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romobisphenol A debromination
by nanoscale zero valent iron particles sulfidated
with S0 dissolved in ethanol†

Heli Wang,ab Yin Zhong, *a Xifen Zhu,ab Dan Li,abd Yirong Deng,abe Weilin Huangc

and Ping'an Penga

Modification of nanoscale zero-valent iron (nZVI) with reducing sulfur compounds has proven to improve the

reactivity of nZVI towards recalcitrant halogenated organic contaminants. In this study, we develop a novel

method for the preparation of sulfidated nZVI (S-nZVI) with S0 (a low cost and available reducing sulfur agent)

dissolved in ethanol under mild conditions and apply it for the transformation of tetrabromobisphenol A

(TBBPA), a potential persistent organic pollutant. Surface analysis shows that S0 dissolved in ethanol has been

successfully doped into nZVI via a reaction with Fe0 to form a relatively homogeneous layer of FeS/FeS2 on

the nZVI surface. The H2 production test and the electrochemical analysis show that the FeS/FeS2 layer not

only slows the H2 evolution reaction but also enhances the electron transfer. Debromination kinetics indicate

that the resulting S-nZVI with a S/Fe ratio of 0.015–0.05 possesses higher debromination activity for TBBPA

and its debromination products (i.e., tri-BBPA, di-BBPA, mono-BBPA and BPA) in comparison with nZVI.

Among them, S-nZVI at a S/Fe of 0.025 (S-nZVIS-0.025) has the greatest debromination rate constant (kobs) of

1.19 � 0.071 h�1 for TBBPA. It debrominates TBBPA at a faster rate than other conventional S-nZVI made

from Na2S and Na2S2O4 and has been successfully applied in the treatment of TBBPA-spiked environmental

water samples (including river water, groundwater, and tap water). The results suggest that the modification of

nZVI with S0 dissolved in ethanol is a simple, safe, inexpensive, and effective sulfidation technique, which can

be applied for the large-scale production of S-nZVI for treating contaminated water.
Environmental signicance

Suldation of nZVI with lower-valent sulfur can enhance the electron efficiency and selectivity of nZVI towards target contaminants. A conventional suldation
process is generally carried out in an aqueous solution with an unstable reducing sulfur agent such as Na2S and Na2S2O4, which may result in the consumption
of active Fe0 and emission of toxic H2S. To avoid these problems, we develop a new method where nZVI is suldated in ethanol with stable, non-toxic and easily
available S0 as the suldation agent. This is the rst report on the chemical synthesis of S-nZVI using solid S0. It provides a new way to use S0 as an industrial
byproduct for the large-scale application of S-nZVI in the remediation of contaminated sites.
1. Introduction

Nanoscale zero valent iron (nZVI) has great potential for the
treatment of a spectrum of toxic and harmful environmental
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contaminants, specially halogenated persistent organic pollut-
ants.1–3 However, the reaction of nZVI with natural oxidative
species, such as O2 and H2O/H

+, can accelerate the surface
passivation of nZVI and decrease its treatment capacity for
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† Electronic supplementary information (ESI) available: Details on additional
information on materials, SEM and TEM images, SEM and EDS spectra, Fe 2p
and S 2p XPS spectra, BET specic surface area, hydrodynamic diameter, zeta
potential of S-nZVIS with different extents of suldation, HER kinetics model
and model parameters, primary debromination pathway of TBBPA by nZVI
and S-nZVIS, product distribution, theoretical and actual S/Fe of S-nZVIS with
different sulfur doses and electrochemical characterization results of the
modied GCE with S-nZVI with different extents of suldation, and the
transformation of TBBPA by S-nZVINa2S and S-nZVINa2S2O4. See DOI:
10.1039/d0em00375a
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target contaminants.4,5 Recent studies have shown that the
modication of nZVI with reducing sulfur compounds (S-nZVI)
has greater advantages over original nZVI because S-nZVI can
inhibit the H2 evolution reaction (HER, reduction of water by
Fe0 to form hydrogen), increase the electron efficiency and
selectivity for dehalogenation, and achieve more efficient long-
term performance.6–11

Laboratory methods currently available for the suldation of
nZVI include one-pot and two-pot methods.12 For the one-pot
method (aqueous–aqueous suldation), a solution mixture of
sodium borohydride (NaBH4) and sodium dithionite (Na2S2O4)
is simultaneously added into an Fe2+/Fe3+ solution to produce S-
nZVI particles.13 In the two-pot method (aqueous-solid sulda-
tion), nZVI is rstly synthesized using the reduction of Fe2+/Fe3+

solution by NaBH4, and subsequently suldated with commonly
used suldation agents such as sodium sulde (Na2S), Na2S2O4

or sodium hyposulte (Na2S2O3) solutions.10,14 These conven-
tional suldation methods carried out in aqueous solutions
with unstable reducing sulfur agents may suffer from some
limitations, including (1) a large part of Fe0 can be oxidized by
high-valent sulfur species (e.g. S2O4

2�), causing the consump-
tion of active Fe0; (2) toxic and harmful H2S can be released
during suldation processes; (3) active Fe0 reacts with water to
cause the loss of reduction capacity of the synthesized parti-
cles.15 It is important to use safe and stable suldation agents to
develop environmentally friendly suldation technologies for
the large-scale application of S-nZVI in environmental
remediation.

Elemental sulfur (S0) is considered as an inexpensive, stable
and non-toxic sulfur agent under normal conditions.15 It is
easily available andmainly produced as a by-product or waste in
oil reneries, gas processors, metal smelters, and coal/oil
burning electric power plants.16 The application of S0 as an
industrial byproduct in environmental remediation has
received extensive attention. S0 can be used as an electron donor
for autotrophic denitrication in the biological treatment of
nitrate contaminated water and microbial reduction of chro-
mium(VI), vanadium(V) and perchlorate from contaminated
aquifers.17–20 Recently, Gu et al.15 have synthesized suldated
microscale ZVI (S-mZVI) by ball-milling solid microscale ZVI
and S0 powder. The ball-milling method allows the contact
between S0 and Fe0 to form an Fe/FeS composite. Nevertheless,
the ball-milling method is generally applied for the grinding of
microscale ZVI into nZVI rather than for milling of nZVI. Until
now, no information is available on the suldation of nZVI with
S0.

The goal of this study is to develop an efficient chemical
synthesis method of S-nZVI with S0 as a suldation agent.
Because solid nZVI cannot directly react with solid S0, the rst
step of synthesis is to dissolve S0 to increase the contact between
nZVI and S0. It is well known that S0 is slightly dissolved in
organic solvents rather than in water. Meryer21 reported that the
solubility of S0 in ethanol, acetone, and hexane is 0.066, 2.7 and
0.25 wt% (g S/100 g solvent), respectively. Nevertheless, our
preliminary experiment shows that nZVI only disperses well in
ethanol. Previous studies have reported that ethanol is widely
used in the synthesis process of nZVI particles, which can
This journal is © The Royal Society of Chemistry 2021
disperse and stabilize nZVI nanoparticles and protect nZVI from
oxidation.22,23 nZVI synthesized in ethanol solution exhibits
greater capability to reductively transform pollutants compared
to nZVI synthesized in aqueous solution.23

In this study, we successfully synthesized suldated nZVI
particles (S-nZVIS) by suldation of nZVI with S0 dissolved in
ethanol under mild conditions. The resulting S-nZVIS was
characterized for their surface properties, including the
morphology, particle size, specic surface area, zeta potential,
corrosion rate of surface Fe0 in water, and electrochemical
properties. They were also evaluated for their reductive capa-
bility using tetrabromobisphenol A (TBBPA) as the probing
solute. TBBPA is a known ame retardant commonly used in
printed circuit boards and as an additive ame retardant in
polymers. Due to its extensive use, TBBPA has a high detection
rate in wastewater and surface and underground water.24–26 It
has potential persistent organic pollutant properties and poses
adverse effects on human health.27,28 Previous studies reported
that the conventional S-nZVI (prepared in aqueous solutions of
Na2S2O4 or Na2S) had the potential for transforming TBBPA into
less brominated products, like tribromobisphenol A (tri-BBPA),
dibromobisphenol A (di-BBPA), monobromobisphenol A
(mono-BBPA) and bisphenol A (BPA).29,30 A comparison of
reactivity towards TBBPA between S-nZVIS and conventional S-
nZVI prepared from Na2S or Na2S2O4 was conducted. In addi-
tion, the application of S-nZVIS in the treatment of TBBPA-
spiked environmental water samples (including river water,
groundwater, and tap water) was also evaluated.
2. Materials and methods

Unless otherwise mentioned, all experimental work was carried
out in anaerobic glove boxes (99.999% N2, Super 1220/750,
Mikrouna Co. Ltd., Shanghai, China). All aqueous solutions
were made from ultrapure water (18.2 MU cm resistivity, unique
multi-functional ultrapure water system). All liquids (i.e.,
ultrapure water and ethanol) were deoxidized with N2 for 40min
before being transferred to the anaerobic glove boxes and used
in experiments. Details with respect to the chemicals used are
provided in Text S1 in the ESI.†
2.1 Synthesis

The synthesis of nZVI was carried out in 500 mL vials according
to the method described by Li et al.29 Briey, 180 mL of 0.3 M
NaBH4 aqueous solution was added dropwise to 60 mL of 0.2 M
FeCl2$4H2O aqueous solution at a rate of 3 mL min�1. Aer
stirring for 15 min on a magnetic stirrer, the resulting nZVI
particles were collected and rinsed using deoxygenated water
and ethanol three times each. The obtained nZVI particles were
used for the synthesis of suldated nZVI or for the subsequent
degradation experiments.

S-nZVIS was synthesized by suldation of nZVI with
elemental sulfur (S0) in ethanol. Firstly, the freshly prepared
nZVI particles (�12 mmol) were added into 420 mL deoxygen-
ated ethanol solution and dispersed by agitation with
a magnetic stirrer to obtain nZVI suspensions. The nZVI
Environ. Sci.: Processes Impacts, 2021, 23, 86–97 | 87
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particles were not adsorbed onto themagnetic stirrer during the
strong stirring at 800 rpm. Then, S0 powder was added to the
ethanol suspension of nZVI, and themixture was stirred for 12 h
on a magnetic stirrer at 800 rpm to allow equilibration. Aer
equilibration, the resulting S-nZVIS suspensions were collected
and rinsed using deoxygenated water and ethanol three times
each. The amount of S0 added into ethanol varied from 0.18 to
3.0 mmol to achieve theoretical S/Fe molar ratios ranging from
0.015 to 0.25. The solubility of S0 in ethanol is 0.066 wt% (g S/
100 g solvent). It means that 6.84 mmol S0 can be dissolved in
420 mL ethanol. Therefore, it can be expected that 0.18–
3.0 mmol of S0 can be completely dissolved in ethanol.

Two types of conventional suldated nZVI particles were
synthesized. One is Na2S-suldated nZVI, denoted as S-nZVINa2S,
which was prepared by sonicating in an aqueous suspension of
nZVI with 0.0012–0.04 M Na2S for 40 min to obtain S-nZVINa2S at
a S/Fe ratio of 0.015–0.5 according to the two-pot method
described by Rajajayavel and Ghoshal.10 The other is Na2S2O4-
suldated nZVI (denoted as S-nZVINa2S2O4) synthesized via the
dropwise addition of 180 mL of mixed 0.3 M NaBH4 and 0.0005–
0.025 M Na2S2O4 solution into 60 mL of FeCl2 solution to obtain
S-nZVINa2S2O4 at a S/Fe ratio of 0.015–0.75 according to the one-
pot method described by Li et al.29

2.2 Particle characterization

The morphology and elemental mapping of solid-phase mineral
particles were observed using an ultra high resolution eld emis-
sion scanning electron microscope equipped with an energy
dispersive spectrometer (FE-SEM-EDS, Carl-Zeiss, Merlin, Ger-
many) and a transmission electron microscope coupled with an
energy dispersive X-ray spectroscopy (TEM-EDS; FEI Talos F200S).
The near-surface composition and chemical states of the nano-
particles were analyzed by X-ray photoelectron spectroscopy using
a monochromatic Al Ka X-ray source (XPS, Thermo Fisher VG
Scientic, West Sussex, UK). The binding energies of the photo-
electrons were calibrated with reference to the C 1s peak at
284.8 eV. To measure the specic surface area, the dry powder
samples were determined using an ASAP 2020 instrument through
the N2-BET adsorption method (Micromeritics, Atlanta, USA). The
particle sizes and zeta (z) potentials were measured by using
a Zetasizer Nano-ZS90 (Malvern instruments Ltd., Worcs, UK).

2.3 H2 production tests

The H2 evolution of nZVI and S-nZVIS was measured to determine
the corrosion rate of nZVI and S-nZVIS with water. At interval times,
2 mL of nitrogen was injected into the bottles and then 2 mL of
headspace was withdrawn and introduced directly into a gas
chromatograph for quantitative analysis. The H2 quantication in
the vial headspace was performed on a Gas Chromatograph
(6890N, Agilent Technologies, USA) custom congured by Wasson
ECE Instrumentation with capillary and packed columns, in
conjunction with a thermal conductivity detector (GC-TCD).

2.4 Electrochemical analysis

The electrochemical analysis of nanoparticles was performed
on a CHI660E electrochemical work station (Chenhua
88 | Environ. Sci.: Processes Impacts, 2021, 23, 86–97
Instrument Co., Ltd. Shanghai, China) and an anaerobic three-
electrode cell (Gaossunion photoelectric Technology Co., Ltd.
Tianjin, China) containing a glassy carbon electrode (GCE) as
the working electrode, a Pt wire counter electrode, and a satu-
rated calomel reference electrode (SCE). All potentials were
measured with respect to the SCE reference. The 0.1 M phos-
phate buffer solution (PBS, pH ¼ 7), as the electrolyte, was
deoxidized by purging nitrogen (99.999%) for 20 min prior to
use.

Before using, the GCE was activated and prepared according
to a method reported previously.29 The well prepared bare GCE
was modied with nZVI or S-nZVIS in an anaerobic glovebox,
and then inserted slowly into the deoxidized electrolyte and
sealed immediately in a cell. In this study, Tafel curve analysis,
cyclic voltammetry (CV), and electrochemical impedance spec-
troscopy (EIS) were successively applied to analyze the electro-
chemical properties of the nanoparticles. For each
electrochemical analysis, GCEs were modied with the fresh
materials in an anaerobic glovebox. The electrochemical anal-
ysis was generally carried out in a sequence that proceeds from
EIS to CV followed by Tafel curve analysis.31

The Tafel polarization curve was obtained at a scanning
speed of 10mV s�1, using a potential of�300mVwith respect to
the open circuit potential just measured. The CV experiments
were performed in a potential range between �0.8 and 0.6 V at
a scan rate of 0.1 V s�1 for 6 cycles. The reducing power of the
nanoparticles was evaluated from the value of the standard
redox potential (E0), which can be given by the mid-point
potential (Emid) obtained from the average of anodic and
cathodic peak potentials (Ep,a and Ep,c) in cyclic voltammetry, as
shown in eqn (1) and (2).32,33

Emid ¼ E0 + (RT/nF)ln(DR/DO)
1/2 (1)

Emid ¼ (Ep,a + Ep,c)/2 (2)

For EIS measurements, the open circuit potential (OCP) was
rstly determined, and then EIS measurements were carried out
at an amplitude of 0.005 V in the frequency range from 105 to
0.1 Hz. The obtained results were shown as a Nyquist plot: the
imaginary (Z00) vs. real (Z0) parts of the impedance. In the typical
Nyquist plot, the semicircular region at high frequency repre-
sents the charge transfer resistance (Rct) at the surface of the
electrodes, and the diameter of the extrapolated semicircle can
reect the value of Rct. The straight-line region at low frequency
represents Warburg resistance, also known as mass transfer
impedance.34

2.5 Debromination tests

The debromination experiment of TBBPA was conducted in
150 mL glass serum bottles capped with PTFE-lined silicone
septa. Initially, a certain amount of nZVI, S-nZVIS, S-nZVINa2S, or
S-nZVINa2S2O4 was added into 98 mL ultrapure water to obtain an
aqueous suspension of 2.3 g L�1 of nZVI or S-nZVI, respectively.
The reaction was initiated by adding 2 mL TBBPA stock solution
(1000 mg L�1, deoxygenated methanol) into the suspension to
achieve a nal concentration of 20 mg L�1. The reactors were
This journal is © The Royal Society of Chemistry 2021
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placed on amagnetic stirrer at 800 rpm at room temperature (30
� 1 �C). At determined intervals, an aliquot of 2 mL of reaction
suspension was sampled for the determination of the residual
concentration of TBBPA and its debromination products (i.e.,
tri-BBPA, di-BBPA, mono-BBPA and BPA). A control experiment
without nZVI or S-nZVIS particles was carried out and no TBBPA
loss occurred.

In order to evaluate the potential of applying S-nZVIS in the
real water matrix, the efficiency of debromination of TBBPA in
river, ground and tap water was determined. Different real water
samples were used, including river water (collected from the
Pearl River in Guangdong Province, South China), groundwater
(collected from a well at the Guangzhou institute of Geochem-
istry, Chinese academy of science), and tap water (collected
from the laboratory). Prior to use, the natural water samples
were ltered with a 0.45 mm membrane and diluted ten times.
The experimental procedures are similar to those mentioned
above, except that a lower initial concentration of TBBPA
(5 mg L�1) is used to stimulate the real contaminated
environments.35

The residual concentration of TBBPA and its debromination
products in the samples were determined according to the
method described by Li et al.29 Briey, 2 mL samples were dis-
solved by adding �0.1 mL of 5 M HCl to facilitate the liberation
of adsorbed TBBPA from solids. Subsequently, 2 mL methanol
was added into each sample and mixed vigorously on a vortex
mixer. Finally, a 1 mL aliquot was sampled for the analysis of
TBBPA and its debromination products by using a HPLC-UV
system (Shimadzu LC-20A, Kyoto, Japan) with the UV detec-
tion wavelength set at 210 nm. An Agilent ZORBAX Eclipse Plus
C18 reversed-phase column (250 � 4.6 mm, 5 mm particle size;
Agilent, Santa Clara, USA) was employed for the separation. The
mobile phase was composed of 80% methanol and 20% water
Fig. 1 TEM images and elemental mappings of Fe, O and S of S-nZVIS a

This journal is © The Royal Society of Chemistry 2021
(containing 0.2% acetic acid) at a constant ow rate of 1.0
mL min�1. The sample injection volume was 20 mL.

3. Results and discussion
3.1 Morphology and structure of S-nZVIS

The morphologies and structures of S-nZVIS were investigated
by SEM-EDS and TEM in conjunction with elemental mapping
of Fe, O and S (Fig. 1, S1 and S2†). Compared to original nZVI
particles, S-nZVIS had a similar chain-like structure but formed
through the connection of smaller spherical particles in the size
range of 50–100 nm (Fig. 1). These small spherical particles
exhibited a core–shell structure, which is similar to that of S-
nZVI particles obtained from the aqueous-solid suldation
method with Na2S.36 Studies indicate that the sulfur dose can
lead to different morphologies of S-nZVI. A high sulfur dose (S/
Fe ratio > 0.1) results in a hollow structure formed in a process
analogous to the Kirkendall effect36 or ake-like structure
formed from the precipitation of secondary iron suldes on the
nZVI surface.37 In this study, however, a high sulfur dose (S/Fe
ratio ¼ 0.25) still preserved the chain-like and the core–shell
structure of the original nZVI (Fig. 1, S1 and S3†). It is likely due
to the fact that different synthesis processes yielded different
surface functional groups that may affect the morphologies of
the synthesized S-nZVI particles.36

The elemental mapping of the S-nZVIS surface by TEM
showed that Fe and S elements were highly dispersed on the
surface of the S-nZVIS particles (Fig. 1). The composition and
chemical state of Fe and S on the surface of S-nZVIS particles
were identied by XPS analysis (Fig. 2, S4 and S5, Table S1†).
The S(2p) spectra of S-nZVIS showed two peaks (Fig. 2A and S4†).
One is at a binding energy (B.E.) of 161.4 � 0.2 eV (corre-
sponding to S2� species), and the other is the contribution at
t different S/Fe molar ratios.

Environ. Sci.: Processes Impacts, 2021, 23, 86–97 | 89
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Fig. 3 H2 evolution for S-nZVIS at different S/Fe molar ratios and fit to
the independent changes in the two reactive phase model (dashed
curves). The initial concentration of S-nZVIS is 2.3 g L�1 and the initial
pH is 7.
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162.6 � 0.1 eV (corresponding to S2
2� species), suggesting that

S0 was reduced to S2� and S2
2�. As shown in Fig. 2C, D and S5,†

the Fe 2p3/2 spectra of nZVI are dominant by Fe0 (B.E. ¼ �706.5
eV), Fe(II)–O (B.E.¼�710.1 eV), and Fe(III)–O (B.E.¼�713.4 eV).
For the Fe 2p3/2 spectra of S-nZVIS, however, the relative abun-
dance of Fe(II)–O and Fe(III)–O decreased signicantly and the
Fe0 peak was shied to the peak at a B.E. of �706.7 eV corre-
sponding to Fe0/Fe(II)–S.37 Furthermore, the Fe(II)–S peak at
a binding energy near 707.4 eV increased (Fig. 3D),38 providing
direct evidence that Fe0 could directly react with S0 dissolved in
ethanol to form iron suldes. It indicates that nZVI can be
suldated successfully with S0 dissolved in ethanol under mild
conditions. The reactions between Fe0 and S0 dissolved in
ethanol are proposed and described by eqn (3) and (4). The
reaction mechanisms have been reported in the ball-milling of
Fe0 and S0,39 and the preparation of S-nZVI from Na2S2O4 using
one-pot synthesis.40,41

Fe0 + S0ethanol ¼ FeS (3)

FeS + S0ethanol ¼ FeS2 (4)

Fig. 2B demonstrates that the abundance of S2� and S2
2�

species increased with an increase in the S/Fe ratio, which was
consistent with the results of EDS analysis that the atomic ratio
of S increased with an increase in the theoretical S/Fe ratio
(Fig. S2 and Table S2†). The actual S doping amount was close to
Fig. 2 XPS S 2p narrow region spectra (A), S species distribution (B), XPS
nZVIS at different S/Fe molar ratios.

90 | Environ. Sci.: Processes Impacts, 2021, 23, 86–97
that introduced theoretically when the theoretical values of the
S/Fe ratio were less than 0.025, revealing that the introduced S0

was completely doped into nZVI in ethanol solution. When the
theoretical values of S/Fe increased up to 0.05, 0.1, and 0.25,
however, the atomic ratios of S/Fe on the surface of S-nZVI were
only 0.038, 0.07 and 0.13, respectively, suggesting the incom-
plete incorporation of S into the surface of nZVI at a relatively
higher S/Fe ratio. A similar phenomenon has been reported in
prior studies for S-nZVI made from Na2S37 and S-mZVI made
from S0 using a two-pot approach.15 The decrease in the S
Fe 2p narrow region spectra (C) and Fe species distribution (D) for S-

This journal is © The Royal Society of Chemistry 2021
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uptake is likely caused by the decrease in available Fe surface
sites due to the formation of iron suldes.37,42

The effect of the S/Fe ratio on the hydrodynamic diameter,
surface charge and specic surface areas of S-nZVIS was inves-
tigated. The hydrodynamic diameter of S-nZVIS measured by
DLS was �600 nm when the S/Fe molar ratio ranged from 0.015
to 0.05. As the S/Fe ratio increased up to 0.25, the hydrodynamic
diameter signicantly decreased to 109.3 � 18.3 nm (Fig. S6A†).
The decrease in the particle aggregation may be due to the
deposition of more negatively charged iron suldes on the nZVI
surface.15,43 As shown in Fig. S6B,† the zeta potential of S-nZVIS

increased with the extent of suldation. For example, the zeta
potential of S-nZVIS-0.25 was �44.8 � 3.9 mV, which was 2.7
times higher than that of nZVI (�16.3 � 2.0 mV). S-nZVIS with
a larger negative charge can enhance electric repulsion to
prevent the particle aggregation.10 This phenomenon has been
extensively reported for suldated nZVI.6,15 A decrease in
particle aggregation could result in an increase in the particle
specic surface area. Themeasured N2-BET specic surface area
of S-nZVIS was increased with the suldation extent, which is
consistent with prior studies (Fig. S6C†).10
3.2 H2 evolution

The formation of H2 from the reaction of Fe0 with H2O is an
important process that controls the reactivity of nZVI in envi-
ronmental media. It can cause corrosion of nZVI, the
consumption of Fe0 and thereby adversely affect the reduction
of contaminants by nZVI. In order to evaluate the impact of
Fig. 4 Electrochemical characterization of the GCEs modified with S-nZ
voltammogram (CV) and (C) Nyquist profiles of electrochemical imped
Nyquist plot of electrochemical impedance spectroscopy (EIS) at high fr

This journal is © The Royal Society of Chemistry 2021
suldation on the reactivity of nZVI, the HER from S-nZVIS and
nZVI was determined and the data were t to four alternative
kinetic models proposed by Qin et al.44 As shown in Fig. 3 and
S7† and Tables S3–S6,† the HER kinetics of S-nZVIS and nZVI
are described better with the independent changes in the two
reactive phase model than the other three models (i.e., rst-
order passivation of the Fe0 model, replacement of the reac-
tive phase model, and advanced phase replacement model),
which is consistent with the result of study by Qin et al.44 In the
independent changes in the two reactive phase model (eqn (5)–
(7)), the HER arises from a more reactive phase (phase 1,
producing a fast stage) and a less reactive phase (phase 2,
producing a slower stage), and they act independently. The
faster stage of the HERmay be attributed to the reactive mineral
intermediate phase like ferrous oxyhydroxides formed on the
nZVI surface during preparation, while the slower stage of the
HER is caused by the reaction of Fe0.

[H2] ¼ A � (1 � e�k1t) + B � (1 � e�k2t) (5)

A ¼ kH2;1 � S1;0

k1
(6)

B ¼ kH2;2 � S2;0

k2
(7)

The tting model parameters are shown in Tables S5.† The
tted values of A (i.e., kH2,1 � S1,0/k1) and B (i.e., kH2,2 � S2,0/k2)
can be used to compare the effect of suldation on the HER
VIS at a S/Fe of 0, 0.025, or 0.25. (A) Tafel polarization curve, (B) cyclic
ance spectroscopy (EIS) in the frequency range of 0.1 to 105 Hz; (D)
equency.
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kinetics. The values of A and B are higher and the HER is faster.
It was observed that A values could be in the decreasing order of
nZVIz S-nZVIS-0.025 > S-nZVIS-0.25, while B values could be in the
decreasing order of nZVI > S-nZVIS-0.025 > S-nZVIS-0.25, indicating
that the suldation of nZVI with a higher dose of S0 slowed the
HER to a larger extent. The pH values in the reaction solution
containing S-nZVI with or without TBBPA were lower than those
for nZVI (Fig. S8†), further conrming that less OH� was
generated and the reduction rate of water was lower in the S-
nZVIS system than in the nZVI system. It is in agreement with
the result of previous studies that the suldation of nano- and
micro-ZVI can inhibit the HER.10,15,41 The HER slowed by sul-
dation with S0 in ethanol may be attributed to two reasons: (1)
suldation with S0 in ethanol can decrease the generation of
reactive ferrous oxyhydroxides, evidenced by the XPS analysis
result that less Fe(II)–O was formed on S-nZVIS than on nZVI; (2)
iron suldes formed are more hydrophobic than the iron
oxides, slowing the corrosion of Fe0 by water.10,36,41

3.3 Electrochemical characterization

The electrochemical characterization of S-nZVIS and nZVI was
performed using Tafel polarization curve analysis, cyclic vol-
tammetry (CV), and electrochemical impedance spectroscopy
(EIS) to evaluate the effect of suldation with S0 in ethanol on
the electron transfer behaviors. The Tafel curves analysis illus-
trated in Fig. 4A and Table S7† showed that suldation
increased the corrosion rate and corrosion potentials (Ecorr,
more negative) of nZVI in water. Similarly, He et al.7 found that
the suldation of nZVI with Na2S leads to an increase of
corrosion current (Icorr) from 0.61 mA to 1.0 mA. Gu et al.15 re-
ported that the suldation of mZVI by ball-milling with S0 favors
more negative potentials. Turcio-Ortega et al.45 demonstrated
that Fe/FeS had more negative Ecorr than Fe/FeO and supported
greater charge transfer under various environmentally relevant
solution conditions. S-nZVIS-0.025 exhibited higher Ecorr but
lower HER than nZVI, suggesting that suldation increases the
hydrophobicity of nZVI to inhibit the reaction between nZVI
and water.7,36,42 Noted that Ecorr and Icorr did not continuously
increase with the increase of the suldation extent. S-nZVIS-0.25

had lower Icorr and less negative Ecorr than S-nZVIS-0.025. CV
analysis also showed that the mid-point potential (Emid) values
Fig. 5 Transformation of TBBPA by S-nZVIS (A) and the surface area-base
different S/Fe molar ratios. The initial concentration of S-nZVIS and TBB

92 | Environ. Sci.: Processes Impacts, 2021, 23, 86–97
were less negative for S-nZVIS-0.25 (�213.5 mV) than that of S-
nZVIS-0.025 (�229.5 mV) (Fig. 4B, Table S8†). The EIS results
shown in Fig. 4C and D suggested that S-nZVIS-0.25 had a larger
semicircle diameter and provided a higher electron transfer
resistance (Rct).46 The trend for Rct was in good agreement with
that for polarization resistance (Rp) obtained from Tafel curves.
The increased electron transfer resistance resulted in an inhi-
bition in the electron transfer that suppressed H2 formation
from the reduction of water by S-nZVIS-0.25 (Fig. 3).
3.4 Debromination of TBBPA by S-nZVIS

As shown in Fig. 5A, TBBPA could be transformed rapidly by S-
nZVIS with a S/Fe ratio of 0.015–0.05 compared to nZVI. About
91.4% of TBBPA was transformed by S-nZVIS-0.025 within 2
hours, which was 3 times higher than that of nZVI (28.8%).
TBBPA transformation was well described by the pseudo-rst-
order rate model (Fig. S9†). The tted rate constants for
TBBPA removal (kobs) are given in Table S9† and the corre-
sponding surface area normalized reaction constants (kSA) of
TBBPA transformation are shown in Fig. 5B. The kSA values were
increased as the S/Fe ratio increased from 0.015 to 0.025. S-
nZVIS-0.025 had the highest transformation rate constant of
TBBPA with a kSA of 0.066 � 0.0076 L h�1 m�2. Previous studies
reported that suldation can facilitate the electron transfer
from Fe0 to contaminants rather than natural reductants
involving H2O.6,11,36 It is mainly due to the fact that suldation
increases the hydrophobicity of nZVI to hinder the H adsorption
but to enhance the adsorption of hydrophobic contaminants
and therefore increase the electron selectivity.36,42 S-nZVIS-0.025

exhibited a higher transformation rate of TBBPA but a lower
HER rate compared to nZVI, suggesting that the electron effi-
ciency of TBBPA debromination of S-nZVIS-0.025 may be higher
than that of nZVI. S-nZVIS-0.25 exhibited a lower reactivity with
TBBPA than nZVI, which was mainly attributed to its larger
electron transfer resistance, evidenced by EIS analysis. Never-
theless, the kSA gradually decreased to 0 when the S/Fe ratio
increased up to 0.25. It may be caused by the fact that FeS itself
does not contribute to the TBBPA debromination47 and the
availability of active Fe0 sites for TBBPA transformation is
limited due to the presence of FeS.
d pseudo-first-order rate constant (kSA) (B) of TBBPA transformation at
PA is 2.3 g L�1 and 20 mg L�1, respectively.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Molar percentage of intermediate products during the transformation of TBBPA by S-nZVIS at different S/Fe molar ratios. (A) nZVI, (B) S/Fe
¼ 0.015, (C) S/Fe ¼ 0.025, (D) S/Fe ¼ 0.05, (E) S/Fe ¼ 0.1, and (F) S/Fe ¼ 0.25. The initial concentration of S-nZVIS and TBBPA is 2.3 g L�1 and
20 mg L�1, respectively.
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Tri-BBPA, di-BBPA, mono-BBPA and BPA were produced in
the TBBPA transformation by S-nZVIS with a S/Fe ratio of 0.015–
0.1 (Fig. 6). It is consistent with the result of S-nZVI obtained
from one-pot synthesis with Na2S2O4 and from the two-pot
method with Na2S,29,30 in which TBBPA was transformed
following a four-step sequential debromination pathway to
form tri-BBPA, di-BBPA, mono-BBPA and BPA (Fig. S10†).29 The
amounts of the four intermediates varied with the sulfur
loading during the reaction (Fig. 6). In the nonsuldated nZVI
system, tri- and di-BBPA were the dominant products and no
BPA was detected. In contrast, BPA was formed and its
concentration gradually increased with an increase in the
degree of suldation. It may be resulted from the fact that iron
suldes with relatively greater hydrophobicity might be bene-
cial for the adsorption of intermediates onto the surface of S-
nZVI and facilitate its degradation by Fe0.40 Nevertheless, S-nZVI
with a S/Fe ratio of 0.25 only debrominated TBBPA into tri- and
di-BBPA. It suggests that coating with a high dose of S prevents
the debromination of TBBPA products by S-nZVI.

3.5 Comparison with S-nZVINa2S2O4 and S-nZVINa2S

In order to compare the reactivity of S-nZVIS towards TBBPA
with that of conventional S-nZVI, the debromination rate of
TBBPA by S-nZVINa2S2O4 and S-nZVINa2S at different S/Fe ratios
This journal is © The Royal Society of Chemistry 2021
was also investigated (Fig. 7). For S-nZVINa2S2O4 particles, more
than 95% TBBPA was removed at a high S/Fe ratio of 0.5–0.75
within 24 h of reaction, while only 8–30% removal of TBBPA was
achieved at a low S/Fe ratio of 0.015–0.05. Different from S-
nZVINa2S2O4 particles, S-nZVINa2S exhibited higher reactivity
towards TBBPA debromination at a low S/Fe ratio of 0.015–0.05.
The highest TBBPA removal percentage of S-nZVINa2S was 77.9%
when the S/Fe molar ratio was 0.025. When the S/Fe molar ratio
increased up to 0.5, the removal percentage of TBBPA by S-
nZVINa2S decreased to <10%. The TBBPA removal data of S-nZVI
particles are also tted well to the rst-order rate kinetic model
(Fig. S11†) and the rate constant values are shown in Table S9.†
The highest kobs value for S-nZVINa2S2O4 and S-nZVINa2S was 0.38
� 0.02 h�1 at a S/Fe ratio of 0.5 and 0.16 � 0.018 h�1 at a S/Fe
ratio of 0.025, respectively. Both of them were lower than 1.19
� 0.071 h�1 for S-nZVIS at a S/Fe ratio of 0.025. It suggests that S-
nZVI made from S0 dissolved in ethanol poses higher reactivity
towards TBBPA than those conventional S-nZVI made from
Na2S2O4 and Na2S dissolved in water. It may be attributed to the
fact that suldation with S0 in ethanol can protect Fe(0) from
oxidation rather than in an aqueous phase. This could be
conrmed by the XPS analysis result that S-nZVIS had a higher
relative abundance of Fe(0) and a lower relative abundance of
Fe(II)–O/Fe(III)–O compared to S-nZVINa2S2O4 (Fig. S12A†). In
Environ. Sci.: Processes Impacts, 2021, 23, 86–97 | 93
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Fig. 7 Removal of TBBPA by S-nZVINa2S and S-nZVINa2S2O4 with different S/Fe molar ratios. The initial concentration of S-nZVIS and TBBPA is 2.3 g
L�1 and 20 mg L�1, respectively.
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addition, the surface of S-nZVIS was dominated by FeS and FeS2,
which were different from S2� and Sn

2� distributed on the
surface of S-nZVINa2S and S-nZVINa2S2O4 (Fig. S12C and D†).
Rajajayavel and Ghoshal10 and Cao et al.48 reported that
different sulde species on the nZVI surface can affect the
reactivity of particles towards pollutants. Xu et al.42 demon-
strated that the FeS2-like structure in S-nZVI makes the material
surface more hydrophobic, facilitating a selective reaction with
contaminants over water reduction.

3.6 Application of S-nZVIS in the treatment of real water

For the purpose of assessing the potential performance of S-
nZVIS in real water, the removal of TBBPA in TBBPA-spiked real
water (i.e., the surface water from the Pearl River, groundwater,
and tap water) was analyzed. As shown in Fig. 8, the unsul-
dated nZVI has a small or negligible effect on the TBBPA
removal, while S-nZVIS signicantly removed TBBPA from the
contaminated water. The removal percentages of TBBPA
reached 64.8 � 0.4% in the Pearl River water, 52.63 � 0.0% in
groundwater, and 43.84 � 2.3% in tap water within 24 h of
reaction, respectively. The removal of TBBPA by S-nZVIS-0.025 in
Fig. 8 Removal of TBBPA by nZVI (N-) and S-nZVIS-0.025 (S-) from
different real water samples. The initial concentration of S-nZVI
particles and TBBPA is 2.3 g L�1 and 5 mg L�1, respectively. The
physical and chemical properties of the water samples are shown in
Table S10.†

94 | Environ. Sci.: Processes Impacts, 2021, 23, 86–97
the three real water samples tted well with the pseudo-rst-
order kinetic model with a high correlation coefficient (Fig.-
S13,†R2 > 0.98). The pseudo-rst-order rate constant for TBBPA
removal was 0.047 � 0.002 h�1 in Pearl River, 0.046 � 0.002 h�1

in groundwater, and 0.037� 0.0008 h�1 in tap water. It suggests
that S-nZVIS-0.025 provides better performance than nZVI in the
treatment of TBBPA-contaminated real water, which has great
potential for the remediation of contaminated water.

It should be noted that the removal rate of TBBPA by S-nZVIS-
0.025 in real water decreases 25–32 times compared to that in
pure water, which may be caused by the complex aqueous
chemical conditions of real water. The details on the analysis of
aqueous chemical conditions of these real water samples, e.g.,
pH, conductivity, biochemical oxygen demand (BOD5), chem-
ical oxygen demand (COD), and dissolved anions and cations,
are provided in Table S10.† It was observed that the real water
has higher conductivity, dissolved anion and cation concen-
trations and COD. It is well known that the reductive trans-
formation of TBBPA contaminants by nZVI is a surface-
mediated reaction, which is easily affected by various environ-
mental conditions such as inorganic ions and organic
compounds.9,12,49 Competition for active sites between inor-
ganic and organic compounds with TBBPA may result in
a decrease in the transformation of TBBPA by nZVI. It is
important to comprehensively understand the effects of these
environmental factors on the removal of TBBPA by S-nZVIS. In
addition, the role of dissolved oxygen (O2) in the transformation
of TBBPA is deserved to be investigated as O2 is widely distrib-
uted in the natural environments.50,51 The obtained information
will assist in the application of S-nZVIS in site remediation
under complex environmental conditions.
4. Conclusions

This study reports a novel chemical synthesis method of S-nZVI
particles where nZVI is suldated with solid S0 (an inexpensive,
readily available and safe suldation agent) dissolved in ethanol
under mild conditions. In the suldation process, a relatively
homogeneous layer of FeS/FeS2 is formed on the nZVI surface
that can slow the corrosion reaction rate of Fe0 and enhance the
electron transfer. The resulting S-nZVIS exhibited better
This journal is © The Royal Society of Chemistry 2021
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performance in TBBPA transformation than the conventional S-
nZVI particles made from Na2S and Na2S2O4. The reactivity of S-
nZVIS towards TBBPA debromination is signicantly affected by
different S/Fe ratios. S-nZVIS at a S/Fe ratio of 0.025 exhibited
the best performance in the transformation of TBBPA and its
debromination products, which has been successfully applied
in the treatment of TBBPA-spiked real water. Taken together,
this suldation method is safe, low-cost and easy to handle,
which can be applied for removing halogenated organic
contaminants from contaminated water.
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