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This study proposed a sequential redox process to partially degrade tetrabromobisphenol A (TBBPA) within a reactor to a great
extent. After 72 hours in an anoxic environment, 20 ppm of TBBPA could be effectively degraded by sulfurized zerovalent iron
nanoparticles (S-nZVI) at concentrations of 2 g L-1 and 4 g L-1. Biphenol A (BPA) together with tri-, di-, and
monobromobisphenol A was detected by high-performance liquid chromatography (HPLC) suggesting that TBBPA was
debrominated by S-nZVI in a stepwise manner. Following the S-nZVI treatment, a persulfate-advanced oxidation process (PS-
AOP) system with persulfate concentrations varied from 5 to 20mM was incorporated to degrade the final debrominated
byproduct, BPA, for 2 hours. The two-stage anoxic/oxic reactions at the same reactor with initial conditions (0.037mM
TBBPA, 4 g L-1 of S-nZVI, pH 6 in anoxic stage, 20mM of PS in the latter oxic stage) were investigated. The sulfurized layer
played an important role in such a system and hypothetically contributes to increasing electron transfer from Fe0 core as well
as hydrophobicity of the NP surface. It was demonstrated that the S-nZVI/PS-AOP system could effectively remediate TBBPA
and BPA and consequently provide a promising strategy to remedy brominated organic pollutants in the environment.

1. Introduction

Tetrabromobisphenol A (TBBPA) is one of the most widely
used brominated flame retardants which is designed to
improve the fire safety of plastic paints, synthetic textiles, elec-
trical devices, or other materials [1–3]. TBBPA is ubiquitous
and can be found in many environmental compartments such
as the hydrosphere, soil, sewage sludge, sediments, and house
dust [3, 4]. It could also occur in the biosolids or discharge of
wastewater treatment plans if such plans could not treat
TBBPA efficiently [5, 6]. Consequently, TBBPA might poten-
tially occur in agricultural farming if contaminated biosolids

or discharge was used [6]. This could be one of the entry
points for TBBPA to enter the food chain and ultimately reach
consumers due to its bioaccumulative property. Indeed,
TBBPA has been found in food items or human biological
samples [3, 4, 7, 8]. Many studies have reported negative
effects of TBBPA on the health of aquatic organisms, mam-
mals, and human beings, such as affecting cellular signalling
pathways and levels of thyroid hormones and causing immu-
notoxicity or neurotoxicity [1, 7]. TBBPA is known as a poten-
tial endocrine disruptor and a source of oxidative stress in a
wide variety of organisms [9] due to its weak estrogen-like
properties and being a precursor to bisphenol A (BPA) [3, 10].
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Because of TBBPA’s ubiquity and health concerns, vari-
ous methods have been developed to remove TBBPA from
water including adsorption [11], photocatalytic degradation
[12], microbial degradation [9, 13], or chemical oxidation
[14, 15]. In addition to TBBPA, remediation measures also
need to pay special attention to its debromination products
since they could be of the same level of toxicity or even
higher than that of TBBPA. For instance, BPA is a reported
debrominated product of TBPPA and also a well-known
endocrine disruptor [2, 16]. Therefore, complete degrada-
tion of those harmful intermediates is needed to minimize
their potential risks towards the environment [9, 13, 17,
18]. For that purpose, a sequential anoxic reduction-oxic
oxidation process could potentially be applied.

Recently, there have been evidences that iron-based nano-
particles such as nanoscale zerovalent iron (nZVI) [19], palla-
dium/iron nanoparticles (Pd/Fe NPs) [2], bismuth-modified
zerovalent iron nanoparticles (Bi/Fe0 NPs) [17], or sulfurized
zerovalent iron nanoparticles (S-nZVI) [18] could be
employed to directly remediate or enhance the degradation
of TBBPA in anoxic/oxic conditions. ZVI-based nanoparticles
could also be used to activate advanced oxidation processes
(AOPs) by gradually releasing Fe2+ to induce scavenging reac-
tive oxygen species (ROS) in excessive medium [20, 21]. They
are also affordable and environmentally friendly. In compari-
son to nZVI, S-nZVI showed more advantages in reductive
degradation of organic pollutants due to several reasons: (i)
higher hydrophobicity resulting in greater interaction with
hydrophobic contaminants, (ii) lower electron transfer resis-
tance from Fe0 to the contaminant, and (iii) inhibition of the
water reduction reaction and H2 evolution [22, 23]. Therefore,
S-nZVI was chosen as the reagent for the anoxic reduction
process of TBBPA.

One of the candidates for the oxidation process is AOPs
using reactive oxidants. Among them, peroxydisulfate (PS)
has gradually become more conspicuous than traditional
oxidants including H2O2 and permanganate [16]. Several
technical advantages of PS-AOPs over H2O2-AOPs are (i)
the higher achievable radical formation yield, (ii) less depen-
dence on the operational parameters (e.g., pH, initial perox-
ide loading, and background constituents), and (iii) lower
costs of storage and transportation due to the availability
of persulfate salts [24]. Recent studies also observed that S-
nZVI exhibited higher activation efficiencies for PS than
nZVI due to the semiconductor material, FeS, generated on
the surface of S-nZVI and better adaptability in pH variation
[25, 26]. This reinforced the decision to choose S-nZVI for
the anoxic reduction process.

In this work, S-nZVI was prepared then used to activate
sodium persulfate (Na2S2O8) for TBPPA degradation. The
degradation of TBBPA by S-nZVI-Na2S2O8 involved two-
stage processes: reduction and persulfate oxidation. The
objectives of this study were to investigate (i) various treat-
ment parameters for optimizing the TBBPA debromination,
(ii) BPA degradation efficiency, and (iii) the performance of
the sequential redox treatment to achieve complete degrada-
tion of TBBPA. The outcomes from this study could offer a
promising method for the complete degradation of many
recalcitrant pollutants in contaminated water.

2. Materials and Methods

2.1. Chemicals and Materials. Iron (III) chloride hexahy-
drate, Na2S2O8, sodium borohydride (NaBH4), sodium
dithionite, TBBPA, and BPA were obtained from Sigma
Aldrich (Missouri, U.S.A.). HPLC-grade methanol (MeOH),
ethanol (EtOH), and acetone nitrile (ACN) were obtained
from Merck (Darmstadt, Germany). All chemicals were used
as received without further purification. Ultrapure
(18MΩ·cm) deionized (DI) water from a Millipore Milli-Q
system was used in all batch experiments.

2.2. S-nZVI Synthesis. S-nZVI nanoparticles were synthe-
sized following Kim et al.’s method [27] with a small modi-
fication. The setup is schematically shown in Figure 1.
Briefly, 30mL solution of 0.8M NaBH4 and 0.025M sodium
dithionite was titrated to 10mL of 0.5M FeCl3 solution with
nitrogen gas purging condition. The precipitated particles
were collected by magnet then rinsed with degassed water
three times to remove residual NaBH4. Afterwards, the par-
ticles were rinsed with EtOH, dried in a vacuum oven for 1
day at 60°C, and then stored in an anaerobic chamber prior
to use for further experiments. The scanning electron micro-
scope (SEM) images of S-nZVI are shown in Figure 1.

2.3. Sequential Redox Process

2.3.1. Reductive Debromination of TBBPA by S-nZVI NPs.
Batch experiments were performed in 100mL serum bottles
capped with Teflon septa and aluminum crimps. TBBPA
solutions were prepared in N2-degassed water, and the initial
TBBPA concentration was fixed at 0.037mM (20mgL–1).
The reduction process (anoxic treatment) was initiated by
adding S-nZVI NPs into the prepared TBBPA solution; then,
the mixture was stirred at 150 rpm under anoxic conditions.
Samples were withdrawn at specific time intervals during the
reaction and filtered through a 0.22μm PTFE syringe filter
for TBBPA analysis. The experimental period was 72 hours
in total. The effects of NP concentrations and pH on
removal efficiencies were also investigated. The concentra-
tions of NPs were evaluated at three different levels: 1 g L-1,
2 g L-1, and 4 gL-1. The pH of the medium adjusted by
NaOH 1M and HCl 1M was also changed from 3 to 10.
The reaction was maintained at room temperature.

2.3.2. Oxidative Degradation of BPA with S-nZVI-PS. The
oxidation process was conducted by adding an appropriate
amount of S-nZVI NPs and PS in serum bottles with an
opened cap, exposed to the air, and stirred at 150 rpm. The
BPA concentration used in this experiment was fixed at
0.037mM, estimated by the hypothesis that TBBPA totally
transformed to BPA in the prior reduction process. After 2
hours of experiment, the sample was collected and quenched
with methanol for BPA analysis. The effects of PS concentra-
tions were evaluated in the ranges of 0mM, 5mM, 10mM,
and 20mM.

2.3.3. Sequential Redox Process. For the sequential redox
process (anoxic followed by oxic treatment), the reduction
process was initiated by adding a predetermined amount of
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S-nZVI NPs into the reaction solution, which was continu-
ously stirred during the reaction. After the reductive debro-
mination process, PS was added to the solution to initiate the
oxidation process. The bottle was opened and stirred at
150 rpm so that molecular oxygen could enter the test envi-
ronment. The reduction and oxidation process proceeded
for 72 hours and 2 hours, respectively, and samples were
withdrawn for TBBPA and BPA analysis at specific time
intervals during the reaction. A control test using only
TBBPA without NPs was also conducted to evaluate the loss
of TBBPA due to volatilization and sorption. All experi-
ments were carried out in duplicate.

2.4. Analytical Methods. The concentrations of TBBPA and
its brominated products were analyzed using a high-
performance liquid chromatography (HPLC, Agilent 1100,
USA) with a C18 reversed phase column and diode-array
detector. The mobile phase was an ACN/water (70 : 30, v/v)
mixture at a flow rate of 1.0mLmin–1.

Removal efficiency was calculated as the below equation:

Removal efficiency %ð Þ = C0 − Ct

C0
× 100%, ð1Þ

where C0 is the initial concentration of compound and Ct is
the concentration of compound at t time.

3. Results and Discussion

3.1. Reductive Debromination of TBBPA by S-nZVI. The
reductive debromination of TBBPA by S-nZVI was investi-

gated with various NP concentrations (Figure 2(a)).
Figure 2(a) indicates that the TBBPA removal efficiencies
increased with the increase of S-nZVI NP concentration.
Specifically, after 72 hours, only 50% of TBBPA was
removed in the treatment with 1 g L-1 of NPs whereas
TBBPA was almost completely removed when either 2 g L-1

or 4 g L-1 NPs were added. Additionally, the debromination
rate of TBBPA was faster with 4 g L-1 of NPs or 2 g L-1 of
NPs. Thus, 4.0 g L-1 was selected as the starting NP concen-
tration for further experiments.

After the selection of an appropriate NP concentration,
the effects of pH on TBBPA removal efficiencies were also
evaluated (Figure 2(b)). It was clear that the anoxic debromi-
nation favors a low pH condition. In detail, only 50% of
TBBPA was removed at pH3 medium while the TBBPA
removal efficiencies were nearly 100% at pH6 and 10 after
72 hours. Therefore, pH6 was selected to conduct the next
experiments as it might be closer to real environmental con-
ditions. The TBBPA removal in this study could result from
both degradation and adsorption, which might give rise to
the differences in pH-dependent trends from other studies
that only take degradation into account. Butler and Hayes
[28] reported that the rate of reductive dehalogenation by
FeS increased with the increase of pH from 7.3 to 9.3, which
was possibly due to a decrease in the reduction potential of
reactive surface species with increasing pH. It was also
reported that the deprotonated ligands (i.e., ≡FeO- and ≡S-
) are more favorable for electron donation [27], which
results in the increased rates of TBBPA reduction at higher
pH levels.

During the course of the anoxic treatment, the debromi-
nated metabolites of TBPPA, including tribrominated- (tri-
BBPA), dibrominated- (di-BBPA), and monodibrominated
bisphenol A (mono-BBPA), and BPA were observed by
HPLC analysis (Figure 3). It is worthy to note that the deb-
rominated metabolite patterns were considerably different
between 2 gL-1 and 4 g L-1 of NP treatments (Figure 4). For
instance, the production of tri-BBPA was steeply increased
during the first 12 hours of 2 g L-1 NP treatment, whereas
the tri-BBPA production in 4 gL-1 NP treatment peaked
after 6 hours then declined afterwards. The slowly decreas-
ing peaks of further debrominated byproducts, such as di-
and mono-BBPA, in 2 g L-1 or 4 g L-1 of NPs indicated the
uncompleted debromination of TBBPA after a 72-hour reac-
tion. The occurrence of BPA was detected after 24 hours and
12 hours of adding 2 gL-1 and 4 gL-1 of NPs, respectively.
After 72 hours, the concentration of BPA with 4 gL-1 NP
treatment was measured at 0.03mM. According to the stoi-
chiometric ratio and mass balance, 83.3% of TBBPA was
transformed to BPA while 17.7% of TTBPA remained in
di- and mono-BBPA byproducts.

To explore the role of the sulfurized layer, Wu et al. [18]
calculated the electron efficiency (EE) of S-nZVI for TBBPA
reduction. It was suggested that sulfidation could improve
the electron transfer of the core Fe0 NPs. Many studies also
agreed that the FeS layer could facilitate electron conduction
from the Fe0 core to the S-nZVI surface since FeS is a well-
known metallic conductor [18, 27]. Besides, the impact of
sulfur amount and speciation on the reactivity and

NaBH4+ Na2S2O4

Fe
FeS

FeCl3

N2

Figure 1: Scheme for one-pot synthesis of S-nZVI.
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selectivity of S-nZVI has been reported previously [22]. It
was observed that hydrophobicity appears to be an impor-
tant factor for electron selectivity, but the S/Fe ratio also
plays a role in the overall electron efficiency. Xu et al. [22,
29, 30] also reported that the high selectivity and low reac-
tivity with water indicate that S-nZVI could express better
reactivity with hydrophobic pollutants, especially haloge-
nated compounds. The sulfidation induced hydrophobicity,

improved electron transfer, blocked hydrogen adsorption,
and charge density redistribution which promote degrada-
tion of organic contaminants via electron-mediated reduc-
tions instead of hydrogenolysis in the case of nZVI [22, 29].

3.2. Oxidative Degradation of BPA with S-nZVI/Persulfate
System. Many studies clearly identified that dissolved O2
was essential for BPA degradation [17, 18] due to OH⋅
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production under oxic conditions induced by FeS [20, 26,
31]. However, compared with the hydroxyl radical reaction,
sulfate radicals demonstrated higher reduction potential at a
wider pH range and are more selective for oxidation of phe-
nolic compounds [32, 33]. To evaluate the TBBPA removal
efficiency in the sequential redox reaction, the BPA oxida-
tion was set up at slightly acidic pH ~6 and PS oxidant with
SO4

⋅- production was selected. In this study, the BPA degra-
dation was performed by a S-nZVI and persulfate system. As
shown in Figure 5, the decrease of BPA was well correlated
with the concentrations of persulfate. No degradation of
BPA was observed in the presence of S-nZVI without the
addition of PS. However, after 2 hours, 50%, 60%, and 98%
of BPA were removed in the treatments with PS concentra-
tions at 5mM, 10mM, and 20mM, respectively. This
enhancement could be ascribed to the greater decomposition
of PS to produce more SO4

⋅− in the S-nZVI/PS system while
the radical scavenging effect was not observed at higher PS
concentration.

Earlier studies suggested SO4
⋅- radical as the only pre-

dominant radical for degrading target contaminants. How-
ever, recent evidences have emerged that OH⋅ radical could
be another reactive oxidizing species besides SO4

⋅- radical
[26] in a PS system. When the pH was less than 7, OH⋅

and SO4
⋅- could be obtained, whereas at pH > 9 conditions,

OH⋅ would be the main radical [34]. In this study, the exper-
iments were set up at pH6; therefore, the oxidation of BPA
could be driven by both SO4

⋅- and OH⋅- species. The possible
mechanism for BPA degradation by the S-nZVI/PS system
was proposed as follows. At first, Fe2+ was formed on the
surface of NPs via the corrosion of the core Fe0. Afterwards,
PS was activated by Fe2+, and the highly reactive radicals
SO4

⋅-/OH⋅ were generated continuously via Fenton reaction
in the presence of O2. Finally, BPA was attacked by

SO4
⋅-/OH⋅ and transformed into its intermediates via a series

of oxidation reactions.
Guo et al. [25] reported that the sulfide layer can signif-

icantly promote the release of iron ions in a nonstrong acid
environment. Previous studies have proved that iron sulfide
is a well-known metallic conductor because of the presence
of delocalized electrons in its layers [35–37]. The deposition
of FeS on the S-nZVI surface could also facilitate electrons
from the iron core to the surface just like an electric “wire”
[26, 38], which would lead to a continuous formation of
surface-bound ferrous that were capable of activating
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persulfate. Besides, SO4
⋅- radical normally undergo electron

transfer reactions while HO⋅ may also react via hydrogen-
atom abstraction along with an electron transfer process
which is however less prominent in their case. Therefore,
S-nZVI showed a better performance than NZVI in activat-
ing persulfate to degrade the pollutant [39].

3.3. Sequential Redox Degradation of TBBPA. Based on the
abovementioned results, the sequential redox process of
TBBPA was examined (Figure 6). In Figure 6, the reductive
debromination of TBBPA by S-nZVI significantly increased
during the first 24 hours. When the reaction time reached 24
hours, 90% of TBBPAwas degraded in accordance with a slow
rise of BPA. After 72 hours of treatment, BPA, a final interme-
diate of the reduction process, was detected as the major
byproduct. It was estimated that 83.3% of TBBPA was trans-
formed to BPA. After the 72-hour anoxic reduction process,
BPA degradation continuously happened in the opened and
stirred system via an oxic process. A number of studies have
investigated the reduction of halogenated pollutants, such as
TCE, TBBPA, or oxidative process of their metabolites using
various types of NPs. Several recent publications utilized the
advantages of NPs in sequential processes, consisting of both
reductive and oxidative reactions, to completely remove pol-
lutants without any toxic intermediates [17, 18]. A study by
Lee et al. [17] emphasized that degradation of TBBPA was
completed using Bi/Fe0 NPs under two-step anoxic- oxic
coupled with citric acid (CA) conditions. However, the limita-
tion of that system is the requirement of air sparging and
ligand CA to accelerate the generation of reactive oxygen spe-
cies. Wu et al. [18] previously apply S-nZVI/H2O2 to remove
TBBPA significantly under a similar sequential concept after
a total of 88 hours. In this study, the S-nZVI treatments
required less time to degrade TBBPA. In addition, the system
utilized S-nZVI and PS which are more stable under nonacid

conditions than other nZVI-based NPs or H2O2-AOP oxi-
dants. Another advantage of this concept is the utilization of
passive atmospheric O2 dissolution instead of O2 purging,
which could increase the cost effect of the remediation system.

3.4. Implication for Performance under Environmentally
Relevant Conditions. Although other nZVI-based materials
(e.g., bare nZVI, Fe/Pd bimetals, and S-nZVI) have also
demonstrated the ability to degrade TBBPA under anoxic
conditions, those NPs require acidic conditions to accelerate
degradation efficiency. In addition, the debromination inter-
mediates such as BPA still remained. Therefore, the produc-
tion of ROS, particularly OH⋅ or SO4

⋅- radical species, is
needed to degrade those intermediates further under the
subsequent oxic conditions. Our study demonstrated that
TBBPA and BPA were effectively degraded via the two-
stage anoxic and oxic processes using S-nZVI/PS at non-
acidic conditions with the enhancement of dissolved oxygen
from the air. According to the proposed reaction mecha-
nisms, the S-nZVI could be initially applied in anoxic envi-
ronments such as groundwater. Afterwards, water purging
via either natural or anthropogenic activities such as
groundwater recharge, dredging, water table fluctuations,
and bioturbation could bring anoxic aquifer and lake sedi-
ments into oxic environments to initiate the oxidation by
PS-AOP. Additionally, the proposed sequential system could
be employed in wastewater treatment plans where treatment
conditions could be controlled. Hence, S-nZVI/PS can be
used in broad areas and locations for environmental remedi-
ation of organic contaminants.

4. Conclusions

In this study, a sequential redox process using S-nZVI NPs
coupled with PS has been developed and evaluated for the
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degradation of TBBPA. Experimental results showed that
TBBPA was degraded through the stepwise debromination
into lowly brominated intermediates by the reduction pro-
cess, which was then oxidized further by the oxidation pro-
cess. The system was inferior to normal nZVI with
enhanced electron transfer, increased depassivation of nZVI,
facilitated the adsorption of organic pollutants, and effec-
tively worked in a nonacid environment. The proposed
sequential treatment system has the advantage of perform-
ing reduction and oxidation processes in the same reactor
to effectively degrade TBBPA. Therefore, it is expected to
be applicable in real-life conditions for remediation of
TBBPA and potentially other organic contaminants which
are toxic and persistent in the environment.
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