (Figure S7). This observation suggests that the
precursors of HANs are more hydrophilic in nature than those
of other DBPs (i.e., THMs, HAAs, HALs, and HNMs), and
the hydrophilic DOM in the downstream waters contained the
majority of HAN precursors that contributed signiﬁcantly to
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protect the water environment and ecology. To date, great
progress has been made in reducing black and malodorous
waters, but impaired water supplies could still raise health
concerns. More eﬀorts are required to address issues such as
levels of DBP precursors and other emerging contaminants.
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