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continued effort has been devoted on DBPs worldwide to investigate the formation mecha-
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nism, levels, toxicity and control measures in drinking water. This review summarizes the
main achievements on DBP research in China, which included: (1) the investigation of known
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(4) the identification of unknown DBPs in drinking water. Although the research of DBPs in
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China cover the whole formation process of DBPs, there is still a challenge in effectively con-

Unknown identification

trolling the drinking water quality risk induced by DBPs, an integrated research framework
including chemistry, toxicology, engineering, and epidemiology is especially crucial.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Being one of the great achievements in the public health in
20th century, chemical disinfection (e.g., HOCl, NH2 Cl, and
ClO2 ) is the cornerstone for safe supply of drinking water
(Richardson et al., 2007; Li et al., 2018; Li and Mitch, 2018).
With the inactivation of pathogen microorganisms, disinfection process has controlled waterborne diseases of human beings effectively for decades (Wagner and Plewa, 2017). However, an unintended consequence of disinfection is its formation of disinfection byproducts (DBPs), which are mostly
formed by reactions between disinfectants and dissolved organic matter (DOM) (Fig. 1). It has been verified that the DBPs
in drinking water exhibit high cytotoxicity, mutagenicity and
carcinogenicity. Long-term exposure with DBPs has been associated in epidemiological studies to an increased incidence of
∗

bladder cancer and may also have reproductive and developmental effects (Villanueva et al., 2015; Plewa et al., 2017; Wagner and Plewa, 2017).
Due to the potential health risks and widespread occurrence of DBPs in drinking water, many countries and organization have regulated DBPs in drinking waters to mitigate the
health risk posed by DBPs including trihalomethanes (THMs),
haloacetic acid (HAAs) (USEPA, 2006; WHO, 2011). In China,
Standards for drinking water quality of China (GB/T5749-2006)
was promulgated in 2006 and took effect in 2012, which regulated a total of 106 contaminants, including 14 DBPs. In terms
of the number of regulated DBP compounds, the DBP regulations in the drinking water of China are more stringent
than those in the United States. However, despite recent improvements in the supply of clean drinking water, it is estimated that more than 200 million people in China are still
using unsafe source waters (Han et al., 2016). Moreover, be-
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Fig. 1 – Formation of DBPs during the disinfection of
drinking water: A tradeoff between inactivation of
pathogenic microorganism and formation of toxic DBPs.

Fig. 2 – DBP-related research papers in China between 2010
and 2019 in Web of Science.

ing the largest developing country in the world, lack of water
treatment facilities and inefficient operation are widespread
in China, posing unneglectable challenges to the safe supply
of drinking water (Bei et al., 2019). Although DBPs in drinking water pose a widespread environmental exposure route to
human health, pathogen inactivation and regrowth inhibition
are the main goals of drinking water disinfection, indicating
that the chlorine-based disinfection is indispensable at least
in the next several decades. Thus, how to strike a balance between pathogen inactivation and DBP formation control is a
worldwide tough but important challenge.
With rapid development of science and technology as well
as urgent need in China, all the government, public, industry and research communities are paying increasing attention
to the DBPs-related water quality, especially for drinking water. As shown in Fig. 2, there is a significant increasing trend
of publications over the last 10 years (from 2010 to 2019) in
China according to the search results from the Web of Science database using keywords ‘disinfection by products. The
annual publication papers in the DBP field have increased almost 6 folds, reaching almost 300 papers in 2019. The rapidly
increasing number of DBP research papers in China indicates

that DBPs is one of the research hotspots in China. Nowadays, the goals for China’s water industry include continuously supplying the public with drinking water of sufficient
volume, quality, pressure, and service. With respect to DBP research field, accurately qualitatively and quantitatively evaluating the formation level of known DBPs in drinking waters, optimizing the treatment process to minimize the formation of DBPs, and carry out frontier identification on unknown
DBPs are currently the main research directions in China.
To further construct and visualize bibliometric network
of DBP research in China, the results of the keyword analysis conducted by VOSviewer is presented in Fig. 3, where the
size of the circle represents the frequency of occurrence and
the lines show the links between the keywords. The colors
of the keywords represent clusters of terms when the paper
was published. The chemical compositions of the DBPs are
strongly dependent on the disinfectants and the disinfection
parameters (dose, contact time, water pH and temperature,
etc.) and the source water characteristics (NOM composition,
micro-pollutants, and inorganic ions (bromide, iodide, ammonia, etc.)). For example, to meet the DBP standards in drinking
water, the water utilities in China widely consider enhanced
coagulation for precursor removal and chloramination as an
alternative to chlorination to control the formation of DBPs in
finished waters. The keyword co-occurrence network shows
matched DBP research focuses in China including DBP occurrence, precursor characterization, coagulation, preoxidation,
and identification of unknown DBPs, which are the key sectors for evaluation and control of DBP formation in drinking
water.
Among the remarkable DBP research papers authored from
China, the top 10 most productive institutions in terms of publication numbers in China are plotted in Fig. 4, with Tongji
University, Chinese Academy of Sciences (CAS) and Tsinghua
University being the top 3 institutes. State Key Laboratory
of Environmental Aquatic Chemistry (SKLEAC), belonging to
Research Center for Eco-Environmental Sciences, CAS (one
of the 104 research institutes of CAS), is a leading research
base of aquatic chemistry in China. Since its foundation in
1979, SKLEAC has achieved a series progress in DBPs research
including the national investigation of known DBPs, control
strategy of DBPs, and identification of unknown DBPs.
Aiming to introduce the DBP research direction and
progress in China, this review summarizes the main achievements on DBP research field in China including national DBP
occurrence levels in China, DBP control technologies, and unknown DBP identification. In addition, we highlighted the
challenges lying ahead in the aspects of safe supply of drinking water in China. Due to the universality and complexity of
source water pollution in China, the optimization of refined
and scientific water purification and disinfection processes is
an important guarantee for controlling DBP water quality risks
in China.

1.

DBP occurrence in China

Control of DBPs has long been a major issue for safe supply
of drinking water. With the rapid development of analytical
technologies, numerous DBPs have been reported in the
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Fig. 3 – Keyword analysis regarding DBP research in China by VOSviewer. The keywords of related studies were analyzed
using www.webofknowledge.com/, which were plotted with www.vosviewer.com to create the word cloud analysis.

Fig. 4 – TOP10 DBP research institutions in China.

literatures, most of which are chlorinated DBPs. Of these
reported DBPs, only a small percentage have been quantified
in drinking waters, including THMs, HAAs, haloacetaldehydes
(HALs), haloacetonitriles (HANs), haloacetamides (HAMs),
and halonitromethanes (HNMs), iodinated-THMs (I-THMs), Nnitrosodimethylamine (NDMA) and even less have been regulated. For example, four THMs, including trichloromethane
(TCM), dichloromethane (DCM), bromodichloromethane
(BDCM), dibromochloromethane (DBCM), and two HAAs,
including dichloroacetic acid (DCAA), trichloroacetic acid
(TCAA) have been regulated in China according to the Standards for drinking water quality of China (GB/T5749-2006).
Huang et al. (1987) investigated the occurrence of four THMs

in drinking water from 24 large and medium sized cities in
China, and the total concentration of the four THMs was in
the range of 0.01-86 μg/L. Deng et al. (2008) investigated the
distribution level and geographical variations of THMs and
HAAs in drinking water of 40 drinking water treatment plants
(DWTPs) from six cities across five major river basins in China.
The total concentrations of THMs were in the range of not
detected (ND) to 92.8 μg/L, with average TCM concentrations
for each city ranged from 2.79 to 31.7 μg/L, average BDCM
concentrations ranged from 1.59 to 26.8 μg/L, average DBCM
concentrations ranged from 0.29 to 13 μg/L, average TBM
concentrations ranged from not detected (ND) to 7.56 μg/L .
The total concentrations of HAAs were in the range of ND to
40 μg/L. It was found that the concentrations of THMs were
higher in northern cities, while the concentrations of HAAs
were higher in southern cities. Ding et al. (2013) investigated
the occurrence of 28 DBPs in 70 DWTPs from 31 cities across
China. Among the 28 DBPs, 21 were detected with an average
frequency of detection of 50%. THMs and HAAs were the
predominant species, with median concentrations of 10.5 and
11.0 μg/L, respectively. The total concentration of HANs was
in the range of ND to 39.2 μg/L, with a median concentration
of 1.1 μg/L. Two iodine-containing THMs (CHCl2 I and CHClBrI)
were detected with a relatively low frequency and the total
concentration of CHCl2 I and CHClBrI ranged from ND to
5.6 μg/L.
Nitrogenous DBPs (N-DBPs) has recently been of great concern due to their higher toxic than the regulated THMs and
HAAs. Bei et al. (2016) investigated the occurrence of nine
N-nitrosamines (NAs) in drinking water and tap water from
44 cities or towns across 23 provinces in China. In total 43
finished water samples and 74 tap water samples were analyzed for NAs. NDMA was found to be the dominant NA
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species, with average concentration in finished and tap water
were 11 and 13 μg/L, respectively. Concentrations of NDMA
in about 26% of the finished water and 29% of the tap water exceed 10 ng/L, which was set as a notification level by
California Office of Environmental Health Hazard Assessment,
USA. N-nitrosomorpholine was the most frequently detected
NAs, with detection frequencies of 81% in finished waters
and 74% in tap waters, respectively, and ranged from 0 to
40 ng/L. N-nitrosodi-n-propylamine ranged from 0 to 79 ng/L,
with a lower detection frequency in finished waters (16%) and
tap waters (31%). N-nitrosodiphenylamine was the least frequently detected NA, with the detection frequency less than
5%. Detection frequencies of other NAs ranged from 18% to
68%. Dong et al. (2016) investigated the occurrence of N-DBPs
in drinking water from six cities. The total concentrations of
NAs in pipe water were 10.65 - 55.80 ng/L. N-nitrosopiperidine
were detected in pipe water from all six cities, with average
concentration of 10.79 ng/L. NDMA were detected in pipe water sample from three cities with maximum concentration of
32.8 ng/L. The total concentrations of HAN ranged from ND
to 9.4 μg/L, and the concentrations of TCNM ranged from ND
to 1.2 μg/L. HAMs are a relatively newly identified group of
N-DBPs in drinking waters. Yang et al. (2014) investigated the
concentrations of HAMs in five DWTPs which use the Yangtze
River or Yellow River as source water. It was found that the
rank order of HAMs was: Cl- HAMs (15.3 μg/L) > > Cl-BrHAMs (1.2 μg/L) > Br-HAMs (1.0 μg/L). Among the three ClHAMs, dichloroacetamide (DCAM) had the highest concentration (10.7 μg/L), followed by trichloroacetamide (TCAM) (3.1
μg/L) and chloroacetamide (CAM) (1.5 μg/L) (Yang et al., 2014).
These occurrence investigation results of DBPs suggested that
DBPs has been an important issue in drinking water of China.
Although the detection levels of N-DBPs are obvious lower
than those of THMs and HAAs, N-DBPs may pose higher toxicity risk than regulated DBPs due to their higher cytotoxicities
and genotoxicities.

2.
Removal of DBP precursors during water
treatment
Natural organic matter (NOM) is the principal precursor of
DBPs in most waters, which contains several groups with varying functionalities like humic substances, carboxylic acids,
amino acids, proteins and carbohydrates. Apart from NOM,
residual algae organic matter (AOM) and micro-pollutants
also contribute to the formation of DBPs during disinfection.
In view of wastewater reuse, effluent organic matter should
be also took into account. Thus, to minimize the DBP formation, enhanced DBPs precursor removal processes (e.g.,
pre-oxidation, coagulation, activated carbon absorption, and
membrane filtration) are being widely optimized and applied
from lab scale to full scale in China (Sun et al. 2019).

2.1.

Enhanced removal of NOM

NOM is the predominant precursor of DBPs. Enhanced coagulation is regarded to be among the best available technology for DBP precursor removal during drinking water treatment (Yan et al. 2008b). Via enhanced coagulation with polya-

luminum chloride as the coagulant, THMs formation potential (THMsFP) and HAAsFP can be reduced by 51% and
59%, respectively (Zhao et al. 2013). Combination of potassium permanganate and ferric chloride to conduct enhanced
coagulation process showed obvious effectiveness in treating source water heavily polluted by NOM, with a 24.8% decrease in the concentration of THMs (Liu et al. 2012a). The
type of coagulants and physical-chemical properties of NOM
undoubtedly can affect the removal efficiency by coagulation. For example, the dissolved organic carbon (DOC) removal under enhanced coagulation conditions by ferric chloride can reach 57%, much higher than that by polyaluminum
chloride (Zhao et al. 2013). Wang et al also found higher
treatability of the metal salts than Al-based polymeric coagulants at EC dosage (Wang et al. 2013a). A highly efficient composite polyaluminum chloride coagulant was developed and even exhibited 30% more efficiency than metal
salt coagulants and polyaluminum chloride in DOC removal
(Yan et al. 2009). High molecular weight and hydrophobic dissolved organic matter was much easier removed than low
molecular weight and hydrophilic matter (Wang et al. 2013a;
Zhao et al. 2013). The interactions of coagulant-NOM-particle
also affected the efficiency of coagulation (Yan et al. 2008b).
Hence, speciation, basicity, and applied dose of coagulant
should be taken into account in order to promote NOM removal (Yan et al. 2008a; Yan et al. 2008b). Compared with that
by pre-chlorination-coagulation, the removal efficiency of dissolved organic carbon by coagulation-inter-chlorination was
higher. Even though, more DBPs were produced during interchlorination than that of pre-chlorination at pH 7.5, but less
at pH 5.5, which verified the importance of pH control during coagulation process (Ji et al. 2008). It should be noted that
the application of coagulants may have diverse effect on DBPs
formation control, as the amide-based organic polymer coagulants polyacrylamide and its monomer acrylamide was reported to serve as THM, HAM, and HAN precursors during
chlor(am)ination (Ding et al., 2018a).
Activated carbon adsorption is also regarded as an effective technology to remove DBP precursors due to its large
surface area. The granular activated carbon contactor in a
two-stage biofiltration process, a sand biofilter coupled with
a biologically-active granular activated carbon contactor, was
observed to accounting for 60.63% ± 16.64% of the total DBPsFP
removal (Fu et al., 2017). A significant increase in THM and NDBP precursors removal was observed with the use of powered activated carbon (PAC) (Wang et al., 2017). Different results were also obtained in a previous work, that PAC treatment cannot effectively inhibit the formation of N-DBPs, but
the combination with permanganate pre-oxidation can significantly reduce carbonaceous DBPs (C-DBPs) as well as NDBPs formation (Chu et al., 2015). The effective removal of
DOM in ozonation-biological activated carbon (O3 -BAC) process has been widely reported (Chen et al., 2019; Chu et al.,
2012). Sufficient N-DBP precursors removal by O3 -BAC was
also observed as it can remove low molecular weight, positively charged, and hydrophilic organic matters (Zhang et al.,
2020). The type of activated carbon can affect the NOM removal efficiency. Powdered activated carbon has larger surface
area than granular activated carbon and can be used at different treatment stages (Sun et al. ,2019). An emerging coconut
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shell-based granular activated carbon tended to remove more
DOM and released less microbes, metabolites, and smaller
microbial clusters than traditional granular activated carbon
(Xing et al., 2020).
Membrane filtration is a novel technology to remove NOM.
The combination of enhanced coagulation and ultrafiltration
exhibited high efficiency in NOM removal, as the removal ratio
can reach up to 59% (Wang et al., 2016a). Meanwhile, reduction
ratios of DBPsFP by the combination of enhanced coagulation
with ultrafiltration were 16.9% and 30.8% higher than those
by enhanced coagulation alone and ultrafiltration alone, respectively (Wang et al., 2016a). It was found that the removal
of NOM by the combination of coagulation and ultrafiltration
processes was always efficient regardless of pH and the dose
of polyferric chloride (Wang et al., 2012). Based on the two
main disadvantage of membrane filtration, membrane fouling
and the limited removal efficiency of low molecular weight
NOM, pretreatment such as enhanced coagulation and preoxidation are often applied before membrane filtration process (Cheng et al., 2016; Tian et al., 2018).

2.2.

Enhanced removal of AOM

Algae blooms have been widely occurred around the world
and posed increasing risks to drinking water treatment. AOM
is dominant derivative of algae and can also serve as DBP precursors (Zhou et al., 2014; Zhu et al., 2015), whose characteristics are significantly different from NOM and are of low aromaticity, high hydrophilicity, and high organic nitrogen content such as amino acids and proteins. It generally includes
extracellular organic matter (EOM) and intracellular organic
matter (IOM). EOM is generated from algal metabolism but excreted out of the algae cells, and IOM is accumulated in algal cells and will be released when algae cells are damage
(Zhou et al., 2015).
Coagulation is a generally available method to remove AOM
and the removal efficiency can be optimized. The coagulation
by Fe(III) and Fe(II) contributed to algae removal of 26.5% and
49.8%, respectively (Ma et al., 2012a). The effect of coagulant
species on algae removal was also observed in other studies. Liu et al investigated the effect of Al species distribution
on IOM removal and found that polyaluminum chloride performed higher removal efficiency of DOC as compared to aluminum chloride, due to the better binding affinity of Al13 polymer with IOM fractions of low and medium molecular weight,
which provided references for the optimization of coagulation
to remove AOM (Liu et al., 2019). But in general, due to their
high motility, negatively-charged surface, varied morphology
and relatively low density, the remove efficiency of algae by
the tradition drinking water treatment process alone is really
limited (Ma et al., 2012a).
Pre-oxidation is widely applied before coagulation to promote the treatment effect of high algae-laden source waters.
The common oxidants used in pre-oxidation process included
ferrate, O3 , free chlorine (FC), KMnO4 , and so on (Wang et al.,
2013b). The type and dosage of pre-oxidant as well as the pretreatment time can affect the following coagulation of AOM.
Pre-oxidation with KMnO4 has been found to promote algae
removal followed by coagulation using low dose of polyaluminium chloride as coagulants via changing EOM secretion
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(Wang et al., 2013b). The algae removal ration was increased
by 10% and nearly 40% with 1.7 μmol/L KMnO4 pre-oxidation
when Fe(III) and Fe(II) coagulation processes were applied, respectively, and elevated KMnO4 dose can further promoted the
algae removal (Ma et al., 2012a). Pre-oxidation with potassium
ferrate took quite short time to remove algae substantially
and removal efficiency increased with prolonged contact time
(Ma and Liu. 2002). More interestingly, a new permanganateferrous sulfate pre-treatment process prior to aluminum chloride coagulation was developed and found to simultaneously
promote the removal efficiency of Microcystis aeruginosa and
lower the dose of Al (Ma et al., 2014). FC is another commonly
used pre-oxidant to enhance algae removal but could lead to
intracellular IOM release form algae metabolism (Ma et al.,
2012b). FC dose (Ma et al., 2012b) and transportation time have
significant roles in the AOM release and subsequent DBPs formation (Qi et al., 2016). In the pre-chlorination of Microcystis aeruginosa experiment, the highest DOC and dissolved organic nitrogen released from Microcystis aeruginosa cells were
obtained at 2 mg/L FC pre-chlorination without transportation, but at 0.4 mg/L FC after 8 hr simulated transportation,
and C-DBPs and N-DBPs formation accordingly reached their
maximums at 0.4 mg/L FC after 8 hr simulated transportation (Qi et al., 2016). What is more, ultraviolet/hydrogen peroxide (UV/H2 O2 ) was also introduced as pre-oxidation process to
promote the FeSO4 coagulation of Microcystis aeruginosa and simultaneously achieved low residue Fe level and effective AOM
control. The dosages of H2 O2 and FeSO4 both significantly affected the algae removal (Jia et al., 2018). Li et al conducted a
hydrogen radical drinking water pre-treatment system which
showed great promise for applications in algae removal and
microcystin-LR degradation (Li et al., 2019a). Above all, the operation parameters or pre-oxidation and coagulation as well
transportation time should be integrated to achieve effective
algae remove and subsequent DBPs formation control.
Membrane filtration process (i.e. microfiltration and ultrafiltration) is a good alternative of traditional drinking water
treatment process and have been widely applied to remove
algal cells. The ultrafiltration can remove more than 90% of
microalgae . Membrane fouling is a major disadvantage of the
membrane application, especially in the removal of algae (Liu
et al., 2020).

2.3.
Removal of other organic and inorganic DBP
precursors
Anthropogenic micro-pollutants including pharmaceuticals
and personal care products, pesticides, and antibiotics posed
increasing risks for water safety and they could be transformed to DBPs during disinfection process. For example,
pharmaceuticals containing tertiary amine structure and
some personal care products containing quaternary amine
structures could serve as NDMA precursors (Tang et al., 2020);
nitrogen-containing organics such as primary amines, amino
acids, nucleic acids and pharmaceuticals can be transformed
to HNMs (Chu et al., 2016a). Nevertheless, traditional drinking
water treatment processes including coagulation, sedimentation, and filtration cannot effectively degrade organic micropollutants (Wang et al., 2020a; Wang et al., 2014; Yang et al.,
2017a).
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Oxidation treatment has been considered as an important technology to degrade micro-pollutants (Wang et al.,
2014; Yang et al., 2017). Nitro-based pharmaceuticals can be
degraded by FC and KMnO4 more effectively than that by
ClO2 and O3 , and TCNMFP decreased with KMnO4 oxidation
but increased with FC, ClO2 and O3 oxidation (Wang et al.,
2016c). But Jian et al found that KMnO4 pre-oxidation failed to
degrade 2-hydroxy-4- methoxybenzophenone-5-sulfonic acid
(BP-4), and the addition of a manganese-oxidizing bacterial
strain to the pre-oxidized samples was able to remove BP-4
as manganese oxides were formed (Jian et al., 2019). The combination of BAC with pre-ozonation or post-ozonation were
both verified to effectively remove pharmaceuticals and pesticides, as the removals of 27 pharmaceuticals and 25 pesticides reached 85% and 72% by post-ozonation with BAC, and
were 87% and 61% by pre-ozonation with BAC, respectively
(Yang et al., 2017a).
Advanced oxidation process (AOP) is a promising technology for organic micro-pollutants degradation and has been
systematically evaluated in terms of the degradation kinetics as well as DBPs formation. In particular, UV-based AOP
and O3 -based AOP drawn much attention in micro-pollutants
degradation due to the formation of reactive radicals. UV/H2 O2
process was applied quite early because of the formed nonselective hydroxyl radical (HO• ) (Wang et al., 2020a). It can
effectively degrade phenicol antibiotics including florfenicol,
chloramphenicol, and thiamphenicol, and the related TCMFP
formed in post-chlorination decreased with UV/H2 O2 treatment compared to UV (Yin et al., 2018). Due to the formation of HO• and chlorine radical (Cl• ), UV/FC drawn interests in the degradation of micro-pollutants (Dong et al., 2017;
Guo et al., 2016, Xiang et al., 2018; Xiang et al., 2016). In terms
of degradation kinetics of micro-pollutants, consistent results
were obtained as UV/FC can reactively degrade chloramphenicol (Dong et al., 2017), chlortoluron (Guo et al., 2016), diuron
(Xiang et al., 2018), and ibuprofen (Xiang et al., 2016). However,
different results about DBPs formation were obtained. DBPs
formation in degradation of diuron by UV/FC was lower than
those formed in chlorination process (Xiang et al., 2018), while
enhanced DBPs formation in degradation of chloramphenicol
(Dong et al., 2017), chlortoluron (Guo et al., 2016), and ibuprofen (Xiang et al., 2016) was detected during UV/FC process.
UV/monochloramine (UV/MC) process is a new AOP and has
been increasingly investigated. Synergistic effects of UV and
MC on carbamazepine and metribuzin degradation have been
reported (Bu et al., 2018; Wang et al., 2020a). The formation
of nitrogenous DBPs during carbamazepine degradation by
UV/MC was lower than chloramination alone (Bu et al., 2018).
But UV/MC significantly enhanced DBPs formation during
metribuzin degradation even compared with that by UV/FC
(Wang et al., 2020a). The types of micro-pollutants and their
transformation by-products formed during the degradation
by UV/AOP all probably affected DBPs formation. Up to now,
increasing attention has been given to the application of
sulfate radical (SO4 •– ) in micro-pollutants degradation. Persulfate (PDS) and peroxymonosulfate (PMS) can be activated
by O3 and UV, and so on, to generate SO4 •– and HO• , thus
promoting micro-pollutants degradation (Guan et al., 2011;
Mao et al., 2020; Yang et al., 2015; Yang et al., 2017b). Meanwhile, the formed radicals could oxidize the released iodide

to iodate during the degradation of iopamidol by O3 /PMS process and further decreased iodinated THMs (I-THMs) formation (Mao et al., 2020). Apart from that, UV-based AOPs which
coupled with vacuum-UV (VUV)/UV lamp as the light source
has been evaluated in terms of micro-pollutants degradation
and exhibited much higher efficiency than that with conventional UV irradiation, due to the syngenetic effects and
more HO• formation . VUV/UV photo-Fenton (Wen et al., 2018),
VUV/UV/H2 O2 (Li et al., 2019b; Li et al., 2019c), VUV/UV/FC
(Li et al., 2016), and VUV/UV/PMS (Wen et al., 2020) processes were all found to be able to effectively remove micropollutants.
Inorganic halide ion especially Br– and iodide (I– ) also can
participated the formation of toxic brominated (Br-) and IDBPs (Dong et al., 2018; Liu et al., 2018). Br– can be oxidized
to bromate (BrO3 – ) by O3 (Li et al., 2015b; Wang et al., 2014;
Yang et al., 2017a), and I– can be incorporated in I-DBPs in
the presence of organic precursors during chloramination
(Wang et al., 2020b). The modification of treatment process
can reduce the transformation of halide ion to DBPs. The use
of Cerium incorporated MCM-48 catalyst (Li et al., 2015) and
H2 O2 (Li et al., 2015, Wang et al., 2014) in ozonation was observed to inhibit the transformation of Br– to BrO3 – . Besides,
the replacement of post-ozonation-BAC by pre-ozonation-BAC
also could decrease BrO3 – formation, as approximately 6.0
mg/L BrO3 – was formed with 2.0 mg/L O3 in post-ozonation,
but was not formed in pre-ozonation even with 3.0 mg/L O3
(Yang et al., 2017a). Ion exchange, especially magnetic ion exchange (MIEX®) resins can be directly applied in inorganic ion
such as Br– removal (Ding et al., 2012).
Overall, it is not only impossible but also economically
infeasible remove all DBP precursors during drinking water treatment processes. Additionally, the NOM, AOM, micropollutants, halogen ions usually undergo partially removal
and transformations. It is expected to decrease the DBPsFP via
combining conventional and advanced treatment processes,
while an excessive oxidation may accelerate the destruction
of molecular structure and enhance the DBP formation. Due to
the existences of various precursors in source water, it is difficult to propose a widely applicable process for the DWTPs in
China. Identifying the main contributor of DBPs in the source
water and proposing suitable treatment process subsequently
are effective measures for the removal of DBP precursors.

3.

Optimization of disinfection process

DBPs are formed during the reactions of organic and/or inorganic precursors with disinfectants. Thus, disinfection optimization (disinfectant, dose, and reaction time) plays significant roles in control of DBPs formation as well.
FC is the most common disinfectant for water treatment
at present, due to its high effectiveness, low cost, and ease of
prepare. However, organic halogenated DBPs formation during chlorination has gotten a lot of concerns. The operation
parameters of chlorination process inevitably affect the formation of DBPs. The yield of DCAN and DCAM was reduced
when the reaction time extended from 24 to 48 hr during
chlorination of acetaminophen, and DCAN, DCAM, as well
as trichloroacetamide TCAM all increased first and then de-
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creased with higher FC dosage (Ding et al., 2018b). The decrease in DCAN formation after 24 hr contact was also observed during chlorination of NOM (Huang et al., 2017). In general, the concentration of DBPs especially THMs and HAAs
formed during chlorination increased with longer contact
time and higher applied dose of FC (Lu et al., 2009). Hence,
in order to control DBPs formation, the chlorination time and
applied dosage of disinfectant should be reduced as much
as possible, based on the premise of effective inactivation
of microorganisms and sufficient residual chlorine. Recently,
the dosing method of FC also has been reported to show
an influence on DBPs formation. Li et al. (2017a) reported
that a two-step chlorination was much more efficient than
a one-step chlorination in disinfecting a primary sewage effluent even with the same FC dosage. A three-step chlorination was also observed to be more effective in inactivation
of Escherichia coli and reducing of DBPs formation than a onestep chlorination (Li et al., 2017b). The above results indicated
that for the same disinfectant, we can achieve the control
of DBPs formation via optimization of chlorination process
parameters.
Apart from FC, other chemical disinfectants including MC,
ClO2 , and O3 have been applied in disinfection of drinking water. Chloramination is regarded as a good alternative of chlorination in terms of DBPs formation control, as the reactivity of MC towards organic precursors is much lower than that
of FC. Less regulated DBPs (i.e. THMs and HAAs) formation in
chloramination compared with that in chlorination has been
widely reported (Liu et al., 2006, Zhang et al., 2019). However, it
was found that N-DBPs formation could be promoted with the
addition of ammonia into chlorination process (Zhang et al.,
2019). Moreover, halogenated N-DBPs can be formed during
chloramination of non-nitrogenous low-molecular weight organic acids, which indicated that the incorporation of N-MC
to HAMs (Chu et al., 2016b). I-DBPs formation was generally
higher during chloramination of I– -containing waters than
that in chlorination, because that FC can oxidize free iodine
to iodate (IO3 – ) but MC not due to its the lower oxidation potential, (Liu et al., 2017, Wang et al., 2016b, Zhang et al., 2018).
Hence, it should be avoided to apply MC in disinfection of
iodide-rich water, but MC is a promising alternative disinfectant for regulated DBPs control. Meanwhile, the addition
method of MC had an influence on DBPs formation. During
chloramination of NOM and a secondary effluent, the formation of HAMs and HANs was following the order: preformed
MC < in situ MC by NH3 + FC < in situ MC by FC + NH3
(Huang et al., 2017). ClO2 is a popular disinfectant attributed
to the high disinfection efficiency and less formation of THMs
and HAAs, but the formation of regulated chlorite (ClO2 – ) and
chlorate (ClO3 – ) largely compromises the merits of ClO2 disinfection (Yang et al., 2013). The total concentration of organic halogenated DBPs reached up to 709 nmol/L but ClO2 –
as well as ClO3 – were not detected during chlorination of
low ammonia wastewater; conversely, only 26 nmol/L organic
halogenated DBPs was formed but the concentration of ClO2 –
reached up to 42 μmol/L during ClO2 treatment (Zhong et al.,
2019). In order to control ClO2 – formation, the applied dose
of ClO2 have to be strictly limited. O3 gains popularity in disinfection of drinking water and hardly generates chlorinated
DBPs formation. But potentially carcinogenic BrO3 – formation
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during ozonation of Br– -containing waters warrants much attention (Wang et al., 2014).
The employment of physical technologies in disinfection
of drinking water has attracted considerable interests by far.
UV disinfection is environment-friendly because of no formation of DBPs and has been increasingly applied in water disinfection (Zhou et al., 2017). For the waste of energy, Li et al. (2018) developed an economical-running strategy for multi-lamp UV disinfection reactors in secondary
water supply systems which could save 32% of energy.
Zhou et al. (2017) developed an ultrasound/UV baffled reactor
to promote the UV disinfection efficiency. A mini-fluidic UV
photoreaction system developed for bench-scale photochemical studies not only can ensure a high accuracy in UV fluence determination, but also significantly promote the maximal available fluence rate by about 100 times, which is similar to that in engineering applications (Li et al., 2015a). It
should be noted that post-chlorination is commonly applied
to guarantee biological safety in water distribution networks,
due to UV disinfection leaves no residual disinfectant (Li et al.,
2018). Besides, a new copper oxide nanowire-modified threedimensional copper foam electrode was designed for water
disinfection, which exhibited satisfying disinfection performance (>7 log removal of bacteria), relatively low operation
voltage (1 V), and low energy consumption (25 J/L within 7 sec)
(Huo et al., 2016).
Combined processes including the combined use of different disinfectants as well as the combination of physical technology with chemical disinfectant for water disinfection have
been increasingly investigated. Liu et al. (2012b) found that
the combined use of FC and chloramine is an optimized way
of FC-based disinfection, as the FC + FC + MC process performed better in simultaneous control of THMs formation and
chemical oxygen demand than chlorination and chloramination alone. While it was reported that the chlorination followed by chloramination can reduce the bromine substitution factors of dihaloacetamides and dihaloacetonitriles than
chlorination alone, but increased the formation of HAMs and
HANs (Huang et al., 2017). The combination of ClO2 and FC
showed higher effectiveness of genotoxicity reduction in reclaimed wastewater than FC alone but lower than ClO2 alone,
while the combination of medium-pressure UV, FC and O3
can even reduce the genotoxicity to a level of the source water (Chai et al., 2018). Besides, the combination of ultrasound
pre-treatment with FC-based such as FC and ClO2 may be a
good disinfection enhancement method in terms of enhancement of disinfection efficiency and control of DBPs formation
(Zhou et al., 2016a; Zhou et al., 2016b). The combination of
UV irradiation with FC-based disinfection is also a promising
method to achieve a balance between microorganisms inactivation and DBPs formation, as the addition of FC-based disinfectant used as residual disinfectant can be reduced after UV
disinfection (Sun et al., 2019). However, it was found that no
matter low-pressure or medium-pressure UV lamp was used,
the concentration of TCM, DCAA, TCAA, and cyanogen chloride formed during UV+FC, FC+UV, UV+MC, and MC+UV was
almost all higher that those formed in chlorination and chloramination alone, respectively (Liu et al., 2006).
Above all, positives and negatives of each disinfection process were both observed. The optimization of disinfection pro-
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Fig. 5 – Identification of unknown total organic halogen
(TOX).

cess should integrate multiple factors including applicability,
the construction and operation of drinking water treatment
plants, and water quality, and so on, to achieve the balance
between the positives maximization and the negatives minimization.

4.

Discovery of unknown DBPs

Since the first discovery of THMs in 1974, consistent efforts
have been made to identify DBPs formed during drinking water treatment. As shown in Fig. 5, although approximately >
700 chlorinated DBPs in drinking water have been identified,
more than 50% of the halogenated DBPs formed during the
chlorination of drinking water and more than 50% of the DBPs
formed during ozonation of drinking water remain unidentified (Krasner et al., 2006). Recently, high resolution non-target
analysis has become an important tool for identifying unknown DBPs (Zhang and Yang, 2018). Among the high resolution analytical techniques, comprehensive two-dimensional
gas chromatography (GC × GC) and high resolution mass spectrometry (HRMS) are two powerful analytical tools when dealing with complex sample mixture like DBPs. GC × GC coupled to quadrupole mass spectrometry (qMS) or time of flight
mass spectrometry (TOFMS) has been successfully used to
characterize complex organic mixtures in various sample matrix (Dugo et al., 2014; Li et al., 2016; Myers et al., 2014). Recently, Li et al. (2016) developed a nontargeted screen method
by using GC × GC-qMS combined with quantitative structureactivity relationship (QSAR) Toolbox for identifying and prioritizing of volatile and semi-volatile DBPs in drinking water. The
method was applied to analyze DBPs formed during chlorination, chloramination or ozonation of raw water from a DWTP
in Beijing, more than 500 compounds were tentatively identified in each sample, and a total of 170 volatile and semivolatile DBPs representing fourteen chemical classes were
identified. The accuracy of the screen method was determined
by comparing 47 identified compounds with commercially
available standards. About 90% (41 of the 47) of the compounds
were correctly identified. In addition, the genotoxicity and carcinogenicity of the DBPs were evaluated using QSAR Toolbox,
and 58 DBPs were found to be actual or potential genotoxi-

cants. The method developed by Li et al. (2016) provide us a
useful workflow for identification and prioritization of DBPs.
As another powerful tool in identifying unknown DBPs,
HRMS can provide accurate masses for molecular ions, which
in turn provides molecular formulas of the unknown DBPs.
Accurate masses can be further obtained for the fragment
ions, which helps in determining the molecular structures.
The Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) is currently the most powerful mass
spectrometer in terms of resolution and accuracy. FT-ICR MS
enables the determination of both the empirical formula of
a molecule and its characteristic fragments with high resolution. Zhang et al. (2012a) explored the transformation of
NOM and the corresponding DBPs formed during chlorination of source water using negative electrospray ionization
(ESI) FT-ICR MS. More than 4000 NOM molecules were resolved in source water sample, and the components with
low degree of oxidation (lower ratios of O/C) were found to
be more reactive toward FC than those with high ratios of
O/C. In total, 659 one-chlorine containing compounds and 348
two-chlorine containing compounds were assigned at a high
level of confidence by accurate mass analysis and Kendrick
mass analysis, and only seven of them had been reported
in previous studies. With the same ESI FT-ICR MS method,
Zhang et al. (2012b) characterized change of low molecular
weight DOM components during conventional treatment processes and identified Cl-DBPs in real DWTP. It was found
that lignin and tannin like components were present at
high levels in source water. DOM with a higher O/C ratio tended to be removed through coagulation treatment,
whereas DOM with a lower O/C ratio showed higher reactivity during chlorination. Molecular formulas of 556 chlorinecontaining DBPs, which potentially contain abundant carboxylic/phenolic groups, were identified in finished drinking
water.
In subsequent research, Zhang et al. (2014) investigated the
unknown brominated-DBPs (Br-DBPs) formed during chlorination of simulated drinking water with the same ESI FT-ICR MS
method. In total, 441 one bromine containing compounds and
37 two bromine containing compounds were detected. Most
of them were previously unknown and have corresponding
chlorinated analogues. On-resonance collision-induced dissociation (CID) MS/MS fragmentation of single bromine containing compound was conducted to provide structural information of individual Br-DBPs in an extremely complicated matrix.
It was suggested that these new Br-DBPs have plenty of carboxylic groups as neutral loss of CO2 occurred frequently during the on-resonance CID experiment. Zhang et al. (2018) also
compared the formation of Br-DBPs during chloramination
and chlorination of simulated drinking water. 193 formulae
of one bromine containing Br-DBPs and 5 formulae of two
bromine containing Br-DBPs were detected in the chloraminated artificial drinking water sample. Compared to Br-DBPs
formed in chlorination, Br-DBPs formed in chloramination
have relatively high ratio of O/C for the same nominal molecular mass. More than 63% of the Br-DBPs formed during chloramination can be classified as aromatic molecules or polycyclic aromatic molecules, according to their modified aromaticity index (AImod ). The authors further investigated the
change of SRFA molecules during chloramination and found
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that SRFA molecules with high O/C ratio and low H/C ratio were more reactive and decreased significantly in relative
abundance during chloramination. SRFA molecules with high
degree of oxidation and high unsaturation were preferred to
form Br-DBPs during chloramination.
Wang et al. (2016) used the same ESI FT-ICR MS method
to characterize unknown iodinated DBPs (I-DBPs) in chloraminated/chlorinated water spiked with iodide and humic substances. In total, 178 formulas for one iodine-containing compounds, 13 formulas for two iodine-containing products, and
15 formulas for one-chlorine and one-iodine-containing products were detected in the chloraminated water sample, while
only nine formulas for one-iodine-containing compounds and
six formulas for one-chlorine/one-iodine-containing compounds were found in the chlorinated water sample. Most
I-DBPs had corresponding chlorine-containing analogs with
identical CHO compositions. Based on AImod , the authors concluded that more than 68% of the I-DBPs had aromatic structures or polycyclic aromatic structures. Without doubt, HRMS
with high accuracy and high resolution will facilitate the identification of unknown DBPs in the near future.

5.

Future DBP research in China

Despite of these remarkable progresses achieved by the DBP
research in China, the safe supply of drinking water left behind many uncertainties and challenges.
The quality of source water is perquisite of safe drinking
water supply. According to the 2017 Report of the State of the
Ecology and Environment in China, 9.5% of source waters (338
cities) could not meet the water quality standard for source
water (Bei et al., 2019). The stringent reality of source water
quality highlights the challenge of safe drinking water supply in China. For example, the wide presences of organic matter, micro-pollutants and anions in source water inevitably increase DBPsFP during the disinfection and distribution processes. The DWTPs in China are attempting to optimize the
combination of precursor removal and disinfection process to
simultaneously meet pathogen reduction and regulatory limits on DBPs, which will in no doubt increase the operating
complexity for DWTPs. Note that there are ubiquitous lacks
of DWTPs in the rural areas of China (Bei et al., 2019), which
makes the precursor removal hard to achieve if the source water is polluted. There are still considerable gap in identifying
toxicity-driver and operation performances of the treatment
facilities compared to those in the developed countries. When
evaluating the control effect of a water treatment process or
technology on DBPs, the DBPs research in China focused on
concentration variation of a variety of DBPs. However, due to
the different toxicity values of different types of DBPs, the total concentration of DBPs may be significantly reduced but the
overall toxicity is not significantly reduced. Therefore, to evaluate the control effect of a certain method on DBPs, it is necessary to comprehensively consider the changes in the concentration of DBPs and the overall toxicity. Identifying the toxicity
DBP drivers in drinking water requires the technical collaborations between chemists, toxicologists, engineers, and epidemiologists for controlling the toxicity drivers in drinking
water.
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