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a b s t r a c t 

Although disinfection byproducts (DBPs) in drinking water have been suggested as a can- 

cer causing factor, the causative compounds have not yet been clarified. In this study, we 

used liquid chromatography quadrupole-time-of-flight spectrometry (LC-QTOF MS) to iden- 

tify the unknown disinfection byproducts (DBPs) in drinking water produced from Taihu 

Lake source water, which is known as a convergence point for the anthropogenic pollutants 

discharged from intensive industrial activities in the surrounding regions. In total, 91 for- 

mulas of DBPs were discovered through LC-QTOF MS nontarget screen, 81 of which have 

not yet been reported. Among the 91 molecules, 56 only contain bromine, 15 only contain 

chlorine and 20 DBPs have both bromine and chlorine atoms. Finally, five DBPs including 

2,4,6-tribromophenol, 2,6-dibromo-4-chlorophenol, 2,6-dichloro-4-bromophenol, 4-bromo- 

2,6-di-tert-butylphenol and 3,6-dibromocarbazole were confirmed using standards. The for- 

mer three compounds mainly formed in the predisinfection step (maximum concentration, 

0.2-2.6 μg/L), while the latter two formed in the disinfection step (maximum concentration, 

18.2-33.6 ng/L). In addition, 19 possible precursors of the discovered DBPs were detected, 

with the aromatic compounds being a major group. 2,6-di-tert-butylphenol as the precur- 

sor of 4-bromo-2,6-di-tert-butylphenol was confirmed with standard, with a concentration 

of 20.3 μg/L in raw water. The results of this study show that brominated DBPs which are pos- 

sibly formed from industrial pollutants are relevant DBP species in drinking water produced 

form Taihu source water, suggesting protection of Taihu Lake source water is important to 

control the DBP risks. 
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isinfection byproducts (DBPs) in drinking water have at- 
racted wide attention and have become an important cat- 
gory of drinking water pollutants for regulation world- 
ide ( WHO, 1995 ). However, the known DBPs in drink- 

ng water, including regulated trihalomethane (THM) and 

aloacetic acid (HAA), have been found to not account for 
he cancer risk predicted by bladder cancer epidemiology 
 Hrudey and Fawell, 2015 ). Since the discovery of the poten- 
ial carcinogenic effects of drinking chlorine-disinfected wa- 
er ( Richardson et al., 2007 ), searching for possible causative 
ompounds has become a hot research topic. Over 600 DBPs 
ave been identified so far, with a couple of them being 
egulated internationally. Among the regulated DBPs, bro- 

odichloromethane, bromate, bromoform, chloroform, and 

ichloroacetic acid are listed as possible or probable human 

arcinogens by the IARC or U.S. EPA ( Richardson et al., 2007 ).
esearchers have found that brominated DBPs normally gen- 
rate higher toxicity than the corresponding chlorinated DBPs 
 Plewa et al., 2008 ). The toxicities of bromoacetaldehyde and 

ibromoacetaldehyde are 2- and 16-fold higher than those 
f chloroacetaldehyde and dichloroacetaldehyde, respectively, 
ccording to a single-cell gel electrophoresis (SCGE) assay 
 Postigo et al., 2015 ). 

Until now, most of the identified DBPs are chlorination 

roducts of natural organic matter (NOM) ( Wang et al., 2021b ; 
hang et al., 2020a ) because NOM is the major organic com- 
onent in source water ( Jeong et al., 2007 ). Though normally 
resent in source water at a much lower concentration, some 
hemical pollutants, such as polyphenols, are more easily 
ransformed into halogenated DBPs, such as halophenolic 
ompounds ( Jiang et al., 2018 ). More important, halopheno- 
ic DBPs are generally more toxic than haloaliphatic DBPs 
 Liu and Zhang, 2014 ). For example, the toxicities induced 

y 2,4,6-trichlorophenol and 2,4,6-tribromophenol are 12- 
old and 36-fold higher, respectively, than those induced by 
odoacetic acid in an algal toxicity test ( Liu and Zhang, 2014 ). 

Taihu Lake, the third-largest freshwater lake in China,
lays an important role in providing source water to the sur- 
ounding cities, which are well known for their intensive 
ndustrial activities. Taihu Lake has become a convergence 
oint for anthropogenic pollutants, raising serious concerns 
ver drinking water quality ( Zheng et al., 2017 ). Nnonylphenol 
NP), 4-tert-octylphenol (4-OP), 2,4-di-tert-pentylphenol, 4-n- 
eptylphenol, 4-n-hexylphenol, and 4-tert-butylphenol were 
ll found in the aquatic environment of Taihu Lake. Phe- 
olic compounds including phenol, 2,4-dichlorophenol (2,4- 
CP), 2,4,6-trichlorophenol (2,4,6-TCP), and pentachlorophe- 
ol (PCP) have been frequently detected in Taihu Lake 
 Wang et al., 2020 ).At the same time, Taihu Lake source wa- 
er is also known to contain high concentrations of bro- 

ide (0.17-0.2 mg/L) ( Shi et al., 2015 ; Xiao et al., 2017 ). Thus,
rominated aromatic DBPs may be generated during disin- 
ection ( Hoonsik et al., 2018 ; Li et al., 2020a ), inducing higher
ytotoxicity and genotoxicity on animal mammalian cells 
 Richardson et al., 2007 ). 

Known DBPs are mostly identified by gas chromatography 
GC)-mass spectrometry (MS) ( Richardson, 2011 ). However, GC- 
m  
S requires suitable analytes that are volatile/semivolatile 
nd have limitations in molecular weight ( < 600 Da) ( Tao et al.,
020 ). Liquid chromatography (LC)-MS can detect both high 

olar and high-molecular-weight DBPs ( Richardson and 

ostigo, 2018 ). With the rapid development of liquid 

hromatography-quadrupole time-of-flight mass spec- 
rometry (LC-QTOF MS), exploration of unknown compounds 
n water is becoming possible using a nontarget analysis ap- 
roach through the evaluation of accurate mass and isotope 
atterns ( Grapp et al., 2018 ). The presence of halogen atoms 
akes it easier to identify the unknown DBPs by searching 

alogen isotopes ( Lu et al., 2021 ). 
In this study, nontarget analysis using LC-QTOF MS was 

mployed to identify the unknown DBPs in a drinking water 
reatment system fed source water from Taihu Lake. In to- 
al, formulas of 91 possible chlorinated and brominated DBPs 
ere identified, among which 24 molecules had structures 

hat matched measured fragments with an intensity over 50%,
nd 5 were verified using standards. Finally, the possible pre- 
ursors were also explored to elucidate the impact of source 
ater pollution on the formation of DBPs. 

. Materials and methods 

.1. Chemicals and reagents 

PLC-grade acetonitrile, methanol and acetone were 
urchased from Fisher Scientific (Fair Lawn, NJ, USA).
tandards of 2,6-dibromo-4-chlorophenol (2,6-DBCP) and 

,6-dichloro-4-bromophenol (2,6-DCBP) were purchased 

rom Aladdin Industrial Inc. (China). 4-Bromo-2,6-di-tert- 
utylphenol, 2,6-di-tert-butylphenol, and carbazole were pur- 
hased from Tokyo Chemical Industry (Japan). Standards of 
,6-dibromocarbazole (3,6-DBCZ) and phenol were purchased 

rom Sigma-Aldrich (Missouri, USA). 2,4,6-Tribromophenol 
TBP) was purchased from Ark Pharm (USA). 

.2. Sample collection and quality parameters of water 
amples 

he water samples were collected from a drinking water treat- 
ent system ( Fig. 1 ) supplied with raw water from Taihu 

ake. The system consists of a pretreatment plant (850,000 
 

3 /day) and final treatment plant (600,000 m 

3 /day). The pre- 
reatment plant included preozonation (0.8 mg O 3 /L), biofil- 
ration and predisinfection (chlorine; 1.5 mg/L), and the pre- 
reated raw water was transported to the final treatment 
lant via a steel pipe that was 21 kilometers away. The fi- 
al treatment plants included conventional treatment (coag- 
lation, sedimentation, and sand filtration), advanced treat- 
ent (ozonation and activated carbon filtration), ultrafiltra- 

ion and finally disinfection (NaClO). In the treatment plant,
he doses for ozonation and disinfection were 0.4 mg/L and 

.75 mg/L, respectively. The residual chlorine content was 0.35 
g/L in the predisinfection effluent and 0.8 mg/L in the dis- 

nfection effluent. As shown in Table 1 , the total organic car- 
on (TOC) concentration was 3.6 mg/L in raw water and 2.8 
g/L in the disinfection effluent. The Br − content was 0.29 
g/L in raw water and 0.12 mg/L in the disinfection effluent.
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Fig. 1 – Process flow chart for the drinking water treatment plant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For chlorinated water samples, sodium thiosulfate (20 mg/L)
was added to quench chlorine residue. The water samples
were filtered by 0.45 μm filters. TOC of the water samples was
measured on a TOC analyzer (TOC-VCPH, Shimadzu, Japan).
Br- and Cl- were measured by ion chromatography according
to published method ( Shotyk, 1993 ). We used an Aquion us-
ing Dionex IonPac TM AS19 analytical column (4 × 250 mm).
A 25 μL aliquot of each sample was injected into Aquion
system. The eluent was 20mM KOH, and eluent source was
Dionex EGC-KOH II cartridge. The flow rate was 1.0 mL/min,
and temperature was 30 °C. The suppressor was Dionex Anion
self-regeneration suppressor (Dionex ASRS TM 300 4 mm) with
autosuppressor TM recycle mode. 

1.3. Solid-phase extraction of water samples 

Procedures used for water sample pretreatment followed
those of previous studies with slightly modifications
( Brix et al., 2009 ; Jiang et al., 2021 ). The water samples
were filtered with glass fiber filters (0.7 μm) to eliminate
suspended solids and acidified with HCl to pH = 2 before
solid-phase extraction. Oasis HLB solid extraction cartridges
(6 cc 500 mg, Waters, USA) were conditioned before use
with 10 mL of dichloromethane, 10 mL of acetone, 10 mL of
methanol and 10 mL of distilled water in succession. Two-liter
water samples were loaded onto one cartridge and filtered at
a rate of 10 mL/min. The resins were then dried by a gentle
nitrogen stream and eluted with 15 mL of acetone and 10 mL
of methanol. The eluate was dried using nitrogen gas, and
the dried residues were dissolved in 200 μL of methanol for
chemical analysis. The extracts were stored in the dark at
-20 °C before analysis. 

1.4. Quantitative analysis method used for regulated 

DBPs 

Four regulated DBPs, including tribromomethane (TBM),
trichloromethane (TCM), dichlorobromomethane (DCBM) and
dibromochloromethane (DBCM), were measured by gas chro-
matography (GC 2030). The water samples were placed in 10-
mL vials sealed with silicone septum caps. Each sample was
prepared in triplicate. An InertCap-5 column (30 m × 0.32
mm × 0.25 μm) was used, and the flow rate was 1.8 mL/min.
The oven temperature was 60 °C, and the equilibrium time was
20 min. The injector and detector temperatures were 200 °C
and 280 °C, respectively. Nitrogen was used as the carrier gas,
and the split ratio was 50:1. The temperature program was as
follows: hold for 2 min at 35 °C, then rise to 100 °C at 10 °C/min,
and stay at 100 °C for 1.5 min. The current was set at 1.0 nA. The
sample rate was 40 ms. The gas flow of ECD was 15 mL/min.
The method of detecting trihalomethanes were according to
the Chinese standard of GB/T5750-2006. The recovery of four
regulated DBPs were 90.1%-102.9% (Table S1). 

1.5. LC-QTOF MS data acquisition 

HPLC separation was performed using a SCIEX ExionLC sys-
tem (Foster City, CA, USA) with a reverse-phase column (Kine-
tex® F5 100 A LC column; 100 mm × 3 mm, 2.6 μm). The mobile
phase consisted of A) water and B) acetonitrile. The following
gradient was used: 0-1 min, 3% B; 1–1.1 min, 3%-15% B; 1.1–
14.1 min, 15-98% B; 14.1–18 min 98% B; 18–18.1 min 98-3% B;
and 18.1–20 min 3% B. The flow rate was 0.4 mL/min, and a 10
μL aliquot of each sample was injected into the HPLC system.
Mass spectrometry was performed on a SCIEX X500R QTOF
mass spectrometer (Foster City, CA, USA). Data were collected
by TOF-MS survey scans with Information Dependent Acqui-
sition (IDA). The collision energy was set as -50 V, -35 V and
-20 V. Negative polarity mode was used, and the spray voltage
was -4500 V. The m/z range was set at m/z 50 −1500, and the
scanning range of product ions was from 30 to 1500 m/z . The
data were processed by SCIEX OS software. The temperature
of the ion source was 550 °C. The ion source gas 1 pressure was
55 psi, and the ion source gas 2 pressure was 60 psi. The cur-
tain gas pressure was 30 psi. The declustering potential was
-80 V. 

In total, 11952 peaks were identified under the nontarget
analysis mode. Elemental compositions were assigned based
on the m/z peaks by a mass calculator in SCIEX OS software
limited to molecular formulas consisting of up to 50 12 C, 100
1 H, 3 14 N, 30 16 O, 2 32 S, 6 35 Cl, and 3 79 Br atoms. We filtered the
formulas by basic chemical criteria, signal-to-noise ratio (S/N),
area ratio of comparison and peak width. All valid formulas
must meet the basic chemical criteria as follows ( Zhang et al.,
2014 ): (1) the number of H atoms cannot be less than 

1 / 3 the
number of C atoms and cannot exceed 2C + N + 2; (2) the sum
of the number of H and N atoms must be even (the “nitrogen
rule”); and (3) the number of C atoms cannot be less than the
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umber of N or O atoms. Halogens (Cl, Br) are treated as H
toms. These criteria ensure that the formulas at least exist 
hemically. The S/N of each peak must be larger than 6, and 

he area ratio of comparison (solvent control) must be higher 
han 10. The peak width was set between 0.1 min and 1 min.
here were 1351 formulas found that met these conditions.
or these 1351 peaks, we used the “Explore” sector in Sciex 
S software to examine the MS spectrum, which had spe- 
ific isotope patterns for those that might contain 

79 Br/ 81 Br 
nd 

35 Cl/ 37 Cl elements. For example, the formulas with one 
romine atom (1:1), one chlorine atom (3:1), one chlorine and 

romine atom (3:4:1) ( Huang et al., 2019 ). The mass error of
sotopes (M + 2, M + 4) was less than 10 ppm, and the match
ntensity was larger than 80% cps. Finally, 471 peaks were 
ound to contain Br or Cl atoms. We compared these halo- 
en element-bearing formulas in the disinfection and predis- 
nfection effluents with raw water, and the formulas showing 
 peak area 3-fold larger than that in raw water were assigned 

o DBPs, as shown in Table S2. The structures of the 91 DBPs
ere explored by searching the structure database contain- 

ng several libraries, including Chemspider, PubChem, HMDB,
IST and MassBank. The DBPs with the measured fragments 
atching the theoretical fragments at more than 50% were se- 

ected and further confirmed using standards. We tested the 
tandards using the same LC and MS method on the same 
nstrument, and the confirmation results were judged by the 
ollowing criteria ( Grapp et al., 2018 ): accurate mass measure- 

ent, < 5 ppm; isotope match intensity, > 80% cps; retention 

ime bias, less than 0.25 min. 
The formulas of precursors were speculated from DBPs by 

eplacing halogen atoms with hydrogen atoms. We used tar- 
et analysis to search for compounds having monoisotopic 
asses. We selected possible results by the conditions of mass 

rror ( < 5 ppm) and isotope intensity error ( < 10%) ( Grapp et al.,
018 ). Finally, we confirmed the standards of the precursors 
y considering the retention time ( < 0.25 min) and fragment 
atching ( > 50%).For nontarget analysis, we usually do not 

now the exact compound that might be identified, and for 
ifferent compounds, the break through volumes are differ- 
nt ( Backe and Field, 2012 ), Thus the aim of nontarget analysis
ypically is recovering and identifying as many compounds as 
ossible. As shown in Appendix A Table S1, the recoveries of 
-bromo-2,6-di-tert-butylphenol, 3,6-dibromocarbazole, 2,4,6- 
ribromophenol, 2,6-dichloro-4-bromophenol, 2,6-dibromo-4- 
hlorophenol, 2,6-di-tert-butylphenol were between 81.1%- 
02.9%, indicating the method is suitable for quantification of 
he DBPs and precursors. 
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Fig. 2 – The identification of 3,6-dibromocarbazole 
(3,6-DBCZ, C 12 H 7 Br 2 N) by comparing (a) chromatograph, (b) 
MS spectrum and (c) MS/MS fragments in the water sample 
and standard. The blue line is 3,6-DBCZ in water sample. 
The red line is 3,6-DBCZ in standard. The chromatographs, 
MS spectra and MS/MS fragments of the other four 
confirmed DBPs and one precursor are shown in 

supporting information. 

 

 

 

 

 

 

 

 

 

2. Results and discussion 

2.1. Characterization of Br-DBPs and Cl-DBPs 

As shown in Appendix A Table S2, 91 DBPs were detected, with
54 detected in the disinfection step and 37 detected in the pre-
disinfection step. 70 DBPs were detected in both the disinfec-
tion and predisinfection effluents. The majority of the discov-
ered DBPs were brominated products (84%), with 56 molecules
containing only bromine atoms and 20 molecules contain-
ing both bromine and chlorine atoms. In total, 24 DBPs had
suspected structures matching the MS/MS fragments in the
database at more than 50% intensity. 23 of them were aromatic
compounds, and 6 of them were phenolic compounds. 

Among the 91 DBPs, 10 have already been reported, includ-
ing 8 brominated DBPs and one chlorinated DBP. C 9 H 8 Cl 2 O 4

has been identified in chlorinated water samples ( Zhang et al.,
2014 ), and C 15 H 19 BrO 5 and C 8 H 5 BrO 5 have been identified
in chlorinated bromine-containing artificial water samples
spiked with fulvic acid ( Zhang et al., 2014 ). C 5 HBr 3 O 3 , which
was detected in the disinfection effluent with a relatively
large peak area. 2,2,4-tribromo-5-hydroxy-4-cyclopentene-
1,3-dione was suggested to be the structure of C 5 HBr 3 O 3, be-
ing repeatedly reported as a product of the bromination of
DOM in water samples ( Gonsior et al., 2015 ; Hao et al., 2020 ;
Zhai and Zhang, 2011 ; Zhai et al., 2014 ). C 6 H 3 Br 3 O, C 6 H 3 Cl 2 BrO
and C 6 H 3 ClBr 2 O, which were detected in the predisinfection
effluent and exhibited a suspected structure with a match-
ing intensity for fragments of 56.5%, 71% and 73.5%, re-
spectively, have been confirmed by 2,4,6-tribromophenol, 2,6-
dibromo-4-chlorophenol, 2,6-dichloro-4-bromophenol stan-
dards ( Huang et al., 2018 ). C 14 H 21 BrO and C 12 H 7 Br 2 N, which
have a matching intensity for fragments of 61.3% and 93.2%,
respectively, have also been reported in previous studies as
the DBPs ( Richardson et al., 1999 ; Wang et al., 2019 ) 4-bromo-
2,6-di-tert-butylphenol and 3,6-DBCZ, as confirmed with stan-
dards in this study. C 6 H 3 Br 2 NO3 has a possible structure, 2,6-
dibromo-4-nitrophenol, and has been confirmed as a DBP in
chlorinated swimming pool samples ( Yang and Zhang, 2013 ).
In our results, the theoretical fragments of 2,6-dibromo-4-
nitrophenol matched the water sample at 76.1% intensity.
Only 10 of the 91 identified DBPs have been previously re-
ported, suggesting that the distribution of DBPs was source
water dependent. It is known that river- and lake-type source
waters normally contain abundant natural organic matter
(NOM), being the potential precursors of DBPs ( Wang et al.,
2021b ; Zhang et al., 2020a ). Also, organic micro-pollutants
from wastewater discharge, such as phenols ( Valsania et al.,
2012 ) were found to form DBPs after chlorination ( Zhong et al.,
2017 ). Therefore, the organic components, i.e., pollution in
source water, might have played an important role in shaping
the distribution of DBPs in drinking water. 

Available standards were used to confirm DBPs by con-
sidering retention time and MS/MS fragments. By comparing
the chromatograph, MS spectrum and MS/MS fragments of
C 12 H 7 Br 2 N with the potential standard, as shown in Fig. 2 . The
retention time bias was less than 0.25 min, the isotope pat-
tern in the MS spectrum and from the samples was the same
as that from the standard, and the matched fragment inten-
 

sity was higher than 80%. It was confirmed that this formula
could be assigned to 3,6-DBCZ. Similarly, 4-bromo-2,6-di-tert-
butylphenol, TBP, 2,6-DBCP and 2,6-DCBP were also confirmed,
as shown in Fig. S1-S4. All the above 5 compounds have al-
ready been reported as DBPs. 

The quantification results obtained for the 5 identified
DBPs are shown in Fig. 3 . TBP, 2,6-DBCP and 2,6-DCBP were
detected at concentrations of 2.6 μg/L, 0.23 μg/L and 0.56 μg/L,
respectively, in the predisinfection effluent, and the concen-
trations gradually decreased during the treatment process.
Note that TBP was already present in raw water, suggesting
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Fig. 3 – The concentration of (a) 
4-bromo-2,6-di-tert-butylphenol and 3,6-dibromocarbazole 
(3,6-DBCZ) (b) 2,4,6-tribromophenol (TBP), 
2,6-dibromo-4-chlorophenol (2,6-DBCP) and 

2,6-dichloro-4-bromophenol (2,6-DCBP) in the main 

drinking water treatment process. 
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hat TBP might not just be a DBP but also be an environ- 
ental pollutant discharged from industrial activities. It is 

nteresting that further formation of TBP was not observed 

n the disinfection effluent, although the final concentration 

f TBP was still quite high (0.2 μg/L). The decreases of the 
hree compounds after predisinfection were perhaps due to 
dsorption (by coagulant). It has been reported that three chlo- 
inated analogues, 2,4,6-trichlorophenol, 2,4-dichlorophenol 
nd 2,3,4-trichloro-1,1-biphenyl could be removed through 

oagulation ( Chen et al., 2003 ). The losses of 2,4,6-TBP, 2,6- 
ichloro-4-bromonphenol, and 2,6-dibromo-4-chlorophenol, 
,4,6-trichlorophenol after predisinfection could be attributed 

o different processes including adsorption by coagulant and 

urther oxidation. It has been reported that the homologues 
ncluding 2,4,6-trichlorophenol, 2,4-dichlorophenol and 2,3,4- 
richloro-1,1-biphenyl could be removed through coagulation 

 Chen et al., 2003 ). 2,4,6-trichlorophenol has been reported to 
e oxidized into 2,4,6-trichloroanisole during chlorine disin- 
ection of drinking water ( Karlsson, 1995 ). It has been reported 

hat the phenolic DBPs such as 2,4,6-TBP could be further de- 
omposed during chlorination process to form well-known 

BPs like THMs and HAAs ( Zhai and Zhang, 2011 ). So, sim-
lar reactions are possible for the three trihalophenols after 
redisinfection. 

The other two DBPs, however, almost disappeared in the 
oagulation effluent and did not form further in the dis- 
nfection effluent. On the other hand, 4-bromo-2,6-di-tert- 
utylphenol and 3,6-DBCZ, which did not appear in the predis- 

nfection effluent, were detected at concentrations of 33.6 ng/L 
nd 18.2 ng/L, respectively, in the disinfection effluent. Forma- 
ion of 4-bromo-2,6-di-tert-butylphenol and 3,6-DBCZ was not 
bserved in the tanks of preozonation, predisinfection, and 

zonation perhaps due to the formation of low bromine con- 
entrations. The higher Br − concentrations in the tanks of pre- 
zonation, predisinfection, and ozonation (0.23 - 0.36 mg/L) 
ean that less bromine was formed. The phenolic structure 

f 2,6-di-tert-butylphenol is expected to react with ozone and 

orm different transformation products that do not contain 

r or Cl atoms ( Tentscher et al., 2018 ). There was a possibility
hat 4-bromo-2,6-di-tert-butylphenol and 3,6-DBCZ were also 
ormed, but were not detected due to the low concentrations.

3,6-DBCZ belongs to the polyhalocarbazole (PHCZ) fam- 
ly and is a new type of organic pollutant. It was discovered 

n chlorinated water containing bromide ( Wang et al., 2019 ).
,6-DBCZ was also detected in the sediments of Taihu Lake 
 Wu et al., 2017 ). Scientists detected 12 PHCZs in drinking wa- 
er in Wuhan, and 3,6-DBCZ was one of the dominant chem- 
cals with medium and maximum concentrations of 1.9 ng/L 
nd 7.5 ng/L, respectively ( Wang et al., 2021a ), which are lower
han the concentration in this study (18.2 ng/L). The 3,6-DBCZ 

as frequently detected due to the precursor carbazole was 
asily halogenated by electrophilic substitution at the 3 and 6 
ositions ( Guo et al., 2014 ). Studies found that with increas- 

ng bromide concentration in raw water, the concentration 

f chlorocarbazole generated decreased, while the concentra- 
ion of bromocarbazole increased ( Wang et al., 2019 ). This is 
lso the case for the generation of trihalomethane and aro- 
atic halogenated disinfection byproducts ( Nokes et al., 1999 ; 

an and Zhang, 2013 ). These results could explain why 3,6- 
BCZ was the only PHCZ detected in chlorinated Taihu Lake 
ater containing bromide. 

Previous studies have shown that 2,6-DCBP and 2,6-DBCP 
Huang et al., 2018; Pan et al., 2017) could form after the 
zonation or chlorination of bromide-enriched water. TBP has 
lso been identified as a DBP in many studies ( Ding et al.,
013 ; Pan and Zhang, 2013 ; Zhang et al., 2021 ). Note that
ll these DBPs are possibly the chlorination or bromination 

roducts of organic pollutants, including carbazole or phenol 
 Chen et al., 2018 ; Raza et al., 2019 ), suggesting the signifi-
ant impacts of environmental pollution on the formation of 
BPs. TBP, 2,6-DCBP, and 2,6-DBCP were detected in 16 tap wa- 

er samples from major cities in East China ( Pan et al., 2017 ).
he maximum concentrations of TBP, 2,6-DCBP, and 2,6-DBCP 
ere 56.9 ng/L, 72.5 ng/L and 12.1 ng/L, respectively. The con- 

entrations of TBP and 2,6-DBCP were lower than those in 
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Fig. 4 – The concentration of four trihalomethanes in the 
main treatment process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 – The concentration of 2,6-di-tert-butylphenol in the 
main treatment process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the disinfection effluent in this study, which were 200.9 ng/L
and 34.4 ng/L, respectively. The concentration of 2,6-DCBP
from formal investigation was higher than that obtained from
the disinfection effluent in this study, which was 41.2 ng/L
( Pan et al., 2017 ). 4-Bromo-2,6-di-tert-butylphenol was found
in the treatment water after the ozonation and chloramina-
tion of raw water containing bromide from the Mississippi
River ( Richardson et al., 1999 ) and has not been detected in
chlorinated drinking water. 

The concentrations of the 4 regulated trihalomethanes
were also determined, as shown in Fig. 4 . The 4 DBPs formed
in the predisinfection step and further formed in the disinfec-
tion effluent. Among the 4 DBPs, TBM, BDCM and DBCM con-
stituted the majority, with final concentrations of 11.1 μg/L,
11.4 μg/L and 19.6 μg/L, respectively, in the disinfection efflu-
ent. 

2.2. Potential precursors of the identified DBPs 

We searched for potential precursors of the 91 discovered
DBPs by assuming that the H atoms of these precursors, as
shown in Appendix A Table S3, were replaced by Br or Cl atoms
to form the DBPs. Finally, 19 potential precursors were found,
with a mass error below 5 ppm and an isotope intensity er-
ror below 10%, as shown in Appendix A Table S4. Eight pre-
cursors had matched fragments with more than 40% inten-
sity, and their DBP fragments all matched above 50% intensity.
All 8 precursors have benzene rings and double bonds in their
structure, suggesting that the majority of the precursors may
originate from pollution . It is known that aromatic structures
have a relatively high halogenation activity ( Wu et al., 2010 ). 

As shown in Appendix A Table S3, there might be at least
3 precursors in total (TBP, 2,6-DBCP and 2,6-DCBP shared
the same precursor) for the 5 identified DBPs. 2,6-di-tert-
butylphenol, the potential precursor of 4-bromo-2,6-di-tert-
butylphenol, was successfully identified with a standard by
checking the monoisotopic mass (mass error = 4.3 ppm),
MS/MS fragments (91.3% of the intensity of the fragments
were matched) and retention time bias (0.14 min). The com-
parison of the chromatographs, MS spectra and MS/MS frag-
ments for 2,6-di-tert-butylphenol in the standard and water
samples are shown in Appendix A Fig. S5. The potential pre-
cursors phenol and carbazole (CZ) were not found in raw wa-
ter. 

As shown in Fig. 5 , 2,6-di-tert-butylphenol was the most
abundant in preozonation, and its abundance decreased dur-
ing the treatment process, with the predisinfection and dis-
infection steps showing the largest reduction. Note that 2,6-
di-tert-butylphenol was not effectively removed through pre-
ozonation or postozonation. As shown in Fig. 5 , the con-
centration of 2,6-di-tert-butylphenol decreased twice both in
predisinfection and disinfection step. However, 4-bromo-2,6-
di-tert-butylphenol was only generated at disinfection step
( Fig. 3 ). 4-bromo-2,6-di-tert-butylphenol was not detected in
the predisinfection step perhaps due to the limited chlorine
dose and shorter resistance time. As a synthetic phenolic an-
tioxidant, research on 2,6-di-tert-butylphenol in water treat-
ment removal is scarce. There have been no reports on 2,6-di-
tert-butylphenol being the precursor of 4-bromo-2,6-di-tert-
butylphenol. As the isomeride of 2,6-di-tert-butylphenol, 2,4-
di-tert-butylphenol was found to form trichloromethane after
peroxidation followed by chlorination ( Wang et al., 2018 ). In
this study, we performed the chlorination experiment with the
simulated water samples containing 2,6-di-tert-butylphenol
(10 mg/L) and bromide (2 mg/L). (maximum conversion rate:
27.7%). The detailed information was included in Appendix
A. Chlorine/bromide substitution is an important pathway in
chlorination mechanism. Taking chlorine substitution as the
reaction pathway, 80%-86% of the corresponding precursors
of the unknown DBPs were matched in the detected water
samples ( Xiang et al., 2020 ). Other than chlorine substitution,
hydrolysis of intermediate DBPs also could form halogenated
DBPs ( Huang et al., 2012 ). 
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Many studies have been performed on the precursors of 
,6-DBCZ, which are helpful for the migration and transfor- 
ation of halocarbazoles in the environment. It has been re- 

ealed that the phenyl ring in CZ is easy to be electrophilically 
ttacked by active halogens, leading to halogen-substitution 

 Wang et al., 2019 ). Researchers found that the 3 and 6 posi-
ions of the H atom on the phenyl ring were the most easily 
ubstituted by electrophilic substitution ( Guo et al., 2014 ). It 
as been reported that CZ were able to form DBPs through 

alogen-substitution in the simulated water containing bro- 
ide ( Wang et al., 2019 ). 26 polyhalogenated carbazoles, in- 

luding 3,6-dibromocarbazole (3,6-DBCZ) were identified af- 
er chlorination of the simulated water samples containing 
r − and CZ ( Wang et al., 2019 ). Chlorination was found to 
romote the formation of polyhalogenated carbazoles more 
han chloramination. 3,6-dichlorocarbazole (3,6-DCCZ) and 

,6-DBCZ were the most abundant species after chlorination 

 Wang et al., 2019 ). CZ was not detected in raw water per- 
aps due to the low sensitivity of CZ in LC-MS/MS analy- 
is ( Stackelberg et al., 2007 ). CZ was listed as a high produc-
ion compound by OECD (2015) . Many industries use CZ as 
 raw material for medicines, dyes, pesticides, and optoelec- 
ronics ( Benedik et al., 1998 ; Morin et al., 2010 ; Sumpter and
iller, 2008 ). There have been no reports of the detection of 
Z in Taihu Lake, but CZ can be released to the environment 
asily by industrial effluent emission or waste incineration.
Z was found in the raw water of a drinking water treatment 
lant in the USA ( Stackelberg et al., 2007 ). Chloroperoxidase 

CPO) in marine fungi can use H 2 O 2 as an electron acceptor to 
roduce active bromide or chloride ions, which ultimately pro- 
ote the halogenation of organic matter. Researchers found 

hat CPO could halogenate carbazoles to form 3,6-DBCZ in the 
resence of hydrogen peroxide and bromide ions ( Chen et al.,
018 ). 

Phenol, along with 4-hydroxybenzoic acid (4-HBA), 4- 
ydroxybenzyl alcohol (4-HBAlc), 2-hydroxybenzyl alcohol (2- 
BAlc) and 4-hydroxyphenylacetic acid (4-HPAA), were re- 
orted to be precursors of TBA ( Flodin and Whitfield, 1999 ).
ormation of 2,4,6-tribromophenol was observed after chlo- 
ination of water containing phenol and bromide at pH 7.4 
 Sweetman and Simmons, 1980 ). A higher yield of 2,4,6- 
ribromophenol was observed for the chlorination of Br − bear- 
ng water than direct bromination by HOBr ( Sweetman and 

immons, 1980 ). Mono-, di-, and 2,4,6 trichlorophenols were 
ound be formed after successive chlorination of phe- 
ol by HOCl ( Burttschell et al., 1959 ). Since 2,6-dichloro-4- 
romonphenol, and 2,6-dibromo-4-chlorophenol are homo- 

ogues of 2,4,6-TBP, they might share a same precursor. Phe- 
olic compounds such as phenol are one of the major kinds 
f pollutants in Taihu Lake ( Zhong et al., 2010 ). The emis- 
ion of phenols rose to 35.29 tons in 2017, making it the 
op province in China. The maximum concentration of phe- 
ol in Taihu Lake was 206 ng/L in 2009 ( Zhong et al., 2010 ).
he precursors of halophenol might also come from natu- 
al sources. Researchers have found that when bromide ions 
re present in raw water, either in chlorine disinfection or 
hloramine disinfection products, gallic acid could react with 

odium hypochlorite or chloramine to form TBP, 2,6-DBCP and 

,6-DCBP ( Pan et al., 2017 ). As the major sources of humic mat- 
er in raw water, tannins and lignin can decompose to form 
allic acid ( Hua et al., 2014 ). Gallic acid, as a phenolic acid, ex-
sts freely in aquatic systems or as a part of hydrolysable tan- 
ins ( Okuda et al., 1995 ). 

As the third freshwater largest lake in China, Taihu Lake 
s an important water source for millions people around 

 Qin et al., 2007 ). It provides vital water resources for agri- 
ulture and industry in the surrounding areas, and is also 
 source of drinking water for many cities in eastern China 
including Shanghai, Suzhou and Wuxi) ( Kong et al., 1998 ).
n the past century, the high density of industrial enter- 
rises, including many chemical and textile industries, dis- 
harged a large amount of wastewater into Taihu Lake, and 

ncreased the phenolic pollutants level in the basin ( Hu et al.,
006 ). 

Phenol, 2,4,6-tricholorophenol, and 2,4-dichlorophenol 
ere detected at high concentrations (200–840 ng/L) in Taihu 

ake ( Zhong et al., 2010 ), and the phenolic compounds have 
een found to be one of the main pollutants in the Taihu 

ake Basin ( Wang et al., 2020 ). The high density of industrial
nterprises, including many chemical and textile industries,
ischarge a large amount of wastewater into Taihu Lake,
hich should have contributed to the increased levels of the 
henolic pollutants in the basin ( Hu et al., 2006 ). The phenolic
ompounds detected in Taihu Lake were higher than Gehu 

ake in a formal study ( Wang et al., 2020 ). 13 new polar
henolic chlorinated and brominated disinfection byproducts 
ere found in the tap water from the source of Taihu Lake 

29.7–123.9 ng/L), and the concentrations were higher than 

ther inland rivers, ranking after Yangtze River ( Pan et al.,
017 ). 

Phenolic compounds like phenol, 2,4,6-trichlorophenol 
nd 2,4-dichlorophenol have been classified as priority pol- 
utants in many countries to raise public awareness and 

trengthen pollution control ( Raza et al., 2019 ). So, the occur- 
ence of their homologues including 2,4,6-TBP, 2,6-DCBP and 

,6-DBCP in raw water and drinking water should be of great 
oncern. 

In this study, brominated aromatic DBPs were found to 
e generated during disinfection, which would induce higher 
oxicity effects on organisms ( Richardson et al., 2007 ). The re- 

oval of bromide and phenolic compounds might be an im- 
ortant issue during the water treatment process in Taihu 

ake. Among the 91 DBP formula, only five previously reported 

BPs were confirmed with their structures. Further efforts are 
equired to explore the unknown DBPs as well as their toxici- 
ies. 

The pollution of Taihu Lake should be an important driv- 
ng force in shaping the distribution of the unknown DBPs 
etected in this study. Note that diverse pollutant-origin 

BPs formed during drinking water disinfection, although 

oth preozonation and ozonation treatments were adopted in 

he treatment process. Higher ozone doses might be neces- 
ary to effectively prevent the formation of these pollutant- 
riginating DBPs, although this may increase the risk of bro- 
ate formation ( Tyrovola and Diamadopoulos, 2005 ). 

.3. Toxicity of identified DBPs 

enotoxicity of water samples and the five identified DBPs 
ere performed using SOS/umu test. The effluents of pre- 
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disinfection (induction rate = 2.1) and disinfection (induction
rate = 4.5) could induce genotoxicity. However, the 5 identi-
fied DBPs could not induce positive umuC gene expression,
suggesting that these compounds may not be mainly respon-
sible for the genotoxicity of the water samples. Detailed in-
formation is provided in Appendix A Fig. S7, Fig. S8 and Ta-
ble S5 . As discussed above, all 5 identified DBPs have al-
ready been reported in previous studies. Thus, their toxic-
ity data are available. 3,6-DBCZ was found to cause acute
toxicity in 96-h zebrafish embryos ( Ji et al., 2019b ), and the
LC50 (the molar concentration of a compound that causes
50% lethality to experimental subjects) in fish was 1.64 μM
( Li et al., 2020b ). 3,6-DBCZ was reported to induct AhR down-
stream genes significantly, including CYP1A1, AHR and HSP90,
in HepG2 cells ( Ji et al., 2019a ). 3,6-DBCZ exhibited higher
potent affinities than 2,3,7,8-tetrachlorodibenzo-para-dioxin
and was defined as an AhR agonist ( Ji et al., 2019a ). Stud-
ies have found that the cytotoxicities are in the order TBP
> 2,6-DBCP > 2,6-DCBP ( Zhang et al., 2020b ). The LC50 val-
ues of TBP, 2,6-DBCP and 2,6-DCBP were 99.9 μM, 133 μM
and 175 μM, respectively. The cytotoxicity of TBP was 39.6-
fold higher than that of tribromomethane toward CHO-K1
cells (LC50 = 3.96 mM) and was lower than that of tribro-
moacetic acid (TBAA) (LC50 = 85 μM) ( Wagner and Plewa, 2017 ).
The cytotoxicity of 2,6-DBCP was 40.3-fold higher than that
of chlorodibromomethane, and that of 2,6-DCBP was 65.7-
fold higher than that of bromodichloromethane ( Wagner and
Plewa, 2017 ). For new phenolic halogenated DBPs, the acute
toxicity of 3 trihalophenols was higher than that of 3-
bromo-5-chloro-4-hydroxybenzaldehyde and 3,5-dichloro-4-
hydroxybenzaldehyde, ranging from 1.2-fold to 3.2-fold higher
( Zhang et al., 2020b ). Their analogs pentabromophenol (PBP)
and 2-bromophenol (2-BP) were found to have nephrotoxicity
in mice at high doses ( Howe et al., 2005 ). The cytotoxicity of
the aromatic DBPs followed the order of brominated analogs >
chlorinated analogs, as other DBPs (e.g., haloacetamides) were
evaluated by bioassays in vitro ( Richardson et al., 2007 ). 

TBP was found to induce an increase in the hepatoso-
matic index (HSI) in male adults of Oreochromis niloticus and
induced the activity of catalase (CAT), vitellogenin expression
and liver lesions ( Folle et al., 2020 ). Because of its lipophilic-
ity, TBP has the tendency to bioaccumulate in the food chain
( Heberle et al., 2019 ). TBP was also found to have a negative ef-
fect on the development of zebrafish embryos ( Heberle et al.,
2019 ; Kammann et al., 2006 ). Due to its genotoxicity in in vitro
assays, TBP was able to increase the frequency of chromo-
somal aberrations in mammalian cells ( Heberle et al., 2019 ).
There have not been experimental data on the toxicity of 4-
bromo-2,6-di-tert-butylphenol. 

There are still many compounds with structures that have
not been identified in the disinfection effluent, as shown in
Appendix A Table S2. Identifying these DBPs and studying the
mutagenicity and carcinogenic risks of unknown DBPs to hu-
mans and aquatic organisms are still immense concerns. 

3. Conclusion 

In this study, we used LC-QTOF MS to detect the extracts of
a treatment effluent and performed nontarget analysis on
the data. A total of 1351 peaks were discovered as formulas,
and 471 formulars containing Br or Cl elements were con-
firmed according to the specific isotopic pattern of the MS
spectrum. A total of 91 formulas of DBPs were discovered.
Eighty-one DBPs have not yet been reported. Five DBPs, includ-
ing TBP, 2,6-DBCP, 2,6-DCBP, 4-bromo-2,6-di-tert-butylphenol
and 3,6-DBCZ, were confirmed using standards. The former
three compounds mainly formed in the predisinfection step,
with concentrations of 0.2-2.6 μg/L. The latter two formed in
the disinfection step, with concentrations within the range of
18.2-33.6 ng/L. There were 91 precursors of these DBPs. In total,
19 precursors of the discovered DBPs were found in the water
samples. 2,6-di-tert-butylphenol, the precursor of 4-bromo-
2,6-di-tert-butylphenol, was confirmed, with a concentration
in raw water of 20.3 μg/L. The results of this study could pro-
vide useful information for drinking water management and
source water protection. 
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