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g r a p h i c a l a b s t r a c t
� 2,3,4-THBP can be degraded during
UV-chlorine combination
disinfection.

� Chlorine is responsible for pre-
liminary transformation of 2,3,4-
THBP.

� Synergistic effects of UV and chlorine
promote intermediates
transformation.

� Acute toxicity of 2,3,4-THBP solution
treated by UV-chlorine significantly
increases.
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a b s t r a c t

Combined UV-chlorine treatment is a promising disinfection technology providing synergistic effects on
bacteria-killing. The interaction between UV and chlorine would affect pollutants removal and disin-
fection by-products formation, while little is known about how UV and chlorine respectively contribute
to pollutants transformation under combined UV-chlorine treatment. In this study, UV filter 2,3,4-
trihydroxybenzophenone (2,3,4-THBP) was selected as a model compound to investigate the trans-
formation characteristics and acute toxicity variation under combined UV-chlorine treatment. Especially,
separative UV and chlorination treatments were conducted to illustrate their respective contribution in
combined UV-chlorine treatment. It was found that the optimal removal percentage of 2,3,4-THBP under
combined UV-chlorine treatment was 85.3% within 5 min and kept stable until 3 h at 3-equivalent
(equiv.) of free available chlorine (FAC) and 1 mW/cm2 of irradiation intensity. Correspondingly, acute
toxicity of reaction mixture at 3 h increased twice as high as that of 2,3,4-THBP itself. Four transformation
products were tentatively identified, and their formation possibly involved the reactions of chlorine
substitution, oxidation, hydroxylation, and hydrolysis. FAC initiated the preliminary transformation of
2,3,4-THBP, and the synergistic effects of UV and chlorine promoted the further transformation of in-
termediates from chlorination treatment. Most important was that, 2,3,4-THBP could form some toxic
products in the real ambient water matrix under solar irradiation, and acute toxicity of reaction mixture
was 1.84 times higher than that of 2,3,4-THBP. This study would provide a better understanding on the
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transformation characteristics of pollutants under combined UV-chlorine treatment, and provide a
reference for optimizing disinfection treatment.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Ultraviolet (UV) filters, critical components in personal care
products especially in sunscreens, can effectively absorb harmful
UV irradiation and protect human from skin damage. Benzophe-
nones (BPs) are one group of popular UV filters, and widely used as
pharmaceutical intermediates, photoinitiators, indirect food addi-
tives, and fragrance enhancers (Suzuki et al., 2005; Calafat et al.,
2008; Ramos et al., 2015). Large consumption of BPs led to their
frequent occurrence in multiple environmental matrices and hu-
man samples (He et al., 2019; Liao and Kannan, 2019). It was re-
ported that BPs showed multiple toxicological effects, such as
endocrine disrupting effects, genotoxicity, acute toxicity and car-
cinogenicity (Rhodes et al., 2007; Jeon et al., 2008; Bluethgen et al.,
2012; Kunisue et al., 2012; Liu et al., 2015). Most important was that
transformation products of BPs usually exhibited higher toxicity.
For examples, BP-1, a metabolite of BP-3 in rat liver systemwith S9,
had stronger estrogenic activity than BP-3 (Morohoshi et al., 2005).
2,20,4,40-Tetrahydroxy-BP (BP-2) in HaCaT cells would be converted
into cyclobutane pyrimidine dimmers under UV irradiation, which
induced genotoxicity in human keratinocytes (Amar et al., 2018).
Therefore, the potential risk caused by the transformation of BPs in
the environment should be studied.

Disinfection is an essential step to kill pathogenic microorgan-
isms inwater treatment. The combined UV-chlorine treatment is an
innovative trial, which is originally expected to achieve comple-
mentary bacteria-killing, less disinfectants demand, and less DBPs
formation. However, recent reports showed that combined UV-
chlorine treatment did not reach the expected aims towards less
DBPs formation and toxicity elimination. For examples, Wang et al.
(2017) found that, 30 min of combined UV-chlorine treatment on
natural organic matter (NOM) would increase chlorinated DBPs
production and CHO cytotoxicity by 90e140% and 70% than chlo-
rination treatment. Mansor et al. (2020) found the toxicity of hy-
drochlorothiazide solution after 30 min of combined UV-chlorine
treatment was almost twice as high as that after 24 h of chlorina-
tion using ToxTrak test kit. Therefore, to understand the potential
transformation mechanisms of pollutants, we need to clarify the
contributions of UV and chlorine when they are used as combina-
tion treatment. The results are useful to the improvement of
treatment technologies.

Under combined UV-chlorine treatment, three types of re-
actions possibly occur. The first type is chlorine-modulated re-
actions, the second type is UV-induced reactions, and the third type
is free radicals-driven reactions. The interaction between UV and
chlorine would generate $OH and reactive chlorine species such as
Cl$, ClO$ and Cl2$ (Watts and Linden, 2007; Fang et al., 2014).
Therefore, it can be speculated that the transformation character-
istics and toxicity variation under combined UV-chlorine treatment
are different from those under separate UV or chlorination treat-
ment. Lu et al. (2018) found that BP-4 degradationwas significantly
promoted under combined UV-chlorine treatment compared with
chlorination. Jia et al. (2019) observed that UV-chlorine treatment
of BP-4 exhibited lower eco-toxicity than chlorination. Neverthe-
less, little is known about specific reasons for differences in com-
bined UV-chlorine treatment and respective contribution of UV and
chlorine, which need further investigation.
2

Our previous study evaluated the acute toxicity variations of 11
BPs under visible photo induction-chlorination treatment
(l ¼ 420e780 nm), 2,3,4-trihydroxy-BP (2,3,4-THBP) had most
significant acute toxicity decrease (Yu et al., 2017). Therefore, 2,3,4-
THBP was selected as a model compound in this study, and the
overall objectives were: (1) to investigate the transformation
characteristics of 2,3,4-THBP and acute toxicity variation under
combined UV-chlorine treatment; (2) to identify transformation
products and propose possible transformation pathways under
combined UV-chlorine treatment; and (3) to illustrate respective
contribution of UV and chlorine under combined treatment. This
work would provide a reference for optimizing operational pa-
rameters in water disinfection treatment.

2. Materials and methods

2.1. Reagents and chemicals

The compound 2,3,4-THBP (>97.5% purity) was purchased from
Sigma - Aldrich (St. Louis, MO, USA), and its stock solution (0.2 M)
was prepared in methanol. Sodium hypochlorite (NaClO) was
purchased from Wako Co. (Tokyo, Japan), and the free available
chlorine (FAC) concentration of NaClO solutionwas standardized by
iodometric titration method (APHA, 2006). Salts of analytical grade
were obtained from Beijing Chemical Works (Beijing, China). Bio-
logical agents including yeast extract and tryptone were obtained
from AOBOX Co. Ltd. (Beijing, China), which were used for prepar-
ing culture medium of photobacterium strains. Methanol (HPLC
grade) was purchased from Fisher Scientific (Fair Lawn, NJ, USA).
Ultrapure water was generated from a Millipore Purification Sys-
tem (Massachusetts, USA).

2.2. Combined UV-chlorine treatment procedures

Combined UV-chlorine treatment experiments were conducted
in quartz photochemical reactor with water cooling system and
magnetic stirring system. Xenon lamp with wavelength
200e400 nm was employed as UV source, which was stabilized at
least 30 min before experiments. The irradiation intensity was set
as 1 mW/cm2 at 365 nm measured by a UV intensity radiometer
(Beijing Normal University). FAC dosages were set as 0.4-, 1-, and 3-
equivalent (equiv.) to molar concentration of 2,3,4-THBP, which
were related to the practical concentrations in the treatment plants
of drinking water, reclaimed water and wastewater, respectively.
The stock solution of 2,3,4-THBP (75 mL) was spiked into the
photochemical reactor containing 150 mL ultrapure water, the re-
action was initiated by placing the reactor under the irradiation
source and spiked FAC solution simultaneously. At the designed
time (5, 10, 30, 60, 120, 180 min), 5 mL solution was sampled from
the reactor and immediately quenched by slightly excessive sodium
sulfite (Na2SO3, 1.2-fold to FAC). The samples were divided into two
fractions. One fraction was used for high performance liquid
chromatography-mass spectrometry (HPLC-MS) analysis, and the
other fraction was stored at 4 �C for acute toxicity test.

Separate chlorination and UV disinfection experiments were
conducted under dark condition and in the absence of FAC. The
other experimental conditions were as same as those under



Fig. 1. FAC dosage-dependent acute toxicity variation under combined UV-chlorine
treatment on 2,3,4-THBP ([2,3,4-THBP]0 ¼ 0.1 mM, I365nm ¼ 1 mW/cm2).

Fig. 2. The degradation of 2,3,4-THBP at different FAC dosages under combined UV-
chlorine treatment ([2,3,4-THBP]0 ¼ 0.1 mM, I365nm ¼ 1 mW/cm2).
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combined UV-chlorine treatment. All experiments were conducted
in triplicate, and error bars in figures represented the relative
standard deviation.

2.3. HPLC-MS analysis

The samples were separated by a Thermo U3000 HPLC equipped
with an Agilent Zorbax Eclipse XDB-C18 column (4.6 � 150 mm,
5 mm), and detected by a Bruker micrOTOF QII time-of-flight MS
furnished with an electrospray ionization (ESI) source. The mobile
phase was composed of methanol and 0.1% formic acid aqueous
solution, and the gradient elution conditions were optimized as
Supporting Information (SI) Table S1. Sample injection volume was
10 mL and flow rate was 0.4 mL/min. The high resolution mass
spectrometer adopted the negative ion mode with the capillary
voltage of 2500 V.

2.4. Acute toxicity tests

Photobacterium phosphoreum has been successfully applied to
assess the acute toxicity of various compounds (Su et al., 2012). The
freeze-dried powder of P. phosphoreum T3 was provided by the
Institute of Soil Science, Chinese Academy of Sciences (Nanjing,
China). The acute toxicity tests were conducted following the
procedure recommended by ISO (2007) with some modifications.
The detailed experimental procedures were described in our pre-
vious study (Yu et al., 2017). Zn2þ and 3% NaCl solution were
respectively set as positive and negative controls. The luminescence
intensities of samples and controls were measured by Synergy™ 2
Multi-Mode Microplate Reader (Biotek, USA). The acute toxicity
was expressed as the inhibition ratio (IR) of luminescence intensity.

IR¼
�
1� Lsample

.
LNC

�
� 100%

where, Lsample and LNC represented the luminescence intensity of
the sample and negative control. For each test, the dosage-response
curve of Zn2þ was measured, then IR of each sample was
substituted into the dosage-response curve and converted into the
toxicity equivalent concentration of Zn2þ, abbreviated as TEQ. In
order to facilitate comparing the acute toxicity variation during
reaction process, TEQ was transformed to acute toxicity formation
potential (ATFP).

ATEP¼ TEQafter

.
TEQbefore

where, TEQbefore and TEQafter referred to the toxicity equivalent
concentration of Zn2þ before and after reactions. ATFP represented
the relative variation of acute toxicity. ATFP >1 indicated an in-
crease in acute toxicity after treatment, whereas ATFP <1 indicated
a decrease in acute toxicity after treatment.

3. Results and discussion

3.1. Characterization of 2,3,4-THBP transformation under combined
UV-chlorine treatment

3.1.1. Acute toxicity variation
As shown in Fig. 1, the acute toxicity of reaction mixtures was

dependent on various FAC dosages. When FAC was 0.4- or 1-equiv.,
the values of ATFP slightly increased to 1.18 within the initial
10 min, and then decreased to 0.83 at 3 h. When FAC was 3-equiv.,
the ATFP value decreased to 0.71 in the initial 5 min and increased
to 2.04 at 3 h. The results implied that some toxic intermediates
formed under combined UV-chlorine treatment on 2,3,4-THBP. It is
3

worth mentioning that the differences on irradiation wavelengths
(200e400 nm in this study vs 420e780 nm in our previous study)
and chlorine dosage may be the reasons for different patterns of
acute toxicity variation in two studies. A similar result was reported
by Jia et al. (2019), that the changes of acute toxicity were depen-
dent on FAC dosages (from 0.5- to 20-equiv.) under combined UV-
chlorine treatment on BP-4, but significant correlation between the
inhibition ratios and FAC dosages was not acquired.
3.1.2. Degradation of 2,3,4-THBP under combined UV-chlorine
treatment

The degradation of 2,3,4-THBP at different FAC dosages under
combined UV-chlorine treatment was explored. As shown in Fig. 2,
at 0.4-equiv. of FAC, only 17.8% of 2,3,4-THBP was degraded in the
initial 30 min, and subsequently a rebound (13.8% of the initial
concentration) was observed in the following 2.5 h. At 1-equiv. of
FAC, 31.6% of 2,3,4-THBP was gradually degraded in 3 h. While at 3-
equiv. of FAC, the removal percentage of 2,3,4-THBP rapidly reached
85.3% within the initial 5 min and remained stable until 3 h. The



X. Zhang, D. Wei, Q. Yu et al. Chemosphere 263 (2021) 128310
phenomenon of rebound may be attributed to the photolytic
dechlorination of mono-chlorinated product and reverting back to
its parent again, and the increasing UV light intensity could lead to
a more obvious rebound (Jia et al., 2019). Whereas, the removal
ratios of substrate significantly increased with increasing FAC
dosages under UV-chlorine process (Huang et al., 2017; Cai et al.,
2019), which were in agreement with the results in the present
study.
3.1.3. Products identification and possible transformation pathways
Acute toxicity variations and removal percentages of 2,3,4-THBP

under combined UV-chlorine treatment were observed at different
FAC dosages, which implied some products were formed under
these conditions. As shown in Fig. 3, four transformation products
were detected at 3- and 1-equiv. of FAC, and their accurate m/z
values were 263.0109, 306.9933, 309.0096, and 342.9709 respec-
tively (SI Fig. S1). At 0.4-equiv. of FAC, three out of the four products
without m/z 309.0096, were detected. Considering the structure of
2,3,4-THBP, the accurate mass and isotope abundance of trans-
formation products, the possible structures of products were
tentatively identified (SI Table S2). However, their absolute struc-
tures were not confirmed due to the absence of standards. Ac-
cording to the isotope abundance (M:(Mþ2) ¼ 3:1) in mass
spectrum, it can be considered that the product TP1 (m/z 263.0109)
contains a chlorine atom, TP1 is the mono-chlorinated 2,3,4-THBP.
Considering the orientation effect of hydroxyl groups, chlorine
atom would be readily substituted on 5-position of benzene ring.
With the above discussion, the structure of TP1 can be tentatively
identified as 2,3,4-trihydroxy-5-chloro-BP. Similarly, it can be
speculated that TP2 (m/z 342.9709) also contains a chlorine atom,
and it would be the mono-chlorinated derivative of product TP3
(m/z 309.0096). The structure of TP3 was similar with a product
(P1) identified in our previous study (Liu et al., 2016), which con-
tained carbonate ester and carboxyl group, formed via chlorination,
oxidation and hydrolysis under chlorination of 4-hydroxyl-BP.
Meanwhile, the molecular weight of TP3 is 2 Da greater than that of
TP4 (m/z 306.9933), and it indicated that TP4 would be the oxida-
tion product of TP3, whose hydroxyl group was oxidized into
carbonyl group in TP4.

Based on the molecular structures of products and chemical
reaction principles, possible formation pathways of these products
were proposed in Fig. 4. There were two possible transformation
Fig. 3. The chromatograms of (a) 2,3,4-THBP and (b) transformation produ

4

routes under combined UV-chlorine treatment on 2,3,4-THBP. In
route 1, chlorine substitution firstly occurred on the aromatic ring
of 2,3,4-THBP and formed mono-chlorinated product TP1. Then
FAC-modulated Baeyer-Villiger oxidation converted the ketone
moiety of TP1 to carbonate ester product UP1, on which hydrox-
ylation and oxidation reactions occurred to form carbonylation
product UP2. Subsequently, Baeyer-Villiger oxidation further con-
verted carbonyl groups on the two benzene rings of UP2 to an
unstable eight-membered lactone, which was further hydrolyzed
into TP2. In route 2, 2,3,4-THBP sequentially underwent Baeyer-
Villiger oxidation, hydroxylation, oxidation and hydrolysis in
similar manners, and formed TP3. The oxidation reaction continued
to occur on the hydroxyl group of TP3 and finally formed TP4. The
reactions of chlorine substitution, hydroxylation, and oxidation
have been frequently observed under combined UV-chlorine pro-
cess (Dong et al., 2017; Kong et al., 2018). For example, gemfibrozil
occurred hydroxylation and chlorine substitution under combined
UV-chlorine treatment and formed hydroxylated and chlorinated
products, and the hydroxylated products would be further oxidized
into quinone products (Kong et al., 2018). Jia et al. (2019) and Lee
et al. (2020) detected both chlorinated products and chlorinated
phenyl ester products under combined UV-chlorine treatment on
BP-4 and BP-3, respectively. The formation of chlorinated products
usually leads to higher acute toxicity (Wu et al., 2016).

Furthermore, the time-dependent evolution of transformation
products was compared at various FAC dosages under combined
UV-chlorine treatment. As shown in Fig. 5, among 4 transformation
products, m/z 263.0109 had the highest production, which was the
major product at all FAC dosages. And, the production of each
product was positively related with FAC dosages. For example, the
production of m/z 263.0109 and 342.9709 at 3 h respectively
increased by 2.23 and 3.98 times from 0.4- to 3-equiv. of FAC. Be-
sides, the formation patterns of m/z 263.0109, 306.9933, and
342.9709 kept similar at 3-, 1- and 0.4-equiv. of FAC, while m/z
309.0096 exhibited quite different patterns. At 1-equiv. of FAC, its
production appeared two peaks during the reaction of 3 h, the
maximum peak appeared at 60 min. At 3-equiv. of FAC, the
maximum production appeared at the initial 30 min, and almost
kept stable during the following 2.5 h. The production of m/z
309.0096 was dependent on its generation and oxidative trans-
formation. According to Fig. 5,m/z 309.0096 production at 1-equiv.
reached the peaks and declined rapidly, which suggested the
cts at 3- and 1-equiv. of FAC under combined UV-chlorine treatment.



Fig. 4. The possible formation pathways of transformation products under combined UV-chlorine treatment on 2,3,4-THBP.

Fig. 5. Changes in the abundance of products (a)m/z 263.0109, (b)m/z 306.9933, (c)m/z 309.0096, (d) m/z 342.9709 with reaction time at various FAC dosages under combined UV-
chlorine treatment on 2,3,4-THBP ([2,3,4-THBP]0 ¼ 0.1 mM, I365nm ¼ 1 mW/cm2).
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generation rate was less than the oxidative rate within a certain
time. However, its production at 3-equiv. remained stable after
reaching the peak, which suggested the generation ratemay exceed
the oxidative rate. The possible reasonwould be that, more radicals
5

generated from FAC photolysis at 3-equiv. of FAC would participate
in m/z 309.0096 generation, thereby offsetting its oxidation loss.
Similar phenomenonwas observed in the study of Pan et al. (2017).
The concentration of TP I was higher at higher FAC dosages, because
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more hydroxyl and chlorine radicals were produced during
photolysis. As a result, the production and formation patterns of
transformation products were in agreement with the variation of
acute toxicity under combined UV-chlorine treatment. However, it
was difficult to determinewhich onewas the toxic product since no
significant correlation between acute toxicity and products abun-
dance was observed. Therefore, the joint effects of transformation
products should not be ignored. Besides, it cannot be excluded that
some other unknown products with low concentration but high
toxicity in the reaction system. Liu et al. (2019) found the photo-
transformation of halophenolic compounds generated
haloquinone-structure compounds, thus leading to toxicity
increase.

3.2. Characterization of 2,3,4-THBP transformation under
chlorination

In order to elucidate the contribution of chlorine under com-
bined UV-chlorine treatment, acute toxicity variation, the removal
percentages of 2,3,4-THBP and products formation under chlori-
nation treatment were investigated to compare with those under
combined UV-chlorine treatment.

3.2.1. Acute toxicity variation
Fig. 6 showed the acute toxicity variation under chlorination of

2,3,4-THBP. At 0.4-equiv. of FAC, ATFP increased to 1.16 and then
dropped to 0.85 during the initial 10min, slowly increased to 1.10 at
3 h. At 1-equiv. of FAC, ATFP rapidly increased to 2.06 in the initial
5 min, and decreased to 1.26 at 3 h. Although ATFP exhibited a
similar trend of first increase and then decrease at both 0.4- and 1-
equiv. of FAC, the increase degree of ATFP was more significant at 1-
equiv. of FAC. Correspondingly, the removal percentage of 2,3,4-
THBP at 1-equiv. of FAC was 12.07% higher than that at 0.4-equiv.
of FAC under chlorination in the initial 5 min. It implied that 2,3,4-
THBP could transform into more toxic products at 1-equiv. of FAC,
leading to an obvious ATFP elevation. At 3-equiv. of FAC, ATFP
exhibited an opposite trend, decreased to 0.52 in the initial 5 min
and increased to 0.82 at 3 h. Totally, the trends of ATFP variation
with FAC dosages under chlorinationwere similar with those under
combined UV-chlorine treatment. However, it was worthy to note
that, under chlorination treatment, the ATFP values of reaction
mixtures at 0.4-, 1-, and 3-equiv. of FAC were 1.10, 1.26 and 0.82
Fig. 6. FAC dosage-dependent acute toxicity variation under chlorination disinfection
on 2,3,4-THBP ([2,3,4-THBP]0 ¼ 0.1 mM).

6

times to that of 2,3,4-THBP itself. A study on BP-4 chlorination
showed that, the highest (ca. 50%) and lowest (ca. 20%) acute
toxicity inhibition ratios were respectively observed at 0.5- and 20-
equiv. of FAC (Jia et al., 2019).
3.2.2. Degradation of 2,3,4-THBP under chlorination
At 0.4-equiv. of FAC, only 6.99% of 2,3,4-THBP was removed

under chlorination during the initial 30 min (SI Fig. S2), while 17.8%
was removed under combined UV-chlorine treatment. The
enhanced removal percentage under combined UV-chlorine treat-
ment may be attributed to the synergistic effect between UV and
chlorine. Similar results were found in the studies of Lu et al. (2018)
and Jia et al. (2019), which proposed reactive free radicals gener-
ated in combined UV-chlorine system promoted BP-4 degradation.
At 1- and 3-equiv. of FAC, the respective removal percentages under
chlorination treatment were similar with those under combined
UV-chlorine treatment.
3.2.3. Identification of transformation products under chlorination
The transformation products under chlorination were detected

as well, it was interesting that 4 products as seem as those in UV-
chlorine system were observed. Among them, the production of 3
products, excluding m/z 309.0096, had positive relationships with
FAC dosages in chlorination system, just like those in combined UV-
chlorine system (SI Fig. S3). The production of m/z 309.0096 in
chlorination systemwas ranked as: 1- > 3- > 0.4-equiv. of FAC. The
production of m/z 309.0096 at 3-equiv. of FAC was lower than that
at 1-equiv. of FAC, possible reasonwas that excessive FAC promoted
oxidation transformation from m/z 309.0096 to m/z 306.9943.
Nevertheless, the difference of absolute production for each prod-
uct between chlorination and combined UV-chlorine systems was
determined by FAC dosage and reaction period. Take the productm/
z 309.0096 as an example, when FAC dosages were 1- and 3-equiv.,
the peak areas at 3 h were zero in chlorination system, while they
were respectively 4.57% and 11.7% of those of 2,3,4-THBP in UV-
chlorine system. It was obvious that higher FAC dosage resulted
in larger production difference of the same product in chlorination
and UV-chlorine systems. Besides, production difference of the
same product in chlorination and UV-chlorine systems became
more significant with the increase of time. Especially, at 3-equiv. of
FAC, the production ofm/z 309.0096 in chlorination system at 5, 10,
and 30 min were respectively 0.84, 0.62 and 0.35 times to those in
UV-chlorine system. It can be inferred that free radicals generated
from UV-induced FAC photolysis could participate in intermediates
transformation, and promoted products formation, which reflected
the synergistic effect between UV and chlorine. Similarly, Xiang
et al. (2016) reported that free radicals existence significantly
accelerated formation of chlorine-containing byproducts under
combined UV-chlorine treatment on ibuprofen. Yin et al. (2018)
found that prednisolone degradation under UV-chlorine process
was primarily attributable to direct photolysis, while free radicals
played important roles in the subsequent transformation pathways.
In addition, the patterns of production in chlorination systemwere
quite distinct from those in UV-chlorine system (SI Fig. S3). For
example, at 3-equiv. of FAC, m/z 309.0096 production firstly
increased and then disappeared gradually in chlorination system,
whereas it continuously increased by 32.0% from 5 min to 3 h in
UV-chlorine system. Combining removal percentages of parent
compound, products formation, and acute toxicity variation, it was
suggested that under combined UV-chlorine treatment, chlorine
played a dominant role in preliminary degradation of 2,3,4-THBP,
while the synergistic effects of UV and chlorine promoted the
further transformation of intermediates from chlorination
treatment.
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3.3. Characterization of 2,3,4-THBP transformation under UV
disinfection

To further confirm the contribution of UV in combined UV-
chlorine system, the transformation of 2,3,4-THBP under UV
disinfection was investigated. The UV irradiation intensity for UV
treatment was set as 1, 3, 6 and 8 mW/cm2, which included the
irradiation intensity in combined UV-chlorine system.

3.3.1. Acute toxicity variation
As shown in SI Fig. S4, during 6 h UV irradiation treatment, the

acute toxicity had not obvious change at the UV intensity of 1 and
3 mW/cm2, while increased by 21.3% and 48.6% at the UV intensity
of 6 and 8 mW/cm2, implying the formation of some toxic products
in UV system. As reported previously, BPs during photo-
transformation process could result in toxicity increase. Kotnik
et al. (2016) observed the photodegradation products of BP-1
exhibited increasing genotoxicity (induction ratio ¼ 2.81) in the
absence of metabolic activation by S9 system. Ge et al. (2019) found
the acute toxicity of reaction mixtures increased by 46% during
nitrate-induced photolysis of BP-1. Therefore, those major products
contributing to increasing toxicity should be further concerned.

3.3.2. Degradation of 2,3,4-THBP under UV disinfection
The degradation characteristics of 2,3,4-THBP at different UV

irradiation intensities were compared as well. As shown in SI
Fig. S5, 2,3,4-THBP did not degrade in 6 h at low UV intensity of 1
and 3 mW/cm2. When UV intensity increased to 6 and 8 mW/cm2,
2,3,4-THBP would be degraded completely within 6 h, and higher
irradiation intensity could promote the degradation of 2,3,4-THBP.
Specifically, the removal percentages of 2,3,4-THBP were respec-
tively 18.8% and 100% in 2 h at the intensity of 6 mW/cm2 and
8 mW/cm2. These evidences suggested that UV irradiation with
1 mW/cm2 intensity did not affect the degradation of 2,3,4-THBP.
The removal percentage of 2,3,4-THBP under combined UV-
chlorine treatment at 0.4-equiv. of FAC and 1 mW/cm2 of irradia-
tion intensity was higher than that under chlorination, among
which the difference was caused by synergistic promotion between
UV and chlorine.

3.3.3. Products identification and possible transformation pathways
With the help of HPLC-QTOF-MS, only 2 products,m/z 155.0500

and 199.0403, were detected in UV irradiation system (SI Fig. S6,
S7). The possible structures of m/z 155.0500 and 199.0403 were
tentatively identified (SI Table S2), and corresponding formation
pathways were proposed in SI Fig. S8. Firstly, 2,3,4-THBP under-
went an intramolecular CeC coupling reaction between the two
benzene rings and formed fluorenone-like product UP1’. Then, HO$
induced oxidation reaction on the hydroxyl groups of UP10 through
H-abstraction to form UP2’. The decarbonylation reaction further
occurred on the o-benzoquinone moiety of UP20 and formed UP3’.
Finally, HO$ attacked the cyclopentadienone ring of UP30 and
formed hydroxylated product TP1’. Besides, decarbonylation reac-
tion could also continue occurring on UP30 and resulted in the
formation of TP2’. The decarbonylation of o-benzoquinones was
observed under irradiation by both UV light and visible light
(l > 520 nm) (Shurygina et al., 2008). The excited state of quinone
firstly rearranged into bicyclo compound containing five- and
three-membered cycles, and then removed a molecule of CO with
the formation of cyclopentadienone (Shurygina et al., 2008). Be-
sides, it is well known that the reaction of HO$ and benzene with a
second-order rate constant of 7.3 � 109 /M s could easily occur and
form hydroxylated adduct (Duesterberg et al., 2007). During UV/
H2O2 treatment process, BP-3 was attacked by HO∙ on the benzene
ring and underwent intramolecular CeC coupling reactions by
7

eliminating one molecule of H2O (Gong et al., 2015). CeC coupling
reaction was also observed in chlorination disinfection system of
BP-1, UV irradiation could promote the reaction (Sun et al., 2019).
The abstraction of ortho-H/Cl atoms from BP-1 produced an ortho-
centered phenyl-type radical, subsequently initiated ring-closure
reaction to form a diphenyl-type coupling product (Davide et al.,
2016).

The time-dependent evolution of products TP10 and TP20 was
checked with the acute toxicity variation (data not shown here).
However, no significant correlation between products abundance
and acute toxicity was observed. Thus, the acute toxicity of reaction
mixtures may result from the synergistic effects of products, or
from some other products have not been detected with this
method.

3.3.4. Environmental significance
The above laboratory studies confirmed that 2,3,4-THBP could

generate some toxic products under UV disinfection. The solar
irradiation intensity on the earth is lower than that of xenon lamp
used in the laboratory, and ambient water matrix is different from
ultrapure water. If 2,3,4-THBP can be degraded under solar irradi-
ation in actual environment is an interesting issue. To simulate the
real environmental condition, ambient water sample was collected
from aWWTP in Beijing, China. The water quality parameters were
listed in SI Table S3. Took 500 mL ambient water sample into
reactor and spiked 250 mL stock solution of 2,3,4-THBP, then placed
it on the windowsill of our laboratory (40�002600N, 116�2001300E,
altitude 50 m). The irradiation experiments were performed from 9
a.m. to 3 p.m., and the maximum and minimum solar irradiation
intensity were measured as 1.0 and 0.5 mW/cm2. Dark controls
(spiked 2,3,4-THBP into ambient water sample and placed in a dark
room), and blank controls (ambient water sample without 2,3,4-
THBP under solar irradiation) were set as well. As shown in SI
Fig. S9, the degradation did not occur in the dark and blank controls
during the 6 h experimental period. However, 2,3,4-THBP was
rapidly degraded in the experimental groups, and the removal ratio
reached 90.5% in 2 h. The degradation rate was more rapid than
those at the UV intensity of 1, 3 and 6 mW/cm2 in ultrapure water
systemmay be due to the coexisting components in ambient water
sample. Kotnik et al. (2016) found the photodegradation of BPs was
accelerated in the lake water matrix, because the existence of
photosensitizers such as NOM and nitrate in ambient water pro-
moted the degradation of BPs.

Correspondingly, as shown in SI Fig. S10, the acute toxicity
variation in ambient water under solar irradiation seemed more
complex than that in the ultrapure water under UV irradiation in
the laboratory. The acute toxicity in the ambient water decreased
by 54.0% firstly and then increased by 138%, the highest acute
toxicity was two times to that of 2,3,4-THBP. For dark controls and
blank controls, their acute toxicity kept unchanged during the
experimental period. Three products were detected in experi-
mental groups (SI Fig. S11, S12), while no obvious products were
found in the control groups. The accurate m/z values of 3 products
were respectively 155.0500, 199.0403, and 215.0330, their possible
structures were tentatively proposed in SI Table S2. Among them, 2
products (m/z 155.0500 and 199.0403) were as same as those under
laboratory UV disinfection. The new productm/z 215.0330might be
the hydroxylated derivative of m/z 199.0403. Some components in
ambient water matrix, such as humic acid and nitrate, could pro-
duce HO$ under solar irradiation, which would participate in the
transformation and promote the formation of hydroxylated deriv-
ative m/z 215.0330. Overall, 2,3,4-THBP would be transformed into
products with higher acute toxicity in the ambient water matrix
under solar irradiation. Therefore, more attention should be paid to
the potential risks of BPs in sunlit water.
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4. Conclusions

The transformation characteristics of 2,3,4-THBP under com-
bined UV-chlorine treatment were systematically investigated and
the respective contribution of UV and chlorine was explored. It can
be concluded that: (1) 2,3,4-THBP can be efficiently degraded under
combined UV-chlorine treatment process; Chlorine is responsible
for the preliminary transformation of 2,3,4-THBP, while the syner-
gistic effects of UV and chlorine promote the further transformation
of intermediates from chlorination treatment. (2) Four products
have been tentatively identified in both combined UV-chlorine and
chlorination systems of 2,3,4-THBP, while another two products
have been found in UV disinfection system. (3) Not only in com-
bined UV-chlorine treatment system, but also in separate UV or
chlorination systems, acute toxicity of reaction mixtures has sig-
nificant elevation under certain experimental conditions; However,
the regret is that the toxic products have not been recognized yet.
Especially, 2,3,4-THBP can form some products with higher toxicity
in the ambient water matrix under solar irradiation than those in
ultrapure water system, implying the potential risks of BP-type UV
filters in the real environment. It is anticipated that the results of
this study would provide a deep understanding on the contribution
of UV and chlorine under combined UV-chlorine treatment, and
provide a reference for optimizing operational parameters in water
disinfection treatment.
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