
lable at ScienceDirect

Chemosphere 155 (2016) 367e374
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Aqueous photochemical degradation of BDE-153 in solutions with
natural dissolved organic matter

Huili Wang a, Mei Wang b, 1, Hui Wang b, Jiajia Gao b, Randy A. Dahlgren b, Qing Yu b,
Xuedong Wang b, *

a College of Life Sciences, Wenzhou Medical University, Wenzhou 325035, China
b Key Laboratory of Watershed Sciences and Health of Zhejiang Province, Wenzhou Medical University, Wenzhou 325035, China
h i g h l i g h t s
* Corresponding author.
E-mail address: zjuwxd@163.com (X. Wang).

1 Co-first author: Mei Wang.

http://dx.doi.org/10.1016/j.chemosphere.2016.04.071
0045-6535/© 2016 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� Generation of �OH and 1O2 in process
of BDE-153 photolysis in water by
ESR technique.

� The contribution of �OH (28.7e31.0%)
to the indirect photolysis of BDE-153
was higher than that of the 1O2 (12.9
e14.9%).

� The indirect photolysis of BDE-153
containing NOM is primarily attrib-
utable to �OH and 3NOM*.
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The compound 2,20 ,4,40 ,5,50-hexabrominated diphenyl ether (BDE-153) is an intermediate photolytic
product in the degradation of highly brominated diphenyl ethers to lower brominated forms. Herein, we
report the effects of two natural organic matter (NOM) sources, Suwannee River fulvic acid (SRFA) and
Pony Lake fulvic acid (PLFA), on BDE-153 photolysis in water. The rate constant (k) and half-life of BDE-
153 was 2.26 � 10�2 min�1 and 30.72 min under UVeVis irradiation (direct photolysis at l > 290 nm).
The k value for BDE-153 decreased markedly in the presence of NOM with a larger decrease in the
presence of PLFA than SRFA. Electron spin resonance (ESR) demonstrated generation of free radicals in
the photolytic process that mainly involved 1O2 and �OH. The biomolecular k values for reaction of 1O2

and �OH with BDE-153 were 3.65 � 106 and 7.70 � 108 M�1 s�1, respectively. The contribution of �OH
(28.7e31.0%) to the indirect photolysis of BDE-153 was higher than for 1O2 (12.9e14.9%). The photolytic
rate of BDE-153 in oxygen-rich (aerated) solution was much slower than in oxygen-poor (nitrogen-
sparged) conditions, demonstrating that 3NOM* is a more effective reagent for degradation of BDE-153
than 1O2. Addition of sorbic acid (a 3NOM* quencher) significantly reduced the photolytic rate of BDE-153
confirming the important role of 3NOM* in indirect photolysis. In the presence of NOM, BDE-153 indirect
photolysis was facilitated mainly by reaction with 3NOM* and �OH. To the best of our knowledge, this is
the first comprehensive investigation of indirect photolysis of BDE-153 in water containing NOM.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs), commonly used as an
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Fig. 1. The molecular structure of BDE-153.
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additive in brominated flame retardants (BFRs), have attracted
increasing attention as environmental contaminants (de Wit et al.,
2010). The 2,20,4,40,5,50-hexabrominated diphenyl ether (BDE-153)
compound is one of the most abundant PBDE congeners in the
environment (Chen et al., 2010). BDE-153 is an intermediate
photolytic product in the degradation of highly brominated
diphenyl ethers (such as BDE-209 and -183) to lower brominated
compounds (such as BDE-47,�28 or�15) (Rayne et al., 2006). BDE-
153 has strong hydrophobic properties (log Kow¼ 7.9), and thus it is
more persistent than other representative PBDE congeners such as
2,20,4,40-tetrabrominated diphenyl ether (BDE-47) and 2,20,4,40,5-
pentabrominated diphenyl ether (BDE-99) in natural waters (Qiu
et al., 2007; Viberg et al., 2003). BDE-209 photolysis can produce
BDE-153 under ultraviolet irradiation (Shih and Wang, 2009).
Meanwhile, BDE-153 photolysis in hexane produces other less
brominated diphenyl ethers (triBDEs-pentaBDEs), such as BDE-47
and BDE-28 (Fang et al., 2008). To better understand the photo-
chemical transformation of PBDEs, BDE-153 was selected as a
representative PBDE congener for this study. BDE-153 photolysis
has been primarily studied in organic solvents and under a limited
range of irradiation conditions (Fang et al., 2008; Shih and Wang,
2009; Rayne et al., 2006). There is a paucity of data on BDE-153
degradation in aqueous solution due to its low solubility, and
thus the underlying photolytic mechanism is poorly understood in
natural waters.

The direct photolysis of BDE-153 occurs because its absorption
spectrum overlaps with that of sunlight (Eriksson et al., 2004). In
contrast, indirect photolysis refers to reaction of BDE-153 with
reactive oxygen species (ROS) generated by photosensitizers, in
most cases natural dissolved organic matter (NOM). NOM photol-
ysis leads to the formation of ROS, including hydrogen peroxide
(H2O2), hydroxyl radical (�OH), singlet oxygen (1O2), superoxide
(O2

�) and the triplet excited state of NOM (3NOM*) (Cooper et al.,
1989). NOMs are complex molecules consisting of aromatic cores
with highly substituted functional groups and peripheral aliphatic
units (Aleksandrova et al., 2011). NOM can interact with hydro-
phobic organic compounds (HOCs) through the dual effects of ra-
diation screening by NOM and photosensitization, thereby affecting
the environmental partitioning and transformation of HOC pol-
lutants. A number of studies have shown that NOM plays a signif-
icant role in photolysis of organic pollutants (Chen et al., 2009; Yang
et al., 2013; Xu et al., 2011). Xu et al. (2011) observed a significant
increase in the degradation rate of amoxicillin in irradiated solution
containing fulvic acid with reaction of singlet and triplet excited
state NOM accounting for 48e74% of amoxicillin degradation. Leal
et al. (2013) studied the effect of different humic substances on
the photodecomposition of BDE-209 and found that humic and
fulvic acids inhibited the degradation process in a similar way. Also,
Eriksson et al. (2004) observed the first-order decay of BDE-209 in
an aqueous solution of humic substances. NOM can enhance or
hinder the photolysis of organic pollutants, depending on the
chemical nature of the pollutant and its concentration (Canonica
and Laubscher, 2008). However, the effects of NOM on BDE-153
photolytic reactions are not well documented.

Suwannee River fulvic acid (SRFA; a terrestrially derived NOM)
and Pony Lake fulvic acid (PLFA; a microbially derived NOM) were
selected as two representative NOM sources in previous studies
(Felcyn et al., 2012; Guerard et al., 2009). SRFA and PLFA are
considerably different in their chemical composition (Table S1).
Carbon inputs from higher plants containing lignin and tannins
dominate the terrestrially derived NOM chemical signature,
whereas microbially derived NOM is derived from the cellular ex-
cretions of phytoplankton and bacteria and the turnover of mi-
crobial biomass (Aiken et al., 1992). Additionally, Chin et al. (1994)
reported that terrestrially derived NOM has more aromatic
moieties and lower nitrogen and sulfur functional groups than
microbially derived NOM leading to prominent differences in their
effects on the photolytic behavior of organic pollutants.

Herein, we investigated the aqueous-phase photochemistry of
BDE-153 at a concentration representative of environmental sam-
ples (~10�9 M) in the presence of NOM.We further utilized electron
spin resonance (ESR) to verify the participation of ROS in the
photolytic process of BDE-153, and the indirect photolytic contri-
butions from different ROS were assessed. To the best of our
knowledge, this is the first comprehensive investigation of indirect
photolysis on BDE-153 degradation in aqueous solutions containing
NOM. These results inform remediation strategies for BDE-153 in
the environment by improving predictions for photochemical
degradation in natural waters and may also be applicable to further
our understanding of the fate of similar emerging contaminants in
the environment.
2. Materials and methods

2.1. Reagents and chemicals

BDE-153 (50 mg L�1 in isooctane; see structure in Fig. 1) was
purchased from Accustandard (New Haven, CT, USA). Isopropyl
alcohol (IPA), sorbic acid (SA), H2O2 (30%) and acetophenone (AP)
were obtained from Aladdin Industrial Co., Ltd. (Shanghai, China).
Sodium azide (NaN3, 99.5%), rose bengal (RB, 93%) and furfuryl
alcohol (FFA, 98%) were purchased from Sigma-Aldrich (Shanghai,
China). Suwannee River fulvic acid (SRFA) and Pony Lake fulvic acid
(PLFA) were purchased from the International Humic Substances
Society (IHSS, Denver, CO, USA). The 2,2,6,6-tetramethylpiperidine
(TEMP, 99%, Sigma Aldrich) and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, 97%, Sigma Aldrich) were stored at�20 �C and used as spin
traps for 1O2 and �OH/O2�, respectively. HPLC-grade acetonitrile and
methanol were obtained from Merck Company (Darmstadt, Ger-
many). All chemical reagents were analytical grade. Ultrapure wa-
ter (18MU) was obtained from aMilli-Q system (Millipore, Bedford,
USA).
2.2. Photolytic experiments

A photochemical reactor, purchased from Shanghai BiLon Cor-
poration (model BL-GHX-V, Shanghai, China), was used to perform
a series of photolytic experiments. A water-refrigerated 300 W
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mercury lamp was used to supply a stable UVeVis irradiation
(l > 290 nm). Cutoff filters restricted the transmission of wave-
lengths below 290 nm. The photochemical reactor was refrigerated
by an air-cooled system. The light intensity in the center of the
reactive solutions within the photochemical reactor was
10.6 mW cm�2 (Fig. S1). Fig. S2 shows the light source irradiance
spectra measured by a SP-300 spectroradiometer (Acton Research
Corporation, USA).

Due to the limited water solubility of isooctane, acetonitrile was
chosen as an intermediate solvent. First, isooctane in 1.0 mL stan-
dards of BDE-153 was evaporated using a gentle nitrogen flow.
Then, the stock solutions of BDE-153 (20 mg L�1) were prepared in
acetonitrile at ambient conditions (Leal et al., 2013). An initial
concentration of 20 mg L�1 BDE-153 (35 mL) was prepared by
diluting the stock solutionwith an appropriate volume of ultrapure
water, which was then transferred to a quartz tube. All photolytic
experiments were performed in triplicate, and a corresponding
dark control was prepared by wrapping the quartz tube with
aluminum foil to protect from light (Wang et al., 2015). During the
irradiation experiments, aliquots (5 mL) of the sample were
transferred to a glass test tube at given time intervals for dispersive
liquid-liquid microextraction (DLLME, Fig. S3). Direct photolytic
experiments were conducted in water without addition of NOM.
Indirect photolytic experiments were performed inwater, as well as
with addition of NOM to the sample solutions. The stock solutions
of NOM (200 mg L�1) were prepared in ultrapure water and stored
at 4 �C. SRFA and PLFAwere used with concentrations ranging from
5 to 30 mg L�1 NOM (corresponding to ca. 2.5e15 mg L�1 DOC).

2.3. Indirect photolysis

(i) Roles of 1O2 and �OH. Solutions of BDE-153, containing SRFA
or PLFA, were prepared and exposed to simulated sunlight as
detailed above. Experiments were conducted with addition
of NaN3 (10 mM, quenchers of 1O2) and IPA (100 mM,
quenchers of �OH) to investigate indirect photolytic mecha-
nisms (Latch et al., 2003).

(ii) Reaction rate constant of BDE-153 with 1O2. RB (2 mM), as a
photosensitizer for 1O2 production, was photolyzed simul-
taneously in solutions of BDE-153 and 200 mM FFA in ultra-
pure water using the 300 W mercury lamp irradiation.
Solutions were irradiated in a photochemical reactor equip-
ped with a 420 nm cutoff filter to limit the direct photolysis
of BDE-153 (Latch et al., 2003; Scully and Hoigne, 1987). Al-
iquots (0.5 mL) of the solution were extracted at time in-
tervals to determine the FFA concentration by HPLC as
described below. BDE-153 concentrations were extracted
and concentrated by DLLME as described below. A 5.0 mL
aliquot containing PBDEs was placed into a 15 mL screw cap
glass tube with conical bottom. A mixture of 1.0 mL aceto-
nitrile (dispersive solvent) and 22.0 mL 1,1,2,2-
tetrachloroethane (extraction solvent) was injected rapidly
into the sample with a 2 mL pipette. The relative fortified
recoveries ranged from 87.0 to 107.6% for PBDEs.

(iii) Reaction rate constant of �OH and BDE-153. H2O2 (100 mM),
as a photosensitizer for �OH production, was photolyzed
simultaneously in solutions of BDE-153 and 50 mM AP in
ultrapure water using the 300 W mercury lamp irradiation.
The solutions were irradiated in a photochemical reactor
equipped with a 340 nm cutoff filter to limit the direct
photolysis of BDE-153 (Eriksson et al., 2004). Under this
irradiation, light absorption of acetophenone and its corre-
sponding sensitized effect are avoided (Xie et al., 2013).

(iv) Role of 3NOM*. Solutions of BDE-153, containing 10 mg L�1

SRFA or PLFA, were prepared and exposed to simulated
sunlight as detailed above. The photolytic experiments were
conducted with addition of sorbic acid (1 mM) and at both
oxygenated conditions by purging with air or deoxygenated
condition by purging with nitrogen gas.
2.4. Instrumental analysis

2.4.1. HPLC analysis
AP and FFA were quantified using an Agilent HPLC-1260 system

with a XDB-C18 column (5 mm, 150 mm � 4.6 mm) and UV/Vis
detector. The optimized mobile phase for AP was 60% acetonitrile-
40% H2O, flow rate was 0.8 mL min�1, and detector wavelength was
245 nm. For FFA determination, the mobile phase was 20%
acetonitrile-80% H2O with a flow rate of 0.8 mL min�1 and detector
wavelength of 218 nm.

2.4.2. Determination of BDE-153 by GC
PBDE analysis was performed using an Agilent 7890 GC (Agilent

Technologies, Wilmington, DE, USA) equipped with a micro-
electron capture detector (mECD) and a HP-5 capillary column
(30 m � 0.32 mm I.D., 0.25 mm film thickness, Agilent). Sample
injections were performed in the splitless mode using an injection
temperature of 290 �C. The oven temperature was initially held at
110 �C for 3 min, increased to 250 �C for 5 min at 30 �C min�1, and
thereafter raised at 30 �C min�1 to 300 �C, which was held for
6 min. The detector temperature was 300 �C. Nitrogen (purity
99.999%) was employed as the carrier gas at a constant flow rate of
1.5 mL min�1, and the split flow was set at 60 mL min�1 for make-
up gas.

2.4.3. Electron spin resonance measurements
Electron spin resonance (ESR) signals for 1O2 and �OH, which

were trapped by 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), respectively, were recor-
ded on a Bruker A300 spectrometer (Bruker, Germany) equipped
with a 150 W mercury lamp as the irradiation light source. The
setting of the ESR spectrometer was as follows: microwave fre-
quency, 9.85 kHz; microwave power, 20.20 mW; modulation fre-
quency, 100 kHz; and center field, 3514.66 G.

3. Results and discussion

3.1. BDE-153 photolysis in the presence and absence of NOM

The direct and indirect photolysis of BDE-153 was studied in the
presence and absence of PLFA and SRFA (Figs. 2 and S4). Linear
relationships between ln(Ct/C0) and time (min) showed that
photolytic reactions followed pseudo-first-order kinetics
(R2 > 0.95). The rate constant (k) and half-life (t1/2) of BDE-153 in
the absence of NOM was (2.26 ± 0.08) � 10�2 min�1 and
(30.72 ± 0.06) min (R2 ¼ 0.9981) under UVeVis irradiation (direct
photolysis, at l > 290 nm). Previous research by our group
demonstrated that the photolysis of BDE-47 and BDE-28 followed
pseudo-first-order kinetics with k values of 1.84 � 10�2 and
9.65 � 10�3 min�1, respectively, under UVeVis irradiation
(l > 290 nm) in water (Wang et al., 2015). These results are in
general agreement with Wei et al. (2013) who determined that k
values for PBDEs increased with increasing bromine saturation.
Eriksson et al. (2004) observed rate differences up to 700 times
between the slowest (BDE-77) and fastest (BDE-209) reacting
PBDEs. Wang et al. (2015) further demonstrated that k values were
about 2.5-fold greater for hexabromodiphenyl ether (BDE-153 and
BDE-154) than tetrabromodiphenyl ether (BDE-47). Many of these
differences can be explained by absorbance behavior since the



Fig. 2. (a) Effects of the different PLFA concentrations on the photolytic kinetics of BDE-153 (20 mg L�1). (b) Effects of NOM concentrations on the observed photolytic rate constants
(kobs) of BDE-153 (20 mg L�1) in pure water with addition of SRFA or PLFA. Note: Under 300 W mercury lamp irradiation (l > 290 nm).
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higher brominated diphenyl ethers absorb at longer wavelengths
(BDE-153 or BDE-154, lmax ¼ 297; BDE-47, lmax ¼ 291) (Eriksson
et al., 2004).

In the presence of SRFA and PLFA, k values for BDE-153 were
(1.55 ± 0.05)� 10�2 and (1.74 ± 0.02)� 10�2, respectively (Table 1),
indicating that addition of NOM significantly (p < 0.05) decreased
the rate constants for BDE-153 (Figs. S4 and 2b) compared with the
absence of NOM (2.26 ± 0.08) � 10�2. The above observations are
consistent with those measured for other compounds (Leal et al.,
2013; Chin et al., 2004). The photolytic percentage of BDE-209
decreased substantially in the presence of humic and fulvic acids
(Leal et al., 2013).Walse et al. (2004) found that NOM decreased the
rate of fipronil photolysis primarily through competitive light ab-
sorption and quenching of fipronil. Leal et al. (2013) reported that
the photolytic percentage of BDE-209 decreased substantially in
the presence of humic and fulvic acids and attributed their findings
to two main effects: (i) screening effects from radiation absorption
by humic substances and (ii) hydrophobic associations between
BDE-209 and humic acid that promote quenching or deactivation of
the excited-state. Further, humic substances affect the adsorption
of organic contaminants to aquifer material and sorption of PBDEs
to dissolved humic substances in aqueous solutions (Rav-Acha and
Rebhun,1992; Kuivikko et al., 2010). Chu et al. (2005) attributed the
decrease of the photolytic rate of PCBs, which have structural
similarities to PBDEs, to the decrease in lifetimes of their excited
singlet or triplet states caused by binding to humic substances.

Obviously, the difference in k values for BDE-153 in the presence
of SRFA (1.55 � 10�2) versus PLFA (1.74 � 10�2) results from their
different origins and chemical structures that leads to different
light screening effects. The higher aromatic content in terrestrially
derived NOM allows it to absorb more light per unit carbon, which
results in a larger molar absorptivity or UV absorbance compared to
microbially derived NOM (Chin et al., 1994). In contrast, Guerard
et al. (2009) observed photo-enhanced degradation of sulfadime-
thoxine (SDM) and triclocarban (TCC) in the presence of microbially
derived NOM, which is counterintuitive since microbial fulvic acids
Table 1
Photolytic rate constants of BDE-153 under UVeVis irradiation (l > 290 nm).

Reactions k

Photolysis in ultrapure water kPW
Photolysis in ultrapure water containing 100 mM IPA kPWþIPA
�OH-induced photolysis in ultrapure water k$OHðPW
Photolysis in ultrapure water containing 5 mM NaN3 kPW þ N
1O2-induced photolysis in ultrapure water k1O2ðPW
tend to absorb less light than terrestrially derived NOM. Mean-
while, Felcyn et al. (2012) reported that NOM frommicrobial origin
was found to be a more potent photosensitizer than NOM from
terrestrial sources.

The photolytic rates for BDE-153 were reduced with an increase
in PLFA or SRFA concentrations (Figs. 2 and S5). The photolytic rates
for BDE-153 were greater in the presence of PLFA from microbial
origin than in the presence of SRFA from terrestrial origin (Fig. 2b),
which was in general agreement with the results of Felcyn et al.
(2012). Because sunlight-mediated photolysis of organic pollut-
ants in natural waters results from NOM-derived reactive species,
e.g. 1O2, �OH and 3NOM*, the different composition of NOM can lead
to differences in indirect reaction rates of BDE-153 (Guerard et al.,
2009).
3.2. Indirect photolytic contribution by ROS

To quantitatively demonstrate the role of 1O2 and �OH in indirect
photolytic processes, a series of quencher experiments was per-
formed. BDE-153 solutions containing 10 mg L�1 NOM were stud-
ied under irradiation (l > 290 nm) in pure water, with the addition
of IPA (100 mM, an �OH scavenger) and NaN3 (10 mM, an 1O2
scavenger) (Fig. 3) (Latch et al., 2003). The addition of IPA in pure
water induced a pronounced inhibition of BDE-153 photolytic rates
in the presence of 10 mg L�1 NOM, indicating that �OH was of
importance in indirect photolytic processes. In contrast, NaN3 had a
smaller effect on the photolytic rates of BDE-153 (Fig. 3). The
contribution of indirect photolysis due to reaction with �OH (R�OH)
and 1O2 (R1O2

) during the BDE-153 photolysis process was calcu-
lated by Equations (1) and (2):

R$OH ¼ k$OHðPWÞ
kPW

¼ kPW � kPWþIPA

kPW
(1)
SRFA (�10�2) PLFA (�10�2)

1.55 ± 0.05 1.74 ± 0.02
1.07 ± 0.03 1.24 ± 0.08

Þ 0.48 0.5

aN3
1.35 ± 0.01 1.48 ± 0.02

Þ 0.20 0.26



Fig. 3. Effects of NaN3 (10 mM) and isopropyl alcohol (100 mM) on photolytic kinetics of BDE-153 in the presence of 10 mg L�1 NOM in pure water under 300 W mercury lamp
irradiation (l > 290 nm). Note: a, SRFA; b, PLFA.
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R1O2
¼ k1O2ðPWÞ

kPW
¼ kPW � kPWþNaN3

kPW
(2)

where kPW , kPW þ IPA and kPW þ NaN3
indicate the photolytic rate

constants of BDE-153 in pure water (without quencher), addition of
IPA and addition of NaN3, respectively.k1O2ðPWÞ and k$OHðPWÞ corre-
spond to the rate constants for 1O2-induced and �OH-induced BDE-
153 photolysis, respectively (Zhu et al., 2014; Ge et al., 2009).
Table 1 summarizes the k values for BDE-153 under different con-
ditions. The indirect photolytic contribution rates for BDE-153
photo-oxidation processes via 1O2 and �OH were 12.9% and 31.0%,
respectively, in the presence of 10 mg L�1 SRFA. Similarly, those for
BDE-153 were 14.9% and 28.7%, respectively, in the presence of
10 mg L�1 PLFA. These results demonstrate that 1O2 and �OH were
involved in the indirect photolysis of BDE-153 upon addition of
NOM. However, the contribution of �OH (28.7e31.0%) to the indirect
photolysis of BDE-153 was prominently higher compared to 1O2
(12.9e14.9%).
3.3. ESR detection of �OH and 1O2

ESR and spin-trap techniques were used to probe 1O2 and �OH
trapped by TEMP and DMPO, respectively (Zhu et al., 2014; Zhan
et al., 2006; Yao et al., 2014; Chen et al., 2008). As shown in
Fig. 4, ESR signals consisting of a 1:1:1 triplet were observed in the
irradiation of BDE-153 and TEMP solutions containing NOM, which
was attributed to the nitroxide radical adduct, 4-oxo-TEMP (Zhan
et al., 2006). The intensity of the 4-oxo-TEMP signal rapidly
increased with UVevis irradiation time and reached a maximum
after approximately 12 min of UVeVis irradiation (Fig. 4a and c). To
confirm that the formation of nitroxide was due to 1O2 reaction,
NaN3 (sodium azide) was added to the BDE-153, NOM and TEMP
mixtures. The ESR signal for the nitroxide radical did not increase in
the presence of NaN3 during the photolytic process (Fig. 4b and d),
which indicated that formation of the 4-oxo-TEMP spin adduct was
greatly suppressed due to quenching of 1O2 by NaN3.

ESR signals consisting of a 1:2:2:1 quartet pattern indicated that
the DMPO-OH adduct was produced by irradiation of BDE-153
(Fig. 5; Brezova et al., 2004). The intensity of the DMPO-OH signal
rapidly increased with UVeVis irradiation time and reached a
maximum after approximately 12 min of irradiation (Fig. 5a and c).
When the BDE-153 solution was irradiated with addition of iso-
propyl alcohol (IPA), DMPO-OH signals did not increase during the
photolytic process (Fig. 5b and d), which confirmed that the ESR
signal for DMPO-OH was formed via �OH reaction. These results
further confirmed that the indirect photolysis of BDE-153 involved
both �OH and 1O2. In general, we used ESR to demonstrate the
formation of free radicals during BDE-153 photolysis in aqueous
solutions.
3.4. Kinetic studies for 1O2 reaction with BDE-153

To determine the rate constant of 1O2 with BDE-153, the con-
centrations of BDE-153 and FFA were measured during irradiation
when RB was used as a photosensitizer for 1O2 production in pure
water. The loss of BDE-153 upon reaction with 1O2 was monitored
alongside the steady-state reaction of a reference compound with a
known kFFA (FFA) (Latch et al., 2003). The bimolecular reaction rate
constant of FFA with 1O2 (kFFA) was determined to be
1.2 � 108 M�1 s�1 (Latch et al., 2003; Halladja et al., 2007), and
those of BDE-153 with 1O2 (k1O2

) was determined using the ratio of
the slope obtained from a plot of substrate degradation versus the
reference compound degradation as shown in Equation (3):

ln
½S�t
½S�0

¼ k1O2;S

k1O2;FFA
ln

½FFA�t
½FFA�0

(3)

where k1O2 ;FFA is the rate constant for the reaction between FFA and
1O2, and k1O2 ;S is the rate constant for the reaction between BDE-
153 and 1O2 (Xu et al., 2011; Boreen et al., 2008; Kelly and
Arnold, 2012). The bimolecular reaction rate constant for the re-
action of 1O2 with BDE-153 was determined to be
3.65 � 106 M�1 s�1 (Fig. S6a), which was comparable to those
(1.9 � 106 M�1 s�1e8.0 � 106 M�1 s�1) observed for other organic
contaminants such as trimethoprim, terbutaline and neutral HO-
PBDEs (Yang et al., 2013; Xie et al., 2013; Luo et al., 2012).
Barbieri et al. (2008) reported that the k values for the reaction
between bisphenol A and 1O2 was 1.01 � 108 M�1 s�1 in water
(pH ¼ 10), which was nearly two order of magnitude higher than
that for 1O2 with BDE-153. The above differences in k values of BDE-
153 and bisphenol A may be partially explained by bisphenol A in
water (pH ¼ 10) consisting of 27% fully protonated form, 70% singly
deprotonated form, and 3% fully deprotonated form. Moreover, Xie
et al. (2013) reported that the direct photolytic rate and second-
order reaction rate with 1O2 and �OH for anion forms were much
higher than those for neutral molecules. As a result, the higher
protonation of bisphenol A could result in its higher photolytic rate
although the structural differences between bisphenol A and BDE-
153 were the main factor.



Fig. 4. ESR spectra of 1O2 spin-trapping with TEMP from the irradiation of BDE-153 (20 mg L�1) solution containing NOM. Note: (1) The initial concentration was 20 mg L�1 for BDE-
153, 0.02 mol L�1 for TEMP, 10 mg L�1 NOM and 10 mM for sodium azide; (2) Irradiation time was 12 min; (3) Spectrum a and b for SRFA; spectrum c and d for PLFA.
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3.5. Kinetic studies for �OH reaction with BDE-153

To determine the bimolecular reaction rate constant for BDE-
153 with �OH (k$OH), a UV/H2O2 system was used to generate �OH
and acetophenone was chosen as the reference compound (Kelly
and Arnold, 2012). The bimolecular reaction rate constant of AP
with �OH (kAP) was determined to be 5.9 � 109 M�1 s�1 (Buxton
et al., 1988; Tang and Huang, 1996). According to Equation (3),
the bimolecular reaction rate constant for �OH with BDE-153 was
calculated as 7.70 � 108 M�1 s�1 (Fig. S6b), which was lower than
terbutaline (6.87 � 109 M�1 s�1), anionic HO-PBDEs
(47.96e95.88 � 109 M�1 s�1) and neutral HO-PBDEs
(1.93e6.73 � 109 M�1 s�1) (Yang et al., 2013; Xie et al., 2013).
Hatipoglu et al. (2010) reported that hydrogen atom abstraction of
the 4-chlorophenol hydroxyl by the �OH is the most plausible
process for formation of the 4-chlorocaechol intermediate, while
adding �OH to the aromatic ring is the dominant pathway for
forming the hydroquinone. Moreover, Zhou et al. (2011) found two
pathways of BDE-15 photooxidation leading to formation of HO-
PBDEs, Br substitution by �OH and abstraction of H to �OH in BDE-
OH adducts by O2. These studies support the role of �OH in the
photolytic reaction of the investigated chemicals, resulting in ac-
celeration of the photolytic process.
3.6. Role of 3NOM*

As O2 is known to be a triplet quencher, an experiment was
conducted using the NOM solution sparged with N2 (deoxygen-
ated). Because the dissolved O2 was largely removed in the N2-
sparged system, the decreased O2 concentration leads to increasing
3NOM* concentrations and reduced 1O2 concentrations (Yang et al.,
2013; Chen et al., 2009), which should strongly affect reaction
pathways involving both 1O2 and 3NOM*. The photolytic rate of
BDE-153 in the oxygen-rich (aerated) solution was much slower
than in the oxygen-poor (nitrogen-sparged) environment, implying
that 3NOM* was a more effective reagent for destruction of BDE-
153 than 1O2 (Fig. 6a). As sorbic acid can quench 3NOM* (Grebel
et al., 2011), the addition of sorbic acid resulted in a significantly
reduced photolytic rate for BDE-153 (Fig. 6b), suggesting that
3NOM* plays a role in the indirect photolysis of BDE-153. However,
it should be noted that in addition to quenching 3NOM*, sorbic acid
may also impact the production of photochemically produced
reactive intermediates (PPRIs) formed from 3NOM*. Because 1O2 is
a downstream product of 3NOM*, sorbic acid could effectively
reduce the steady-state concentrations of 3NOM* and 1O2 thereby
mediating reactions involving either 3NOM* or 1O2. Therefore, the
photolysis of BDE-153 proceeded more slowly in the presence of
sorbic acid. Moreover, Kelly and Arnold (2012) reported that sorbic
acid could quench direct photolysis as well as any reaction with
3NOM*. Taken together, these observations strongly suggest that in
the presence of NOM, the BDE-153 indirect photolysis proceeded
mainly via reaction with �OH and 3NOM*.
4. Conclusion

The photolysis of BDE-153 followed pseudo-first-order kinetics
upon exposure to simulated sunlight irradiation in water with a
rate constant of 2.26� 10�2 min�1 and half-life of 30.72 min. When
NOM was added into the solution, a decrease in BDE-153 degra-
dation was observed in irradiated solutions. NOM may inhibit
photodegradation of BDE-153 through competitive light absorp-
tion. Additionally, indirect photolysis of BDE-153 occurred in irra-
diated solutions containing NOM. Owing to the dual effects of
radiation screening and photosensitization, SRFA and PLFA



Fig. 5. ESR spectra of �OH spin-trapping with DMPO from the irradiation of BDE-153 solution containing NOM. Note: (1) The initial concentration was 20 mg L�1 for BDE-153,
0.05 mol L�1 for DMPO, 10 mg L�1 NOM and 100 mM for IPA; (2) Irradiation time was 12 min; (3) Spectrum a and b for SRFA; spectrum c and d for PLFA.

Fig. 6. (a) Photolysis of BDE-153 containing 10 mg L�1 NOM (SRFA and PLFA) irradiated under nitrogen- and air-saturated conditions in pure water under 300 W mercury lamp
irradiation (l > 290 nm). (b) Effect of added triplet quencher sorbic acid (SA, 1 mM) on the photolysis of BDE-153 containing 10 mg L�1 NOM (SRFA and PLFA).
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decreased the photolytic rate of BDE-153. The photolytic rates for
BDE-153 were greater in the presence of PLFA frommicrobial origin
than in the presence of SRFA from terrestrial origin. Furthermore,
the inhibition effect of NOM on photodegradation of BDE-153 was
strongly dependent on NOM concentration. The inhibition effect of
NOM increased with increasing NOM concentration. The sunlight-
mediated photolysis of organic pollutants in natural waters re-
sults from NOM-derived ROS, e.g. 1O2, �OH and 3NOM*. ESR ex-
periments demonstrate generation of 1O2 and �OH in photolytic
processes for BDE-153 degradation in the presence of NOM. The
contribution of �OH (28.7e31.0%) to indirect photolysis of BDE-153
was greater than for 1O2 (12.9e14.9%). Addition of sorbic acid and
modification of dissolved oxygen concentrations supported the
assumption that the excited state of NOM* played a key role in the
photochemical transformation of BDE-153.
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