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Polybrominated diphenyl ethers (PBDEs) are a group of flame retardants which are frequently detected in the
aquatic environment. PBDEs would convert into intermediates during some natural or artificial processes. A
simple PBDEs congener, 2-bromodiphenyl ether (BDE-1), was targeted, and its transformation characteristics
during combined UV-chlorine treatment were investigated in this study. It was found that BDE-1 could rapidly
transform in combined UV-chlorine process, and HO• was the predominant radical that contributed to BDE-1
degradation in ultrapure water system. The formation of toxic dibenzofuran (DF) and 2-hydroxydibenzofuran
(2-OH-DF) was significantly promoted in combined UV-chlorine treatment, whose total yield (2.78%) was
1.46 times to that in UV treatment alone. Radical scavenger tests revealed that enhanced formation of DF-type
products in combined UV-chlorine treatment was attributed to radical reactions. Cl• or HO• generated from free
available chlorine photolysis reacted with ortho-carbon radicals generated from BDE-1 photolysis, and produced
intermediates 2-chlorodiphenyl ether (2-Cl-DE) or 2-phenoxyphenol (2-OH-DE), which underwent intra
molecular elimination of HCl or H2O and formed DF and 2-OH-DF. The treatment with alkaline conditions, high
chlorine doses and strong irradiation would be beneficial to the less formation of DF-type products. Besides, the
matrix effects of ambient water also inhibited the formation of DF-type products. Overall, this work would
provide an insight into the role of free radicals in dibenzofuran formation during combined UV-chlorine treat
ment on PBDEs and a scientific reference for optimizing operational parameters in the water treatment.

1. Introduction
Disinfection is a key technique to kill pathogenic microorganisms in
water treatment process, and chlorination is the most widely used
disinfection technology. However, chlorination cannot effectively
inactivate those chlorine-resistant microorganisms such as Giardia and
Cryptosporidium [1], and would produce various disinfection byproducts
(DBPs). UV disinfection, a physical treatment, will not introduce
chemicals into water, and can be effective against chlorine-resistant
microorganisms [2]. Due to lack of lasting disinfection ability, UV
disinfection is usually used in combination with other disinfection
technologies such as chlorine, chloramine, ozone. Among them, com
bined UV-chlorine treatment has attracted wide attention. It shows
obvious advantages in killing various microorganisms, and can reduce
disinfectant demand and ensure lasting disinfection ability [3–5].

Moreover, combined UV-chlorine treatment is also a promising
advanced oxidation process. Free available chlorine (FAC) photolysis
can produce multiple radicals such as HO•, and reactive chlorine species
•
(RCSs) including chlorine radical (Cl•), dichloride radical anion (Cl2− ),
chlorine oxide radical (ClO•), etc. These radicals can readily react with
residual chemicals in water and promote the formation of more organic
halo-DBPs. In addition, recent studies have shown that these reactive
species can also induce the formation of bromate (a potential carcin
ogen) in the UV/chlorine process [6]. Moreover, organic halo-DBPs and
bromate can demonstrate a synergistic effect and thus enhance the
overall toxicity of the DBP mixture [7,8].
Polybrominated diphenyl ethers (PBDEs) are widely used additive
flame retardants, and can be easily released into the environment during
production, transportation, application, and disposal. Many reports
showed that PBDEs had multiple toxicity effects including endocrine
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disrupting effects, reproductive toxicity and neurotoxicity effects
[9–12]. Due to its persistence, toxicity and potential bioaccumulation,
the use of PBDEs was restricted or banned in many countries and regions
up to now [13]. Nevertheless, existing commercial products were still
huge reservoirs for PBDEs. Hydroxylated polybrominated diphenyl
ethers (OH-PBDEs), as the metabolites of PBDEs, possessed higher
toxicity and were also detected in various samples. For examples, the
concentrations of 17 ΣPBDEs and 11 ΣOH-PBDEs respectively ranged
from not-detected (N.D.) to 5.3 ng L− 1, and from 0.08 to 0.88 ng L− 1 in
the effluents of wastewater treatment plants around Huang-Bo Sea,
North China [14]. The average concentrations of 27 ΣPBDEs and 8 ΣOHPBDEs were 96.7 pg L− 1 and 7.40 pg L− 1 in the seawater along the
southern coast of South Korea [15]. The ΣPBDEs (from tri-BDEs to decaBDEs) concentrations ranged from 18.51 to 4212 pg L− 1 and 30.24 to
1021 pg L− 1 in the groundwater and surface water of Taiwan, China
[16]. Therefore, it is necessary to investigate the behaviors and risks of
PBDEs in the aquatic environment.
Our previous research observed that intramolecular C–C coupling
reactions took place on two aromatic rings of diphenyl ketone during
chlorination disinfection [17]. Vollmuth et al. (1994) found that
chlorophenol would take place coupling reaction and form poly
chlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated di
benzofurans (PCDFs) during photolysis [18]. Moreover, Wu et al. (2019)
proposed that dioxins were detected during the chlorination of triclosan
under both UV irradiation and dark conditions [19]. The above in
vestigations indicated dibenzo-dioxins/furans could be produced from
aromatic compounds during chlorination, UV, or combination treat
ments between UV and chlorination. Dibenzo-dioxins/furans were more
toxic compounds, which exerted many toxic effects, including repro
ductive and developmental toxicity, endocrine disrupting effects,
tumour-promoting activities [20], therefore, more attention should be
paid to prevent the formation of dibenzo-dioxins/furans. Many studies
on photo-induced transformation of PBDEs showed that, poly
brominated dibenzofurans (PBDFs) were produced via intramolecular
elimination of 2(6)-bromine and 2′ (6′ )-hydrogen from PBDEs molecule
[21,22]. One study showed that DBPs were generated during the chlor
(am)ination of PBDEs, but did not discuss the formation of dibenzodioxins/furans [23]. To date, the formation of dibenzo-dioxins/furans
during combined UV-chlorine treatment on PBDEs has not been re
ported yet. It is presumed that more dibenzo-dioxins/furans would be
formed during combined UV-chlorine treatment than that during sepa
rate UV or chlorination treatment due to radicals reactions. Meanwhile,
it is necessary to investigate the formation mechanisms of dibenzodioxins/furans. The results would be useful to improve treatment tech
nologies and control the formation of toxic dibenzo-dioxins/furans.
There are 209 congeners in PBDEs family. Every congener has the
same diphenyl ether skeleton but different substitution position and
number of bromine atoms. In fact, the physicochemical properties of
PBDEs are similar, and their transformation trends during chemical re
action are similar as well. For example, PBDEs with ortho-bromine
substitution could undergo intramolecular elimination and produce
PBDFs during photolysis [24]. High-brominated PBDEs could undergo
consecutively debromination during photochemical process, and pro
duce low-brominated PBDEs which were generally more toxic and bio
accumulative than the parent compounds [21,25–27]. 2-bromodiphenyl
ether (BDE-1) was generated during the photolysis of BDE-21, BDE-28
and environmentally abundant BDE-47 [22,24,27–29]. Therefore, in
order to facilitate identifying transformation products and investigating
the transformation mechanisms of PBDEs in the combined UV-chlorine
treatment, BDE-1 which was easily distributed in the water phase was
selected as a simple model compound in this study. The main goal in this
paper was to investigate the production differences of toxic dibenzodioxins/furans between separate UV or chlorination treatment and
combined UV-chlorine treatment, and to illustrate formation mecha
nisms and the effects of several factors on the production of dibenzodioxins/furans. It is expected that the results of this study provide a

reference for comprehensively understanding the transformation and
risks of PBDEs in the aquatic environment.
2. Materials and methods
2.1. Chemicals
BDE-1 (95% purity), 3-bromodiphenyl ether (BDE-2, 97% purity), 4bromodiphenyl ether (BDE-3, 99% purity), and diphenyl ether (DE, 99%
purity) were purchased from J&K Chemical Co. (Beijing, China). 2-phe
noxyphenol (2-OH-DE, 98% purity) was purchased from Ark Pharm, Inc.
(Illinois, USA). The standards of nitrobenzene (NB), dibenzofuran (DF)
and 2-hydroxydibenzofuran (2-OH-DF) were obtained from AccuS
tandard Inc. (New Haven, USA). Sodium hypochlorite (NaClO) was
purchased from Wako Co. (Tokyo, Japan), and the free available chlo
rine (FAC) concentration of NaClO solution was standardized by iodo
metric titration method according to the recommended procedure [30].
Other chemicals and reagents were described in Supporting Information
(SI) Text S1.
2.2. Combined UV-chlorine treatment procedures
Combined UV-chlorine treatment experiment was conducted in a
quartz photochemical reactor with water cooling system to maintain the
temperature at 20 ± 0.5 ◦ C. The schematic diagram of UV apparatus was
shown in SI Fig. S1. A 300 W xenon lamp with wavelength 200–400 nm
was employed as irradiation source, and was stabilized at least 30 min
before experiments. The irradiation intensity was measured at the center
of photochemical reactor by a UV radiometer (Beijing Normal Univer
sity), and was set as 4 mW cm− 2 at 365 nm.
The initial concentration of BDE-1 in degradation kinetic experi
ments was 10 µM. The 10 µM BDE-1 in 300 mL ultrapure water was
contained in the photochemical reactor. The reaction was initiated by
spiking NaClO solution (10-equivalent (equiv.) to molar concentration
of BDE-1), and simultaneously placing the reactor under UV irradiation
source. Aliquots of the solution (5 mL) were sampled at evenly-spaced
time intervals. Although the initial concentration of BDE-1 was higher
than that in the real environment, the molar ratio of BDE-1 to FAC was
similar to that in water treatment plant, and the chlorine dose of 1.78
mg L− 1 as Cl2 was related to the practical chlorine dose in drinking water
treatment plant. Besides, BDE-1 at environmentally relevant dose was
also employed to conduct experiments simulating the scenarios in the
real environment. In order to facilitate identifying products and inves
tigating transformation mechanisms, the initial concentration of BDE-1
was set as 100 µM. Samples (60 mL) were withdrawn from the reactor at
the given time (1 h), and immediately subjected to solid phase extraction
(SPE). UV and chlorination treatment experiments were performed in a
similar manner in the absence of chlorine or UV irradiation,
respectively.
The investigation on formation mechanisms of DF-type products and
the contributions of free radicals for BDE-1 degradation during com
bined UV-chlorine treatment were provided in SI Text S2 and Text S3,
respectively. The effects of several factors on the production of DF-type
products during combined UV-chlorine process were described in SI
Text S4.
All experiments were conducted at least in duplicate, and error bars
in figures represented the relative standard deviation. The statistical
analysis was performed by one-way analysis of variance (ANOVA) on
SPSS Statistics software (Version 21.0) to evaluate the significance of
differences among experimental results (p < 0.05).
2.3. Analytical methods
The sample was subjected to SPE using a Sep-Pak C18 cartridge (6 cc,
500 mg, Waters). The detailed extraction procedure was described in SI
Text S5. The eluent was evaporated to dryness under a gentle nitrogen
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gas stream, and was re-dissolved in hexane. The average recoveries for
BDE-1, 2-OH-DE and DF were 85.9 ± 1.54%, 93.4 ± 3.93%, 82.0 ±
1.11%, respectively.
The sample was analyzed by GC–MS (Agilent 7890A/5975C, USA)
equipped with a DB-5MS column (30 m × 250 µm × 0.25 µm, Agilent,
USA). The enhanced Chemstation from Agilent Technologies (MSD
ChemStation E.02.00.493) was used for data analysis. Helium
(99.999%) was used as carrier gas with a constant flow rate of 1.5 mL
min− 1. The injector temperature was 280 ◦ C and sample was injected (1
µL) in the splitless mode. The oven temperature program for DF-type
products was as follows: 80 ◦ C for 1 min, ramped at a rate of 10 ◦ C
min− 1 to 200 ◦ C (kept for 1 min), and lastly increased to 290 ◦ C at 20 ◦ C
min− 1 for 15 min. The oven temperature for NB was programmed from
40 ◦ C (kept for 1 min), and ramped at a rate of 5 ◦ C min− 1 to 130 ◦ C (kept
for 1 min). Electron ionization (EI) mode with 70 eV electron energy was
operated. The ion source and quadrupole temperature were 230 ◦ C and
150 ◦ C, respectively. The MS was operated in the full scan mode over a
mass range of m/z 50–500. Products were identified using authentic
standards by matching retention time and mass spectrum fragments.
The electron spin resonance (ESR) spectra were measured on Bruker
Electron Paramagnetic Resonance Spectrometer (ESP 300E). The sample
was mixed with 5,5-dimethyl-1-pyrroline N-oxide (DMPO, final con
centration 100 mM) and placed in a capillary quartz tube for
measurements.

accelerated during combined UV-chlorine treatment, which was 6.56
and 22.0 times as high as that during UV and chlorination treatments
alone.
In combined UV-chlorine process, FAC photolysis would generate
free radicals, which could participate in BDE-1 transformation. In order
to confirm this hypothesis, radical scavenger tert-butanol (TBA) was
spiked in the combined UV-chlorine system of BDE-1. It was found that
the degradation rate of BDE-1 decreased by 78.9% in the presence of 1
mM TBA, indicating free radicals promoted BDE-1 degradation. To
clearly illustrate the relative contributions of HO• and RCSs for BDE-1
degradation, NB was used as the HO• probe to determine its steadystate concentration, and specific procedures were described in SI Text
S3. The first-order rate constants between BDE-1 and HO•, RCSs were
calculated as 1.45 × 10− 3 s− 1 and 1.52 × 10− 4 s− 1, and the contributions
of HO• and RCSs for BDE-1 degradation were 77.9% and 8.14% in ul
trapure water system, respectively.
3.2. Dibenzo-dioxins/furans formation during chlorination, UV and
combined UV-chlorine treatments
The formation of dibenzo-dioxins/furans was further explored dur
ing chlorination, UV and combined UV-chlorine treatments. For chlo
rination treatment alone, BDE-1 was not significantly degraded in 1 h.
Even prolonged to 48 h, only 48.9% of BDE-1 was degraded, while no
dibenzo-dioxins/furans were detected in chlorination system. Wang
et al. (2019) investigated the chlorination of BDE-47 and BDE-209, and
1,1,1-trichloro-2-propanone (1,1,1-TCP) was identified as major
byproduct [23]. But they did not discuss the formation of dibenzo-di
oxins/furans.
As for UV and combined UV-chlorine treatments, the removal ratios
of BDE-1 in 1 h were 71.1% and 80.0%, respectively. Most important
was that, DF and 2-OH-DF were detected in both processes. The struc
ture identification of DF and 2-OH-DF was based on the comparison
between retention time and MS fragments of reaction mixtures and those
of authentic standards (SI Fig. S2). But no dioxin-type products were
detected in both UV and combined UV-chlorine processes. BDE-1
directly transformed into DF-type products, which was closely related

3. Results and discussion
3.1. Degradation kinetics of BDE-1 during chlorination, UV and
combined UV-chlorine treatments
In order to investigate the transformation characteristics of BDE-1,
the degradation kinetic experiments of BDE-1 treated by combined
UV-chlorine, separate UV and chlorination were conducted. As shown in
Fig. 1, the pseudo-first-order rate constants of BDE-1 by combined UVchlorine, UV and chlorination treatments were respectively 1.72 ×
10− 3 s− 1, 2.62 × 10− 4 s− 1 and 7.83 × 10− 5 s− 1 in ultrapure water sys
tem. It was obvious that the degradation rate of BDE-1 significantly

Fig. 1. The degradation kinetics of BDE-1 during combined UV-chlorine, separate UV and chlorination treatments. ([BDE-1]0 = 10 µM, [FAC]0 = 100 µM, [TBA]0 =
1 mM, I365nm = 4 mW cm− 2).
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to its ortho-bromine substitution. Wang et al. (2018) proposed that
PBDEs with ortho-bromine substitution could directly convert into
PBDFs or DF during photolysis [22]. Santos et al. (2016) summarized
DF-type ring closure was via the intramolecular elimination of HBr
during the photodegradation of PBDEs [21]. Arnoldsson et al. (2012)
reported that dioxin was produced via the intramolecular elimination of
HBr or HCl during photolysis, when diphenyl ether was substituted with
2′ (6′ )-hydroxyl group and 2(6)-bromine or chlorine [31]. Therefore, it is
easy to understand why dioxin was not produced in the present system.
BDE-1 can produce DF-type products in both UV and combined UVchlorine treatments, while the formation rates and yields during the two
treatments were different. Compared with UV treatment, it is interesting
to note that BDE-1 produced DF more rapidly in combined UV-chlorine
process (SI Fig. S3). The formation rate constant of DF during combined
UV-chlorine treatment was 1.42 × 10− 3 s− 1, which was 1.53 times
higher than that during UV treatment alone (SI Table S1). In addition,
the total yield of DF-type products (DF and 2-OH-DF) was 2.78% in
combined UV-chlorine treatment, which was 1.46 times to that of UV
treatment alone. This result implied the synergistic effect between UV
and chlorine treatments on the formation of DF-type products. The
possible reasons for synergistic effect would be comprehensively dis
cussed in the following parts. It has been widely reported that DF-type
products are more toxic compounds than the original ones (PBDEs)
[32,33]. Although the yield of DF-type products was <3% in this study,
the formation and related mechanisms of DF-type products should be
concerned due to their high toxicity effects. Except for DF-type products,
some other products such as polychlorinated diphenyl ethers (PCDEs),
PBDEs, OH-PBDEs, DE, polychlorinated and polybrominated phenols
were found in the combined UV-chlorine system of BDE-1.

the transformation from DF to 2-OH-DF, and caused the accumulation of
DF. This result suggested that 2-OH-DF was produced via HO• attack of
DF, but 2-OH-DF production only accounted for 10.4% of total pro
duction of DF-type products. Therefore, it could be concluded that the
production of DF-type products was mainly by direct photolysis during
UV treatment. The previous reports showed that direct photolysis was
probably due to high molar absorption coefficients and moderate
quantum yields of PBDEs [21]. PBDEs absorbed UV light and trans
formed from ground states (S0) to the singlet excited states (S1) during
photolysis. S1 state can relax back to S0 by fluorescence, internal con
version or undergo intersystem crossing with forming the triplet states
(T1) (SI Fig. S4). The photochemical reactions could start from either S1
or T1 states [34]. To explore the excited states involved in the photolysis
of BDE-1, triplet state quencher sorbic acid and triplet state sensitizer
acetone (10%, V/V) were respectively spiked in the reaction system. As
shown in SI Fig. S5, the degradation rate of BDE-1 and the production of
DF-type products did not change in the presence of sorbic acid and
acetone during combined UV-chlorine treatment. Therefore, the
photolysis of BDE-1 proceeded from S1 state. Similarly, Kliegman et al.
(2013) proposed that the photolysis of triclosan was from S1 state both
by experimental and theoretical results [34].
For combined UV-chlorine treatment, the production of DF-type
products decreased by 39.2% when spiking TBA. Interestingly, the
remaining amount of DF-type products in the presence of TBA during
combined UV-chlorine treatment approximately equaled that formed
during UV treatment alone (Fig. 2). Therefore, the decreased amount in
the presence of TBA could be attributed to the indirect photolysis.
Simultaneously, ESR was used to measure the possible radicals in
combined UV-chlorine system. As depicted in Fig. 3(a), there was only a
4-line ESR signal with 1:2:2:1 intensity, representing the dominance of
HO• under acid and alkaline conditions. Fig. 3(b) showed a 7-line ESR
signal under neutral condition. Li et al. (2016) revealed that the spectra
corresponded to the signal of radical Cl• [35]. Since the radical Cl• would
•
be rapidly transformed into HO• via ClOH − with increasing pH [36], it is
easy to understand the differences of radical species under various pH
conditions.

3.3. Formation mechanisms of DF-type products
The above results showed that DF-type products were produced
when BDE-1 received UV irradiation. Considering radical reactions may
be involved during photolysis, radical scavengers were spiked into re
action systems to discover the formation mechanisms of DF-type
products.
For UV treatment alone, the addition of radical scavenger TBA did
not affect the total production of DF-type products (Fig. 2). This implied
that radicals merely had a minor contribution to the production of DFtype products during UV treatment. However, in the presence of TBA,
2-OH-DF was not formed while DF production increased by 9.08%. The
possible reason was that radical scavenger TBA quenched HO•, inhibited

3.4. Formation pathways of DF-type products during combined UVchlorine treatment
The above discussion indicated that indirect photolysis induced by
free radicals promoted the formation of DF-type products in combined
UV-chlorine treatment. Therefore the formation pathways of DF-type
products in the process were further investigated. As shown in SI
Fig. S6, there were two possible pathways during the photolysis of BDE1, including homolysis (radicals reaction) and heterolytic cleavage (did
not involve radicals reaction). To confirm the formation pathways
involved free radicals, further experiments were conducted with adding
d8-isopropanol in the reaction system. The d8-isopropanol is a radical
trap agent, and weak tertiary C-D bonds can effectively trap radicals
[37]. Our hypothesis is that, the homolysis cleavage would occur on C-Br
bond in BDE-1 molecule and form a carbon radical, which would be
trapped by radical trap agent d8-isopropanol (SI Fig. S6). As expected,
2-2H-BDE intermediate with m/z 171 was observed with the help of
GC–MS in this study (SI Fig. S7), which suggested carbon radicals were
important organic intermediates during combined UV-chlorine treat
ment on BDE-1. Furthermore, carbon radicals can be trapped by DMPO,
which could be detected with the help of ESR. As shown in Fig. 4(a), a 4line ESR signal with 1:2:2:1 intensity appeared when only ultrapure
water was irradiated, which represented the existence of HO•. Fig. 4(b)
showed when BDE-1 was spiked in ultrapure water under irradiation,
besides HO• signal, a 6-line ESR signal with equal intensity appeared,
which suggested the generation of carbon radicals. In addition, the
adduct of carbon radical and DMPO was also detected by UPLC-QTOFMS. The measured m/z value of adduct was 283.1562, which was in
good agreement with the theoretical m/z value 283.1567 (SI Fig. S8).

Fig. 2. The production of DF-type products at different reaction conditions.
([BDE-1]0 = 100 µM, [FAC]0 = 1 mM, [TBA]0 = 1 M, pH = 7.0, I365nm = 4 mW
cm− 2, t = 60 min).
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Fig. 3. ESR spectra of (a) acid and alkaline solutions, (b) neutral solution during combined UV-chlorine treatment. ([FAC]0 = 1 mM, [DMPO]0 = 100 mM, I365nm = 4
mW cm− 2, t = 15 min).

While the possibility of C-Br bond cleavage in a heterolytic pathway still
needed to be excluded, BDE-1 photolysis experiment was conducted in
the presence of 1 M NaI. If C-Br bond was broken via a heterolytic
process, carbocation would react with I− producing the iodinated
diphenyl ether. However, no iodine incorporation was observed, indi
cating the heterolytic cleavage of C-Br bond unfavorable. Above all, all
these evidences confirmed that carbon radicals were important organic
intermediates during combined UV-chlorine treatment on BDE-1.
Similar conclusions were found in the study of Wang et al. (2018),
which demonstrated the homolysis of PBDEs by using computational
chemistry [22]. Kliegman et al. (2013) proposed the heterolytic

cleavage of C-Cl bond in triclosan phototransformation was not viable,
because the barrier of heterolytic cleavage was high calculated by
Density Functional Theory (DFT) [34]. Zhu et al. (2009) also observed
the 6-line ESR signal when detecting a carbon-centered quinone ketoxy
radical [38].
Since free radical reactions were involved in the transformation
system, radical scavenger TBA was spiked in combined UV-chlorine
process to examine the important intermediates responsible for the
formation of DF-type products. Consequently, m/z 170 production
increased by 92.3% in the presence of TBA during combined UVchlorine process, and m/z 204 and m/z 186 decreased by 96.3% and
5
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Fig. 4. ESR spectra of (a) ultrapure water, (b) BDE-1 in ultrapure water during combined UV-chlorine treatment. ([BDE-1]0 = 100 µM, [FAC]0 = 1 mM, [DMPO]0 =
100 mM, I365nm = 12 mW cm− 2, t = 30 min).

100%, respectively. It suggested that m/z 204, m/z 186 and m/z 170
were important intermediates during combined UV-chlorine process.
With the help of authentic standards, the structure of m/z 186 and m/z
170 were respectively confirmed to be 2-OH-DE and DE. The structure of
m/z 204 was identified as 2-chlorodiphenyl ether (2-Cl-DE). The
experimental procedure of structure identification and related figures
were described in SI Text S6 and Fig. S9.

Furthermore, the time-dependent evolution of these intermediates
was investigated. As shown in Fig. 5, it can be seen that 2-Cl-DE pro
duction kept increasing in the initial 30 min and then decreased by
57.6% in the second 30 min. 2-OH-DE production rapidly increased to a
peak in the first 45 min, and then decreased by 45.0% with prolonged
reaction time to 60 min. Both 2-Cl-DE and 2-OH-DE had orthosubstitution, which would further convert to DF-type products during
6
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was the transformation of ortho-carbon radical to form DE. The orthocarbon radicals reacted with the hydrogen donor (H2O) and produced
DE, which would transform into DF-type products. The third pathway
was the reaction of ortho-carbon radicals with free radicals. Abundant
Cl• or HO• generated from FAC photolysis would attack ortho-carbon
radicals to produce 2-Cl-DE or 2-OH-DE. Subsequently, 2-Cl-DE or 2OH-DE further underwent the intramolecular elimination of HCl or
H2O, which was a similar process like the first pathway, and finally
formed DF-type products.
The first pathway was in accordance with many previous literatures
[21,22,24,26]. It was proposed that the formation of PBDFs was through
intramolecular elimination of HBr from two benzene rings. Similarly,
Wang et al. (2014) proposed the formation of PCDFs including the
dissociation of C–Cl bond, the five-membered ring closure, and the
dissociation of C–H bond during the photolysis of PCDEs. Among these
steps, the dissociation of C–H bond was the most difficult step [40].
Moreover, Wang et al. (2018) explained the specific formation mecha
nisms of PBDFs during the photolysis of PBDEs. The elongated C-Br bond
decreased the distance between 2-carbon and 2′ -carbon, and promoted
the bond formation between these two ortho-carbons, leading to the
production of DF-type products [22]. As for the second pathway, Huang
et al. (2017) explained DF was formed by the elimination of two orthohydrogen on the two rings of DE during photolysis [39].
The first and second pathways in this study could occur as long as in
the presence of UV light. The major difference of DF formation between
UV and combined UV-chlorine treatments was reflected in the second
and third pathways. In the UV treatment alone, the ortho-carbon radi
cals originally intended to produce DE, and the transformation from DE
to DF-type products was quite slow. However, in combined UV-chlorine
treatment, the ortho-carbon radicals reacted with Cl• or HO• and pro
duced 2-Cl-DE or 2-OH-DE. The formation rate of DF-type products from
2-OH-DE (k2-OH-DE = 5.62 × 10− 4 s− 1) was 1.85 times faster than that
from DE (kDE = 3.03 × 10− 4 s− 1). The faster formation rate from the
third pathway promoted the production of DF-type products in com
bined UV-chlorine process, which reflected the synergistic effect be
tween UV and chlorine treatments.

Fig. 5. Changes in the abundance of intermediates with reaction time during
combined UV-chlorine treatment. ([BDE-1]0 = 100 µM, [FAC]0 = 1 mM, pH =
7.0, I365nm = 4 mW cm− 2).

combined UV-chlorine treatment. Likewise, DE production also exhibi
ted a similar tendency, and slightly decreased by 8.57% during the last
15 min reaction period, indicating that DE could convert into DF-type
products. Additionally, the formation kinetics of DF-type products
from 2-OH-DE and DE during UV photolysis were measured (SI Text S7).
The formation rate constant of DF-type products from 2-OH-DE was 1.85
times faster than that from DE, which was calculated as 5.62 × 10− 4 s− 1
and 3.03 × 10− 4 s− 1, respectively (SI Table S1). Wang et al. (2018)
found that DF was formed during the photolysis of DE in methanol [24],
and Huang et al. (2017) proposed that DE would gradually convert into
DF during photolysis in surfactant solutions [39]. Both literatures
confirmed that DE could produce DF during photolysis, but did not
measure the formation rate of DF.
According to the above discussion, the formation of DF-type products
involved in radical reactions. The plausible formation pathways of DFtype products from BDE-1 during combined UV-chlorine treatment
were proposed. Initially, UV irradiation caused homolysis of C-Br bond
and formed ortho-carbon radicals, which were intermediates to further
formation of DF-type products through three pathways. As shown in
Fig. 6, the first pathway was the intramolecular binding of two orthocarbon radicals on the two rings of DE, and C–C coupling led to the 5membered furan ring closure of DF. Then DF would be further
attacked by HO• and transformed into 2-OH-DF. The second pathway

3.5. Impact factors on the production of DF-type products
Considering the transformation mechanisms of BDE-1 involved the
radical reactions, the molecular structure of substrates, operational
conditions, and coexisting components in water matrix would heavily
affect the formation of DF-type products. Therefore, various factors were
discussed as follows to clarify their effects on the production of DF-type
products.

Fig. 6. The formation pathways of DF-type products during combined UV-chlorine treatment.
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3.5.1. The effects of molecular structure of substrates
It is well known that ortho-position substitution was the prerequisite
for the furan ring formation in DF-type products during the photolysis of
PBDEs [24]. However, in combined UV-chlorine system, it remained
unclear whether ortho-position substitution in PBDEs was necessary for
the formation of DF-type products. Therefore, BDE-2 and BDE-3 were
selected to discuss the effects of meta- and para-position in comparison
with ortho-position on the production of DF-type products in combined
UV-chlorine process. As shown in SI Fig. S10, the production of DF-type
products from BDE-2 and BDE-3 decreased sharply compared with that
from BDE-1 (p < 0.05). The production from BDE-2 and BDE-3 (0.09
µM) was approximately equal, which was only about 4.64% of that from
BDE-1 (1.94 µM). The results emphasized the importance of orthobromine substitution on the formation of DF-type products.
It has been proved that ortho-position substitution was crucial for the
formation of DF-type products. Whether different substituents on the
ortho-position would influence the production of DF-type products was
still unknown. Three diphenyl ethers, whose ortho-positions were
respectively substituted by hydroxyl, amino and carboxyl groups, were
selected as targets. As shown in SI Fig. S11, the production of DF-type
products during combined UV-chlorine process was in the following
order: bromine- (1.94 µM) > hydroxyl-(0.41 µM) > carboxyl-(0.32 µM)
> amino-substitution (0.26 µM). BDE-1 and 2-OH-DE can easily produce
DF via the elimination of HBr or H2O on ortho-positions. Similarly, Gong
et al. (2015) found that HO• attacked on the benzene ring of BP-3, and
BP-3 eliminated one molecule of H2O and underwent intramolecular
C–C coupling reaction during UV/H2O2 treatment process [41]. C–C
coupling reaction by eliminating HX (X = Cl, Br, OH) cannot directly
occur for diphenyl ethers with carboxyl and amino groups on orthopositions. Considering carbon radicals were important organic in
termediates for the formation of DF-type products during combined UVchlorine treatment, carboxyl and amino groups on ortho-positions need
to be firstly eliminated to form C–C bond. Decarboxylation is one of the
most important degradation pathways in photochemical process [42].
Comparing the effects of amino group and carboxyl group, decarbox
ylation can easily occur and form more DF-type products.

decreased by 53.4% when irradiation intensity increased to 12 mW
cm− 2.
3.5.3. The effects of coexisting components in water matrix
There are multiple coexisting components in real water. The possible
impacts of water matrices on the transformation of BDE-1 during com
bined UV-chlorine process should be investigated. Considering the
possible concentration range of common components in the natural
water and in the wastewater, a relatively low and a high concentration
were respectively selected in this study.
As shown in SI Fig. S16(a), there was no obvious variation on the
production of DF-type products in the presence of 5–50 mM Cl− . But
strong inhibitory effect on the production of DF-type products was
observed when Cl− concentration was at 500 mM (p < 0.05), and the
production decreased by 25.8%. In UV-chlorine process, Wang et al.
(2016) reported that 1–50 mM Cl− exhibited no significant effects on
carbamazepine degradation [47]. Ma et al. (2018) found the negligible
influence of 0–100 mM Cl− on the degradation of geosmin and 2-meth
ylisoborneol [48]. But increasing Cl− could accelerate the scavenging
reaction between Cl− and Cl• [49]. As a consequence, the production of
DF-type products decreased in this study due to the scavenging effects of
excessive Cl− .
Another halide Br− exhibited different effects on DF-type formation
from that of Cl− . As shown in SI Fig. S16(b), 1000 µM Br− exerted an
obvious decrease (30.4%) on the production of DF-type products (p <
0.05). However, the production differences were not significant when
Br− concentration ranged from 5 to 1000 µM. Br− can scavenge Cl• and
HO• and produce bromine-containing species with low reactivity
[50,51]. Moreover, Br− can also react with free chlorine and produce
free bromine, and the photolysis of HOBr/OBr− can generate Br• and
HO• in turn [52]. Nevertheless HO• concentration was lower at this
condition than that in the absence of Br− [52]. The above reasons
explained the decreasing production of DF-type products with
increasing Br− .
Some other coexisting ions in water such as HCO−3 , NO−3 and NH+
4
exhibited negative effects on the formation of DF-type products. As
shown in SI Fig. S17, the production of DF-type products obviously
reduced by 30.2%, 44.8% and 55.1% with HCO−3 increasing from 1 to
50 mM. The existence of HCO−3 would scavenge radicals including HO•,
•
Cl• and Cl2− , leading to decreasing production. SI Fig. S18 showed that
with adding 0.5, 1 and 5 mM of NO−3 , the production of DF-type products
was depressed by 3.34%, 18.2% and 19.1%, respectively. NO−3 can
produce HO• during photolysis and also competitively absorbed light
[53]. When high concentration of NO−3 existed, the light-shielding ef
fects played a dominant role, thus inhibiting the production of DF-type
products. As shown in SI Fig. S19, when NH+
4 concentration increased to
5 mM, the production of DF-type products decreased by 68.7% (p <
0.05), which indicated that NH+
4 could not only react with free chlorine
but also consume free radicals.
Humic acid (HA) is an important organic component in ambient
water, whose effects on fate of environmental pollutants should not be
ignored. SI Fig. S20 showed the production of DF-type products signif
icantly decreased in the presence of HA (p < 0.05). The production of
DF-type products was respectively depressed by 22.0%, 38.8%, and
48.4% when HA concentration was 1, 10, 50 mg L− 1. Both radical
scavenging effects and light-shielding effects of HA inhibited the pro
duction of DF-type products [36].
Finally, the real water sample was used to explore the effects on BDE1 transformation. The experiment was conducted with spiking 100 µM
BDE-1 in the ambient water samples collected from a wastewater
treatment plant in Beijing. The corresponding water parameters were
determined and shown in SI Table S2. Consequently, DF production was
ca. 74.0% of that in ultrapure water system. The decrease of products
formation may be attributed to scavenging effects and competitive light
absorption effects of water matrix.

3.5.2. The effects of operational parameters
pH value can not only affect the species distribution and reactivity of
FAC and substrates, but also impact on the generation and conversion of
free radicals [43]. HOCl exhibited a pH-dependent equilibrium between
HOCl and OCl− [44]. Therefore, combined UV-chlorine treatment was
conducted at pH 4.6 (100% as HOCl), pH 7.0 (50% as HOCl and 50% as
OCl− ) and pH 10.0 (100% as OCl− ). DF-type products were produced at
all pH values, while the yields were quite different. As shown in SI
Fig. S12, the production at pH 4.6 (1.66 µM) and at pH 7.0 (1.94 µM) was
equal, which was dramatically higher than that at pH 10.0 (1.27 µM) (p
< 0.05). It can be explained by the varying quantum yields and radical
scavenging effects at different pH values. More specifically, OCl− had
lower quantum yields and higher radical scavenging rates than HOCl
[36,43,45]. As a result, the production of DF-type products at alkaline
condition was lower.
Since FAC was both the source and scavenger of free radicals during
combined UV-chlorine process, its concentration would directly affect
the production and consumption of radicals [46]. SI Fig. S13 showed the
production of DF-type products significantly decreased from 1.94 µM to
0.75 µM with increasing chlorine doses from 10-equiv. to 1000-equiv.,
because the excessive chlorine mainly played the role of scavenging
radicals. Additionally, as shown in SI Fig. S14, when irradiation in
tensity increased from 4 to 12 mW cm− 2, the production of DF-type
products significantly decreased by 47.0%. This could be related to
the degradation of DF with high UV irradiation dose. To clearly eluci
date the influence of irradiation intensity, the photolysis experiments of
model compound DF with different irradiation intensities were carried
out. It can be seen that DF concentration continuously decreased with
increasing irradiation intensity (SI Fig. S15). DF concentration sharply
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3.6. Environmental significance

Declaration of Competing Interest

PBDEs, as additive retardants, can be easily released into the envi
ronment. The average concentration of PBDEs in the natural water was
ca. 40.0 ng L− 1 [54]. The existence of PBDEs possibly affects water
quality safety due to their potential formation of toxic DF-type products
during solar irradiation. Especially, the synergistic effect between UV
and chlorine treatments on DF formation is demonstrated in the present
study. In the real environment, some combined UV-chlorine scenarios
such as chlorinated water receiving solar light are very common.
In order to evaluate the potential risk of DF formed in the real
environment, the simulated solar light-chlorine experiment was con
ducted in tap water from our laboratory with spiking 40.0 ng L− 1 of BDE1. The chlorine dose was 0.5 mg L− 1 as Cl2. The xenon lamp with
wavelength 350–780 nm was used to stimulate solar light (I365nm = 1
mW cm− 2). The formation concentration of DF in this process was
converted to World Health Organization (WHO) toxic equivalent
quantity (TEQ) value, which was calculated based on the WHO toxic
equivalency factor (TEF) for dibenzo-dioxins/furans. SI Table S3 listed
the TEF values for PCDFs, which were in the range of 0.0003–0.3 across
three orders of magnitude, and the same TEF values were also recom
mended for brominated analogues (PBDFs) [55]. In the present system,
BDE-1 only produced DF without any chlorine or bromine substitution,
so the minimum TEF value (0.0003) was adopted to estimate the TEQ
value for DF produced during simulated solar light-chlorine process. The
TEQ value for DF formed in the present system was calculated as 4.58 ×
10− 3 pg L− 1. The total TEQ values for dibenzo-dioxins/furans are
regulated as 0.038 pg L− 1 (for freshwater) and 0.014 pg L− 1 by the
Canadian environmental quality guidelines and ambient water quality
criterion of the United States Environmental Protection Agency (US
EPA) [56,57]. BDE-1 was taken as an example in this study, although the
calculated TEQ value of DF was below the above guideline values, some
other PBDEs containing more bromine atoms exist in the environment,
which can produce more PBDFs with higher TEQ values. Moreover,
PBDEs and formed PBDFs readily accumulate in environmental matrices
and organisms. So the potential risk of DF-type products cannot be
ignored after daily solar irradiation in the real environment.
Dibenzo-dioxins/furans have multiple toxic effects and stable
chemical properties, threatening the ecological environment and human
health. The formation of dibenzo-dioxins/furans should be avoided or
decreased as much as possible whatever in the real environment or in the
water treatment process.
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