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H I G H L I G H T S

• rGO promoted the oxidative coupling
of BPs in water in the dark.

• HO-PBDEs and HO-PBBs were the
main reaction products.

• Dissolved oxygen was the oxidant of
BPs oxidation.

• Dissolved oxygen oxidized BPs by
forming of reactive oxygen species.
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A B S T R A C T

The widespread use of bromophenols in industrial products has led to their emergence in natural water environments.
This study investigated the oxidative coupling reactions of 2,6-dibromophenol (2,6-diBP), 2,4-dibromophenol (2,4-
diBP) and 3,5-dibromophenol (3,5-diBP) during the water purification by reduced graphene oxide (rGO). Results
showed that rGOmarkedly promoted the oxidation of three bromophenols (BPs). The oxidation efficiencies of three BPs
were related to their homolytic bond dissociation energies and decreased following the order of 2,6-diBP > 2,4-
diBP > 3,5-diBP. Mass spectrometry and density functional theory calculation revealed that CeO and CeC coupling
among BPs radicals were the main reaction pathways, with the hydroxylated polybrominated diphenyl ethers (HO-
PBDEs) and the hydroxylated polybrominated biphenyls (HO-PBBs) being the main reaction products. The oxidant of
the reaction was dissolved oxygen, which was first transformed to the surface-bound reactive oxygen species on gra-
phene defects and then oxidized BPs into HO-PBDEs and HO-PBBs. To our knowledge, this is the first report indicating
that HO-PBDEs and HO-PBBs could be generated during the adsorption of BPs by rGO. Given the enhanced toxicity of
HO-PBDEs and HO-PBBs, caution should be taken when treating BPs-containing water with rGO.
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1. Introduction

The hydroxylated polybrominated diphenyl ethers (HO-PBDEs),
known as the hydroxylated forms of polybrominated diphenyl ethers
(PBDEs), have been found ubiquitous in the environment and biological
systems [1–6]. In comparison to PBDEs, HO-PBDEs exhibited much
stronger toxic effects on organisms, such as neurotoxicity [7–9], es-
trogenic effects [10], and disruption of thyroid hormone homeostasis
[9]. These toxicities could be further enhanced by bioaccumulation
[11–13] or the transformation to other more toxic compounds [14–16].

Unlike PBDEs, OH-PBDEs are not originally man-made chemicals,
and rarely discharged into the environment in large scale. Therefore,
sources of the existing HO-PBDEs in natural environment have attracted
considerable attentions. According to previous research, the well-
known formation pathway of HO-PBDEs was the hydroxylation of
PBDEs. It was shown that PBDEs could be transformed to HO-PBDEs
during wastewater treatment [4], in organisms [17] and atmosphere
[18]. In addition, a portion of HO-PBDEs was found to be the natural
production of organisms, such as marine algae, associated micro-
organisms and beaked whales [19–21]. Another formation pathway of
HO-PBDEs is the polymerisation of bromophenols (BPs) under UV ir-
radiation or the oxidation of manganese salts [22–28]. However, it
should be noted that sunlight and strong oxidants are not always
available in most environments. To our knowledge, few studies were
performed to investigate if HO-PBDEs can be formed from BPs in the
dark and in the absence of strong oxidants.

Graphene-based nanomaterials (GBNs) have raised concerns in recent
years. Due to their large specific surface areas and strong modification
abilities, GBNs had been widely used as superior adsorbents to remove
pollutants. It was shown that GBNs can strongly adsorb polycyclic aro-
matic hydrocarbons, heavy metals, dyes, phenolic compounds and anti-
biotics etc. [29–32]. However, recent research revealed that not all ad-
sorbed pollutants on reduced graphene oxide (rGO) were chemically inert.
rGO also has weak catalytic ability and can cause many pollutants trans-
formation during the adsorption process. For example, it was found that
rGO promoted the oxidation of phenol, 4-methylphenol, and 4-methox-
yphenol to their corresponding hydroxybiphenyl ethers and hydro-
xybiphenyls under the mediation of graphene [33,34]. Clearly, the trans-
formation altered the fate of adsorbed pollutants and brought new risks to
the environment. BPs are one kind of major environmental pollutants from
various industrial processes, such as flame-retardant intermediates and
wood preservatives. Considering the structural similarity between these
phenolic compounds and BPs, it is reasonable to hypothesize that HO-
PBDEs and hydroxylated polybrominated biphenyls (HO-PBBs) can also be
formed when BPs were adsorbed on rGO.

To confirm this hypothesis, we chose 2,6-dibromophenol (2,6-diBP),
2,4-dibromophenol (2,4-diBP), and 3,5-dibromophenol (3,5-diBP) as
the common representatives of BPs to investigate their possible oxida-
tive coupling reactions when they were adsorbed on rGO in the dark.
The effects of solution pH, rGO dosages, and dissolved oxygen were also
examined. The objectives of this study were 1) to reveal the oxidative
transformation of BPs during their adsorption on rGO; 2) to identify the
possible oxidation products and oxidative coupling pathways; 3) to
elucidate the involved reaction mechanisms.

2. Experimental

2.1. Chemicals and materials

2,4-diBP (≥99%) was purchased from Thermo Fisher Scientific Inc.
(Geel, Belgium). 3,5-diBP (≥98%) and 2,6-diBP (≥98%) were pur-
chased from J&K Scientific Ltd. (Beijing) (Table S1). 3-(N-morpholino)
propanesulfonic acid sodium salt (MOPS), NaOH, HCl, and superoxide
dismutase (SOD) were of guaranteed reagent grade.

rGO was prepared by thermal exfoliation/reduction of graphite
oxide at 1000 °C [33]. Detailed preparation method was provided in the

“Supplementary materials”. The obtained rGO was characterized by
high resolution transmission electron microscopy (HR-TEM, JEM-
2100F), scanning electron microscopy (SEM, SU-8020, Hitachi, Japan),
X-ray diffraction (XRD, PANalytical, Holland), Raman spectroscopic
analysis (Renishawplc, UK), and X-ray photoelectron spectroscopy
(XPS, Axis Ultra, Kratos Analytical Ltd., UK), respectively. The isotherm
of N2 physisorption was obtained at 77 K using an accelerated surface
area system (ASAP 2020 V4.01, Micromeritics, USA), and the specific
surface area was determined by the Brunauer-Emmett-Teller (BET)
method.

2.2. Experimental procedures

Oxidation experiments of three BPs were carried out in 50mL glass
tubes containing 3.0mg of rGO and 30mL of 2,4-diBP, 3,5-diBP or 2,6-
diBP solution (10.0mg L−1), respectively. The solution pH was main-
tained at 7.0 using MOPS buffer (2.0mM) because it was found to have
negligible effects on the oxidation of BPs. The suspension was shaken
end-over-end in the dark at 25 ± 1 °C for 15 days. At the predefined
time intervals, the liquid and solid were separated through filtration.
BPs in the filtrate were immediately analyzed by high-performance li-
quid chromatography (HPLC). The collected solids were washed twice
with 5.0mL methanol to recover the adsorbed BPs and possible trans-
formation products. The final concentrations of BPs were the sum of
those in the liquid phase and on the solid phase. Preliminary experi-
ment under N2 protection suggested that 91.6% of 2,4-diBP, 98.3% of
3,5-diBP, and 84.1% of 2,6-diBP can be recovered using this method
(Table S2). Control experiments without rGO indicated no significant
loss of BPs during sample processing.

A series of experiments were conducted to examine the effects of
dissolved oxygen, rGO dosage, and pH on the oxidation of BPs.
Dissolved oxygen consumption in rGO or 2,6-diBP+ rGO solution with
reaction time was measured by a dissolved oxygen probe (Mettler
Toledo, Inc. Germany) in a tightly sealed glass bottle with magnetic
stirring. In the rGO dosage experiment, four rGO dosages (from 0 to
200mg L−1) were chosen. To investigate the effect of pH, the solution
pH was adjusted from 3.0 to 12.0 using 0.1M HCl or NaOH. The
samples were sacrificed after six days. All experiments were conducted
in triplicate.

2.3. Analysis

BPs were quantitated using an Agilent reversed-phase 1200 HPLC,
and the possible coupling products were identified by an ultra-high-
performance liquid chromatography-tandem mass spectrometry
(HPLC/MS/MS). Details had been provided in Supplementary mate-
rials.

Quantum chemical calculations for the homolytic bond dissociation
energies (BDE(O–H)) of three BPs, Mulliken spin and charge densities of
three BP radicals were performed with the Gaussian 03 software
package [35] using the B3LYP density functional theory (DFT) and the
6–311++G** basis set [36].

2.4. Reactive oxygen species (ROS)

Using hydroxylammonium oxidation method [37], the generated
ROS was detected. Hydroxylammonium chloride (1.0mM) was mixed
with rGO suspension (0, 50.0, 100.0, 150.0, 200.0, and 300.0mg L−1,
respectively) in the dark. After 2 h, 1.0 mL suspensions were filtered
and mixed with 1.0 mL sulphanilic acid (17.0mM) and 1.0mL 1-
naphthylamine (7.0 mM) for 20min. To further evaluate the role of
superoxide anion, SOD (0, 30.0, and 60.0 UmL−1, respectively) was
added to the hydroxylammonium chloride+ rGO system to eliminate
the generated superoxide anion. The following procedure was the same
as above. The solutions were finally measured by a UV–vis spectrometer
at 518 nm.
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3. Results and discussion

3.1. Characterization of rGO

The morphology of rGO was characterized by HR-TEM and SEM
(Fig. 1a and b). It was showed that the prepared rGO had typical waving
and curving sheet-like nanostructures. The BET surface area of rGO was
565.4m2 g−1. The XRD patterns of graphite and rGO are shown in
Fig. 1c. The narrow peak at 26.5° corresponds to the graphite spacing
(0 0 2) of graphite plane. After exfoliation, the peak of graphite (0 0 2)
significantly broadened and the intensity decreased, suggesting the
long-range ordered stacking of graphite was destroyed by random in-
terlayer expansion and exfoliation. Raman spectroscopy was used to
examine the structural evolution from graphite, graphite oxide (GO) to
rGO (Fig. 1d). For graphite, the small D band at 1351 cm−1 was as-
signed to the disorder band from structural defects, amorphous carbon,
and edges, while G band was attributed to the in-plane vibration of
graphitic lattice. When graphite was oxidized to GO, the intensity of D
band significantly increased because some in-plane sp2 carbons in

graphitic domain were transformed into distorted sp3 carbons. When
GO was further thermally reduced to rGO, the intensity ratio of D and G
bands (ID/IG) of rGO became more prominent (Fig. 1d). It was because
that the O-containing functional groups on GO were desorbed in the
form of CO2 and CO, which generated various topological defects and
vacancies in the graphene lattice. XPS results revealed that rGO con-
tained a large number of C element and a small number of O element
(~1.5%). The fitting results of C1s and O1s XPS spectra were sum-
marized in Table S3.

3.2. Effect of rGO on the oxidation of BPs

The oxidation kinetics of three BPs were depicted in Fig. 2. In the
absence of rGO, three BPs showed stable properties and no significant
loss occurred (data not shown). In the presence of rGO, it was found
that three BPs were markedly removed from aqueous solution as the
reaction time increased. To eliminate the adsorption interference for
data analysis, the collected rGO was washed twice with methanol, and
the final concentrations of three BPs in the kinetic curves were the sum

Fig. 1. (a) HR-TEM image of rGO; (b) SEM image of rGO; (c) XRD patterns of rGO and graphite; (d) Raman spectra of rGO, GO and graphite.
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of those in the liquid and solid phases. Therefore, the disappeared BPs
in Fig. 2 were attributed to the oxidation conversion rather than the
adsorption. Fig. S1 presented the effect of rGO dosages (0–200mg L−1)
on the oxidation of 2,6-diBP. It was shown that the removal of 2,6-diBP
was linearly correlated with the increase of rGO dosages, further vali-
dating the catalytic role of rGO in the oxidation of BPs.

To better evaluate the oxidation kinetics of three BPs, we tentatively
described the experimental data by zero order, pseudo-first order and
pseudo-second order models, respectively. However, all these models
could not fit the data well (fitting data not shown). The phenomenon is
common in the degradation of organics oxidized by manganese oxides
[25,38], likely because the adsorption of reaction products masked the
mineral surface. In such cases, we used a time-dependent rate constant
to describe the continuous change of rGO catalytic ability (formula (1))
[39].

=
+

k k
t1t

init
(1)

Where kt (h−1) is the time-dependent rate constant; kinit is the initial
apparent rate constant; α (h−1), as a retarded factor, describes the
decrease of kt over time. Then, with the combination of the −dC/
dt= kt× Ct, we can yield the retarded first-order rate equation (for-
mula (2)).

= +C
C

t(1 )t k

0

/int
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Ct and C0 (mg L−1) is the concentration of BPs at time t and time
zero, respectively. The fitted curves were displayed in Fig. 2 and the
fitted kinetic parameters were summarized in Table S4. From their
correlation coefficient R2 (> 0.96), it is apparent that the oxidation of
BPs catalyzed by rGO conformed formula (2) very well. The corre-
sponding initial rate constants of 2,6-diBP, 2,4-diBP, and 3,5-diBP are
0.0081, 0.0029, and 0.0041 h−1, respectively.

Another important information given in Fig. 2 was the different
oxidation rates of three BPs. As seen in Fig. 2, approximately 31.3% of
3,5-diBP, 38.7% of 2,4-diBP, and 53.8% of 2,6-diBP disappeared after
15 d incubation. Since the contact between pollutants and catalyst is
the precondition for their redox reactions [33], we first investigated the
adsorption of three BPs on rGO (Fig. S2). Results showed that three BPs
can be strongly adsorbed on rGO and their adsorption capacity de-
creased in the order: 3,5-diBP > 2,4-diBP > 2,6-diBP. However, it
should be noted that the adsorption order of three BPs was inconsistent
with that of their oxidation rates. This suggested that the adsorption of
three BPs was not the only factor affecting their oxidation. In a previous
study [34], we found that the oxidation of phenolic compounds is ty-
pically initiated by breaking their O–H bonds, i.e., lower BDE(O–H)
value was more susceptible to O–H bonds breaking. Therefore, we
calculated the BDE(O–H) values of three BPs when they are in vacuum
or coexist with one or two water molecules using DFT (Table S5) [35].
In vacuum, it was shown that the BDE(O–H) values of 3,5-diBP, 2,4-
diBP, and 2,6-diBP were 797.2, 798.1, and 787.3 kJ mol−1, respec-
tively. However, the presence of water molecules significantly de-
creased BDE(O–H) values of three BPs due to the possible induction
force or H-bond between BP molecules and water molecules. For ex-
ample, in the presence of two water molecules, the BDE(O–H) values of
3,5-diBP, 2,4-diBP, and 2,6-diBP were 183.4, 169.7, and
159.5 kJmol−1, respectively, following the descending order: 3,5-
diBP > 2,4-diBP > 2,6-diBP. This order negatively correlated with
the oxidation rates of three BPs, suggesting the oxidation of three BPs
was related to their BDE(O–H) values.

After reaction, rGO was collected and freeze-dried after washing
with methanol and then conducted for the repeated oxidation experi-
ment. It was shown that the catalytic efficiencies of rGO on the oxi-
dation of BPs dramatically decreased with the increase of cycle times
(Fig. S3). This may be due to the aggregation of rGO (Fig. S4) or the
adsorption of reactants shielding of the active sites on rGO.

3.3. Products identification and reaction pathways

Identification reaction products of three BPs was realized by HPLC/
MS/MS in negative ion mode. The chromatograms and mass spectra of
three BPs and their products are shown in Figs. 3–5. Since bromine has
two isotopes of 78.9 and 80.9 with natural abundances of 50.7 and
49.3%, respectively, compounds containing multi-bromine atoms gen-
erally presented molecular ion clusters with different ratios in their
mass spectra [26]. For example, Fig. 3a showed that three constituents
were eluted at 5.43, 7.83, and 9.03min in the HPLC/MS/MS chroma-
togram of 2,6-diBP. The first peak at 5.43min had molecular ion
clusters at m/z 248.9, 250.9 and 252.9 (abundance ratio of 1:2:1),
which corresponded to the residual 2,6-diBP (molecular weight: 251.9)
due to the good match in retention time and mass spectrum with the
authentic standard (Fig. 3b). The second peak at 7.83min had the
molecular ion clusters of m/z 496.7, 498.7, 500.7, 502.7, and 504.7
(abundance ratio: 1:4:6:4:1, Fig. 3c), which was assigned to the tetra-
brominated coupling product of 2,6-diBP with a molecular formula of
C12Br4H6O2 [27]. The third peak at 9.03min was identified as the
trimer of 2,6-diBP with molecular formula C18Br6H9O3 due to its typical
molecular ion clusters of m/z 744.5, 746.5, 748.5, 750.5, 752.5, 754.5,
and 756.5 (abundance ratio: 1:6:15:20:15:6:1, Fig. 3d). Using the same
analytical method, two tetrabrominated dimeric isomers of 3,5-diBP at
7.59 and 8.89min were found in Fig. 4 with molecular formula
C12Br4H6O2. As for 2,4-diBP, a total of five dimeric isomers were de-
tected as shown in Fig. 5, where dimer-1, −3 and −4 had the same
molecular ion clusters of m/z 418.8, 420.8, 422.8 and 424.8 (abun-
dance ratio were 1:3:3:1, Fig. 5c). According to the isotope pattern, it
was speculated that dimer-1, −3 and −4 were the debrominated di-
meric products of the 2,4-diBP with a molecular formula of C12Br3H7O2.
For dimer-2 and dimer-5, both had a molecular ion cluster ofm/z 496.7,
498.7, 500.7, 502.7, 504.7 (abundance ratio: 1:4:6:4:1, Fig. 5d) and
were deduced to be the tetrabrominated dimeric isomers of 2,4-diBP
with molecular formula C12Br4H6O2.

The generation of coupling products is a significant indication of
free radical reaction [40]. However, how did these radical inter-
mediates combine with each other or what were the possible reaction
pathways? To elucidate the possible structures of the dimer and trimer
products, we calculated the Mulliken spin and charge densities of each
atom in three BPs radicals using DFT (Table 1), where Mulliken spin
density was related to the probability of unpaired electron appearance
and Mulliken charge density represented the net charges of each atom.
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Fig. 2. Oxidation kinetics of 2,6-diBP, 3,5-diBP and 2,4-diBP mediated by rGO.
Reaction condition: [BP]0= 10.0mg L−1, [rGO]0=100.0 mg L−1,
pH=7.0 ± 0.1. Error bars represent the standard deviation (n=3).
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Taking 2,6-diBP for example (Table 1), ortho C3, ortho C5, para C1 and
hydroxyl oxygen (O9) possess the higher Mulliken spin density than the
other atoms, suggesting that the unpaired electron was more easily
distributed on these atoms. Among them, both C3 and C5 were sub-
stituted by Br atom. Because we did not find any de-brominated pro-
ducts in the final reaction extracts, the C3 and C5 were excluded for the
possible reaction sites. Therefore, one 2,6-diBP radical was more likely
to couple another 2,6-diBP radical through O9-C1 pathway to form the
dimer, i.e. 4-hydroxyl-2′,3,5,6′-diphenyl ether. Furthermore, the cou-
pling product can undergo further coupling reaction with other 2.6-
diBP radical to yield the trimer (Fig. 6a). Using the same analytical
method, it was known that two 3,5-diBP radicals more tended to couple
each other through O9-C3/C5 or C1-C3/C5 pathway to form one HO-
PBDE and one HO-PBB based on its Mulliken spin and charge densities
(Fig. 6b). Noted that C3 and C5 are structurally symmetric in 3,5-diBP
molecule, thus products bonded with C3 or C5 were the same. For 2,4-
diBP, Table 1 demonstrated that the unpaired electron readily pre-
sented on the hydroxyl oxygen (O9), ortho C3, ortho C5, and para C1.

Fig. 3. (a) HPLC/MS/MS chromatographs of 2,6-diBP and its coupling pro-
ducts; Mass spectra of 2,6-diBP and its coupling products: (b) 2,6-diBP at
5.43min; (c) dimer at 7.83min; (d) trimer at 9.03min.

Fig. 4. (a) HPLC/MS/MS chromatograph of 3,5-diBP and its coupling products;
Mass spectra of 3,5-diBP and its coupling products: (b) 3,5-diBP at 6.88min, (c)
dimer-1 at 7.59min; (d) dimer-2 at 8.89min.

Fig. 5. (a) HPLC/MS/MS chromatograph of 2,4-diBP and its coupling products;
Mass spectra of 2,4-diBP and its coupling products: (b) 2,4-diBP at 6.08min; (c)
dimer-1 at 7.15min, dimer-3 at 7.85min and dimer-4 at 8.27min; (d) dimer-2
at 7.55min and dimer-5 at 8.63min.

Table 1
Mulliken spin and charge densities of 2,6-diBP, 3,5-diBP and 2,4-diBP radicals.
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Since three tribrominated dimers and two tetrabrominated dimers were
found in Fig. 5, we speculated that two tetrabrominated dimers should
be produced by O9-C3 and C3-C3 pathways, while three tribrominated
dimers should be yielded by O9-C1/C5 or C3-C1/C5 pathways (Fig. 6c)
[25]. However, due to the lack of authentic standards, all speculation
was therefore tentative.

3.4. Effect of solution pH

Since solution pH can significantly impact the speciation of BPs
through protonation/deprotonation, we investigated the oxidation of
three BPs at different solution pH. As shown in Fig. S5, no significant
loss for three BPs was observed over the investigated pH range in the
absence of rGO, suggesting their stable properties. As rGO was added, it
was shown that the oxidation curves of the three BPs presented V-shape

with the change of pH. Increasing solution pH from 4.0 to ~7.0, the
oxidation of three BPs was markedly accelerated. While further increase
of pH above ~7.0, the oxidation of three BPs was suppressed again.
Taking 2,6-diBP for example, approximately 33.6, 65.2, and 34.0% of
2,6-diBP were removed at pH 3.5, 7.2, and 12.0, respectively. Con-
sidering the pKa values of three BPs (2,4-diBP: 7.79; 3,5-diBP: 8.06; 2,6-
diBP: 6.67, Table S1), the enhanced oxidation efficiencies of three BPs
in pH 4.0–7.0 can be attributed to the gradual increase of their phe-
nolate forms. Previous research showed that the chlorinated phenolate
anions more readily reacted with hydroxyl radical to generate phenolic
radicals than their neutral species [41]. Yuan et al. also indicated that
the ionization of phenolics facilitated the formation of phenolic radicals
due to the less spin restriction of phenolic OH group [42,43]. Further
increasing solution pH above ~7.0, more BPs were dissociated to BPs
anions, and rGO had also net negative charges (Fig. S6). The

Fig. 6. Possible reaction pathways of 2,6-diBP radicals (a), 3,5-diBP radicals (b), 2,4-diBP radicals (c).
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electrostatic repulsion between them was not conductive to their close
contact and hindered the subsequent coupling reactions. This result also
verified that the oxidation reactions of BPs occurred on rGO surface.

3.5. Role of dissolved oxygen

Because rGO was not an oxidant, we examined the possible role of
dissolved oxygen in the oxidation reactions of three BPs. We first
compared the oxidation efficiencies of three BPs in the presence and
absence of dissolved oxygen (Fig. 7a). It was found that the oxidation of
BPs was markedly suppressed when dissolved oxygen was excluded,
suggesting the important role of dissolved oxygen in the reaction.
Second, the dissolved oxygen consumption was further investigated in a
strictly sealed conical flask with 40mL rGO suspension solution
(Fig. 7b). In the absence of 2,6-diBP, it was found that rGO alone did
not cause the significant change in dissolved oxygen concentration. In
contrast, dissolved oxygen was gradually consumed when 2,6-diBP was
added, where about 50.0% of dissolved oxygen disappeared within 16
d. This result corroborated that dissolved oxygen was a necessary re-
actant and indeed participated in the oxidation reaction of 2,6-diBP.

To answer the question of how dissolved oxygen oxidized 2,6-diBP
in aqueous solution, the possible ROS in the reaction process were

determined using a hydroxylammonium oxidation method. In this
method, hydroxylammonium chloride could react with ROS to yield
nitrite, which then reacts with sulfanilic acid to generate a diazonium
compound. Finally, the diazonium compound continued to react with
α-naphthylamine to produce a red azo compound. Using a UV–vis
spectrophotometer, we measured the UV–vis absorbance of the final
reaction solution at 518 nm. As seen in Fig. 8, a significant absorbance
was observed in the presence of rGO and the absorbance intensities
increased with the increase of rGO dose. In contrast, no absorbance was
observed in the absence of rGO. This phenomenon demonstrated that
rGO promoted the formation of ROS. If SOD was also included in the
system, it was found that the absorbance intensities were markedly
suppressed with the increase of SOD concentrations, which provided
evidence that superoxide anion was the main ingredient of these ROS.
This result was consistent with previous theoretical studies, in which
the electron-rich defect sites in graphene (such as zigzag edge defects,
vacancies, and ketone groups etc.) were found to have minimum ioni-
zation potential [44,45] and can reductively adsorb oxygen to form the
surface-bound ROS, primarily adsorbed superoxide anion or hydro-
peroxide [46]. In comparison with dissolved oxygen, these surface-
bound ROS had high reactivity, and can oxidize BPs to generate BPs
radicals. In the process, electrons were simultaneously transferred from
BPs to rGO and restored the original state of graphene carbon surface.
Furthermore, we measured the FTIR spectra of rGO before and after
reaction. The results showed that there were no significant differences
between rGOs before and after reaction, indicating that rGO only served
as a catalyst in the oxidation of BPs (Fig. S7).

Fig. 7. (a) Oxidation of 2,6-diBP, 3,5-diBP and 2,4-diBP mediated by rGO in the
presence or absence of dissolved oxygen. Reaction condition:
[BP]0= 10.0mg L−1, [rGO]0= 100.0mg L−1, pH=7.0 ± 0.1, Error bars
present the standard deviation (n=3); (b) Dissolved oxygen consumption as a
function of time in the presence and absence of 2,6-diBP. Reaction condition:
[2,6-diBP]0= 20mg L−1, [rGO]=200mg L−1.
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Fig. 8. UV–vis absorption spectra of the generated red azo compound in the
presence of different concentrations of rGO (a); and in the presence of
150mg L−1 rGO and different concentrations of SOD (b).
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4. Conclusions

We found that rGO can significantly promote the oxidative coupling
of three BPs in water in the dark. The coupling products were identified
as different HO-PBDEs and HO-PBBs. The oxidation rates of three BPs
were different and decreased in the order: 2,6-diBP > 2,4-diBP > 3,5-
diBP. It was found that the oxidation tendencies of three BPs were re-
lated to their BDE(O–H) values, i.e. the lower BDE(O–H) the easier
oxidation. Dissolved oxygen was the oxidant in the oxidation of three
BPs, in which it was first transformed to the surface-bound ROS and
then oxidized BPs into HO-PBDEs and HO-PBBs.

The findings in this study are highly relevant for the application of
rGO in water treatment operations. It was revealed that rGO can not
only strongly adsorb BPs, but also cause their chemical transformation
during the adsorption process. Therefore, an appropriate treatment
method must be carefully selected when cleaning BPs-containing was-
tewater. In addition, since graphene is the basic building block of many
carbonaceous materials (such as carbon nanotubes and black carbon),
more research is needed to understand whether they can also catalyze
the transformation of co-existing pollutants in water treatment.
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