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A B S T R A C T

Roxarsone (ROX) is an organoarsenic compound that is widely used as an additive in swine and poultry feed to
inhibit disease and promote growth. Due to its low metabolism in animals, it is excreted in animal urine and
feces leading to its widespread contamination of soils and aquatic ecosystems. Herein, we demonstrated that
ROX can be adsorbed and subsequently reduced by a common iron sulfide (greigite - Fe3S4) in the pH range of
3.6 to 8.6. ROX removal processes followed a pseudo-second-order kinetic model that was strongly pH depen-
dent. The nitro group of ROX was reduced by structural sulfide rather than dissolved sulfide or ferrous iron to
generate an amino-group containing product, 4-hydroxy-3-aminophenylarsonic acid (HAPA). At neutral to al-
kaline pH values ROX and HAPA are preferentially adsorbed rather than reduced on the Fe3S4 surface. The
interaction between ROX and Fe3S4 was minimally affected by interactions with coexisting cations, anions and
natural organic matter (humic acid). These novel findings provide new insights for understanding the trans-
formation mechanism of ROX by iron sulfides minerals, and have practical application for designing efficient
systems for advanced treatment of ROX.

1. Introduction

Organoarsenic compounds, such as roxarsone (ROX, 4-hydroxy-3-
nitrophenylarsonic acid) and p-arsanilic acid (p-ASA, 4-aminopheny-
larsonic acid), have been widely used since the 1960s as additives in
swine and poultry feed to inhibit diseases and promote growth [1]. Due
to their low metabolism in livestock, organoarsenic additives are

excreted relatively unchanged in animal urine and feces. The orga-
noarsenic compounds are readily leached from manures and soils due to
their high water solubility leading to their prevalence in both terrestrial
and aquatic ecosystems [2,3]. Arsenic concentrations in chicken and
swine manure are reported as high as 0.6–43.8 and 0.42–119.0 mg/kg,
respectively [4]. Moreover, organoarsenic additives may be converted
to more mobile and toxic inorganic arsenic species by microbial
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transformations, which subsequently enhance their environmental risk.
Hence, the European Union and United States banned the use of ROX
and p-ASA as animal feed additives in 1999 and 2013, respectively [5].
However, these organoarsenic feed additives are still widely used in
many developing countries around the word, such as China, India and
Brazil [4]. As a consequence, their safety has raised great concern to
human and environmental health in these countries.

Organoarsenic conversion induced by waterborne particles, river
sediments and soil minerals is an important way for its abiotic trans-
formation in the natural environment. Recently, iron (oxyhydr)oxides
[6], multi-walled carbon nanotubes [7], anaerobic granular sludge [8],
and specific modified particles [9–11] are often used as adsorbent to
investigate the organoarsenic fate mediated by natural particles. Its
adsorption mechanisms involve surface complex, electrostatic interac-
tions and so on [12–14]. Although organoarsenic adsorption with nat-
ural particles is not realized its structural transformation, the abiotic
processing is regarded as a prerequisite for organoarsenic decomposi-
tion [15,16]. For example, Cheng et al. investigated p-ASA transfor-
mations on birnessite (δ-MnO2), and found that p-ASA was efficiently
degraded via the formation of p-ASA radicals through single-electron
transfer to δ-MnO2 and subsequent cleavage of the C-As bond [17].
Jiang and coworkers. utilized spent aluminum beverage cans to activate
molecular oxygen and generate hydrogen peroxide, which was subse-
quently decomposed by ferrous ions to produce hydroxyl radicals for p-
ASA degradation. The Al(III) ions were also an excellent flocculent for
inorganic arsenic removal [18]. All of these processes mediated the
organoarsenic adsorption or/and redox, however, its transformation
pathway was strongly dependent on natural particles.

Due to the specificity and complexity of the natural environment,
the ambient conditions such as solution pH, coexist ions, ionic strength
and the interface properties of natural particles may also play an im-
portant role in the organoarsenic transformation. For example, Chen
and co-workers found that Fe3+, Zn2+ and Cu2+ dramatically en-
hanced the ROX adsorption on goethite surface, however, PO4

2− was
competitively adsorbed on the surface of iron minerals leading to or-
ganoarsenic desorption [19]. Hu et al., found that the solution pH could
affect the ROX removal efficiency by Fe/La-modified montmorillonite
via mediate the degree of ionization, speciation of ionizable chemicals,
and surface charge of adsorbents [20]. Jhung et. al. reported that the
mesoporos zeolitic imidazolate framework-8 could adsorptively remove
p-ASA via electrostatic interactions and its adsorption kinetics and ad-
sorbed amount were improved with mesoporosity [21]. Their sub-
sequent study proved that hydroxyl group functionalized MOFs (MIL-
101-(OH)3) could directly define H-donor for the formation of H-bound
between p-ASA and MOFs, which extremely promoted the p-ASA ad-
sorption on MIL-101-(OH)3 [22]. In addition, the surface defect on the
particles could also act as an activate site for the organoarsenic effective
adsorption [23]. All of these studies reveal that the interaction between
the organoarsenic and minerals is closely dependent on ambient con-
ditions and natural particle properties, which provided a critical
pathway for organoarsenic transformation in the natural environment.

Iron sulfides, an abundant Earth mineral with high ferrous and
sulfide contents, play an important role in the global cycles of carbon,
oxygen, sulfur and other elements [24–26]. Recent studies have ex-
amined the efficacy of using iron sulfides as an adsorbent and/or re-
ductant for remediation of chlorinated organic compounds, nitrate, and
metal ions [27–31]. Among the various iron sulfides, greigite (Fe3S4)
has drawn particular attention as it contains both ferrous and ferric ions
and has excellent magnetic properties [24]. For example, Fe3S4 has
been used as an anode material for ion batteries and as a reductant for
CO2 conversion to small organic molecules due to its excellent reductive
properties, and as an adsorbent for Pb(II) and dyes owing to its complex
functional group surface chemistry [25,32–35]. However, there is a
paucity of information on the reaction mechanisms between magnetic
Fe3S4 and organic compounds, especially organoarsenic utilized for li-
vestock feed additives.

Based on the above considerations, this investigation focuses on
ROX adsorption and reduction mechanism induced by solovthermally
synthesized magnetic Fe3S4 nanosheets. A series of experiments were
conducted to investigate the generation of reactive species and their
effects on ROX transformations. High performance liquid chromato-
graphy (HPLC) and atomic fluorescence spectrometry (AFS) were used
to identify intermediate ROX reduction products and elucidate ROX
removal mechanisms. This study provides new insights for under-
standing the transformation mechanism of ROX by iron sulfides mi-
nerals and has application for designing efficient systems for advanced
treatment of ROX in the environment.

2. Material and methods

2.1. Chemicals

Analytical grade iron(III) chloride hexahydrate (FeCl3·6H2O), so-
dium chloride, potassium chloride, magnesium chloride, calcium
chloride, sodium sulfate, sodium nitrate, thiourea, sulfur powder,
carbon disulfide, oxalic acid dihydrate, potassium borohydride, as-
corbic acid, hydrochloric acid, and ethylene glycol (EG) were purchased
from National Medicines Co. (Shanghai, China). Roxarsone (ROX, 98%)
and humic acid (HA, 98%) were purchased from J & K Scientific
(Beijing, China). 4-Hydroxy-3-aminophenylarsonic acid (HAPA, 98%)
was purchased from BOC Sciences (Shirley, NY, USA). The molecular
structures of ROX and HAPA are illustrated in Fig. S1. NaAsO2, NaAsO3

and 2, 2, 6, 6-tetramethylpiperidinooxy (TEMPO) and HPLC-grade
phosphoric acid, formic acid and acetic acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Chromatographic-grade methanol
and acetonitrile were obtained from Merck KGaA (Darmstadt, Ger-
many). All chemicals were used as received without further purifica-
tion. Deionized water (> 18 MΩ) was used throughout the experi-
ments.

2.2. Sample preparation

In a typical Fe3S4 synthesis [36], FeCl3·6H2O (3.0 mmol) and
thiourea (6.0 mmol) were dissolved in 60 mL of EG to form a carmine
solution under magnetic stirring. The solution was then transferred into
a 100 mL Teflon-lined stainless steel autoclave, which was sealed and
heated at 180 °C for 12 h in an electrical oven. Following completion of
the heating step, the autoclave was cooled to room temperature. Fi-
nally, the dark solid product (Fe3S4) was obtained by centrifugation and
sequential rinsing with distilled water and ethanol before drying in a
vacuum oven at 60 °C for 4 h.

2.3. Experimental procedures

A stock solution containing of 500 mg/L of ROX was prepared by
dissolving ROX in deionized water with subsequent storage in the dark
to avoid photochemical degradation. Simulated wastewaters with dif-
ferent ROX concentrations (1.0–40.0 mg/L) were prepared by dilution
of the stock ROX standard solution with deionized water. The pH values
were measured with an Orion model 920A pH/ISE meter and Beckman
combination electrode. The initial pH of the ROX (10 mg/L) solution
was 4.6; additional pH values were prepared by addition of 0.1 mol/L
HCl or 0.1 mol/L NaOH.

ROX removal experiments were conducted in 50 mL conical flasks
containing 20 mL of ROX and 0.5 g/L of Fe3S4. Each flask was covered
with aluminum foil (to shield from light) and mixed with a rotary
shaker at a constant temperature of 30 °C. To explore solution matrix
effects, the ROX removal experiments were also carried out with the
addition of 1 mmol/L of various inorganic salts (including NaCl, KCl,
MgCl2, CaCl2, Na2SO4, NaNO3,) and 10 mg/L of natural organic matter
(humic acid). Sub-samples were withdrawn from the flask with a syr-
inge at a regular time interval and passed through a 0.22 μm
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polytetrafluoroethylene filter. The concentration of ROX was analyzed
by HPLC for each time interval. All ROX removal experiments were
conducted in triplicate.

2.4. Analytical methods

Concentrations of ROX and HAPA were determined by high per-
formance liquid chromatography (HPLC, Ultimate 3000, Thermo, USA)
with a photo diode array detector. Elemental sulfur adsorbed on Fe3S4
was extracted with methanol and analyzed by HPLC. The low molecular
weight organic acids and inorganic anions were quantified by ion
chromatography (Dionex 900; Thermo, Fremont, CA, USA). Inorganic
arsenic (As(III) and As(V)) concentrations were determined by a com-
bination of liquid chromatography (LC) and atomic fluorescence spec-
trometry (AFS 9600, Beijing Kechuang Haiguang Instrument Co.,
Beijing, China). The arsenic species were separated using a
250 × 4.1 mm Hamilton PRP X-100 anion-exchange column at 30 °C
with an isocratic elution of 5 mmol/L Na2HPO4 and 45 mmol/L KH2PO4

buffer solution at 2.0 mL/min. Hydride generation of volatile arsines
was conducted by adding online solutions of 5% HCl and 2% KBH4

using a peristaltic pump with flow rates of 7 mL/min and 4 mL/min,
respectively.

Electron spin resonance (ESR) spectra were obtained with a Bruker
EPR A300 spectrometer (Bruker, Billerica, MA) at ambient conditions
using TEMPO as the radical spin-trap reagent. X-ray diffraction (XRD)
patterns in the range of 20° and 70° (2θ values) were obtained using a
Bruker D8 Advance X-ray diffractometer with Cu Kα radiation.
Scanning electron microscopy (SEM) was performed on a LEO 1450VP
scanning electron microscope (Zeiss, Oberkochen, Germany). The

magnetic properties of the as-prepared Fe3S4 powder were determined
at 298 K with a vibrating sample magnetometer (VSM-7300, Quantum
Design, San Diego, CA, USA). Typical magnetic hysteresis loops were
measured by sweeping the external field between −10 and 10 kOe.
Nitrogen adsorption and desorption isotherms at 77 K were measured
using a Micromeritics ASAP 2460 system (Micromeritics Instrument
Corp., Norcross, GA, USA) following vacuum drying at 473 K overnight.
The electron transfer ability of the magnetic Fe3S4 was evaluated by its
free corrosion potentials via Tafel analysis. Tafel curves were de-
termined with a CHI-660C electrochemical workstation (CH
Instruments, Austin, TX, USA) employing a three electrode system of
Fe3S4, platinum and standard hydrogen electrode as the work electrode
(WE), counter electrode (CE) and reference electrode (RE), respectively.
A 5 cm of length of cylindrical iron (Φ= 5 mm) was fixed in a Teflon
tube holder to fabricate the work electrode. Prior to fabrication, the
cylindrical iron surface was polished with emery paper. A 5 mg Fe3S4
sample was ground and applied to cover the end of the cylindrical iron,
leaving only the surface exposed to 50 mL of 50 mmol/L Na2SO4 elec-
trolyte in a 100 mL beaker. To measure the initial corrosion rates of
Fe3S4, Tafel scans were acquired as soon as the work electrode was
exposed to the solution. All Tafel diagrams were obtained by polarizing
the work electrode at± 200 mV with respect to its open circuit po-
tential. To investigate pH effects on Fe3S4 corrosion rates, the electro-
chemical experiments were conducted across the pH range of 3.6 to 8.6
following pH adjustment by either 0.1 mol/L HCl or 0.1 mol/L NaOH.
All potentials in the Tafel diagrams are reported with respect to the
standard hydrogen electrode.

Fig. 1. Characterizations of solvothermal synthesized Fe3S4: (a) XRD; (b) SEM; (c) M-H curves, insert photographs show that Fe3S4 nanosheets were dispersed in water (left), and standing
with/without a magnet after 5 s (middle and right); and (d) nitrogen adsorption-desorption isotherm.
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3. Results and discussion

3.1. Greigite (Fe3S4) characterization

The crystallographic phase and purity of the solvothermal synthe-
sized Fe3S4 sample were examined by XRD characterization. The dif-
fraction peaks were fully consistent with cubic greigite Fe3S4 (Joint
Committee on Powder Diffraction Standards (JCPDS) Powder
Diffraction File (PDF) No. 16-713) and demonstrated well indexed
(2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) reflections in
order of ascending 2θ values (Fig. 1a). No other impurities were de-
tected in the diffraction patterns, indicating high phase purity of the as-
synthesized powder at the XRD detection level. The broad, but sharp
XRD diffraction peaks are consistent with the small crystallite size and
high crystallinity of the Fe3S4 phase. SEM examination of the mor-
phology and microstructure revealed large-scale, uniform nanosheets,
which tended to form 3D flower-like microsphere aggregates (Fig. 1b).

The magnetic properties of the Fe3S4 nanosheets were recorded by a
VSM device. The curves displayed a small hysteresis loop, and the sa-
turation magnetization (Ms), remnant magnetization (Mr), and coer-
civity field (Hc) at room temperature were 26.0 emu/g, 11.0 emu/g and
352.3 Oe, respectively (Fig. 1c). The Fe3S4 powder was well dispersed
in water forming a black suspension that could be rapidly collected by a
magnet without any remaining residues in the solution after 5 s (Fig. 1c
inset). These results demonstrate that the Fe3S4 can be quickly and
efficiently separated from the suspension system with an external
magnetic field.

Specific surface area of the Fe3S4 nanosheets was measured by the
nitrogen adsorption-desorption method. A distinct hysteresis loop was
observed at a relative pressure of 0.2–0.9 in the N2 adsorption isotherm,
which can be assigned as a type IV isotherm with H3-type hysteresis
loops, indicating the presence of mesopores (Fig. 1d). The Brunauer -
Emmett - Teller (BET) surface area calculated from the N2 isotherm at
77 K was 13 m2/g. The specific surface area and porous nature of the
magnetic Fe3S4 nanosheets significantly shortens ion diffusion lengths
and provides more active sites for organic compound transformations,
which may considerably enhance interactions between organic com-
pounds and the Fe3S4 nanosheets.

3.2. Removal of ROX with Fe3S4 nanosheets

ROX removal kinetics by 0.5 g/L of Fe3S4 at different initial ROX
concentrations at 30 °C were evaluated over time (Fig. 2a). Within
240 min, ROX concentration decreased by almost 100% and 60% at
initial concentrations of 1 to 10 mg/L and 30 mg/L, respectively. This
revealed that ROX was efficiently removed by the Fe3S4 nanosheets.
The kinetics of ROX removal were evaluated in terms of pseudo-first-
order and pseudo-second-order kinetic models by calculating removal
constants (k), P values, and correlation coefficients (R2) (Table S1). At
initial concentrations of 1–6 mg/L, the k and R2 were not determined
due to the very rapid removal of ROX by the Fe3S4. The P values for
pseudo-first-order and pseudo-second-order kinetic models were much
lower than 0.001, suggesting the high significance level of the data for
the fitting process. Moreover, the R2 value for the pseudo-second-order
model was much higher than that of the pseudo-first-order kinetic
model at initial ROX concentrations of 8 to 30 mg/L (Table S1 and
Fig. 2b), suggesting a better fit with the pseudo-second-order kinetic
model. The pseudo-second-order rate constants slightly increased from
4.774 ± 0.373 to 4.872 ± 0.341 L·mmol−1·min−1 with increasing
ROX concentrations from 8 to 10 mg/L, and then sharply decreased to
0.058 ± 0.004 L·mmol−1·min−1 with a further increase in ROX con-
centration from 10 to 30 mg/L. Given that the ROX removal efficiency
was highly dependent on its initial concentration, 10 mg/L ROX was
selected for subsequent investigations examining ROX removal me-
chanism(s).

3.3. Matrix effects on ROX removal by Fe3S4 nanosheets

As ROX and Fe3S4 may simultaneously exist in natural terrestrial
and aquatic environments, ROX transformation based on Fe3S4 could be
an important organoarsenic conversion pathway. However, in natural
environments several anions, cations and natural organic compounds
coexist and may interact with the reactions between ROX and Fe3S4.
Therefore, a variety of coexisting ions and a humic substance were
evaluated for their effects on the removal efficiency of ROX by Fe3S4.
The ROX removal efficiencies for all ions (Na+, K+, Mg2+, Ca2+, Cl−,
SO4

2− and NO3
−) and HA evaluated were 99+% indicating no sig-

nificant matrix effects from these constituents on ROX removal (Fig.
S2).

3.4. pH effects on ROX removal by Fe3S4 nanosheets

Organoarsenic compounds maybe removed via adsorption and/or
redox pathways with heterogeneous materials. Because adsorption and
redox processes are pH dependent, the effect of pH on ROX removal
efficiency by Fe3S4 was evaluated. More than 90% of the ROX was re-
moved by the Fe3S4 nanosheets in the initial pH range of 3.6 to 8.6
(Fig. 3a). The apparent ROX removal rate constants slightly increased
from 4.557 ± 0.658 to 4.872 ± 0.341 L·mmol−1·min−1 with in-
creasing pH from 3.6 to 4.6, but sharply decreased to
0.832 ± 0.017 L·mmol−1·min−1 when the initial pH was increased to
8.6 (Table S2). To clarify the contribution of adsorption and redox
processes on ROX removal by Fe3S4, the probable organic intermediates
(e.g., HAPA& inorganic As species) generated during the ROX removal
process were investigated using HPLC. HAPA was generated during the
ROX removal process in the pH range of 3.6–8.6 (Fig. 3b), revealing
that the eNO2 moiety of ROX was reduced by the Fe3S4 to generate
eNH2. HAPA concentrations increased with increasing reaction time,
suggesting a high stability of HAPA in these systems. However, the final
HAPA concentration decreased from 7.50 to 3.16 mg/L when the initial
pH was increase from 3.6 to 8.6, indicating that the nitro-group re-
duction process was highly pH dependent and/or preferential adsorp-
tion of HAPA on the Fe3S4 at high pH values.

Total inorganic arsenic species (denoted as iAs, including inorganic
As(III) and As(V)) were quantified to evaluate the possible breakage of
the C-As bond in ROX during the reduction process. Dissolved iAs
concentrations quickly increased in the initial pH range of 3.6–8.6 and
reached a maximum level after 20–30 min, followed by decreased
concentrations with further reaction time (Fig. 3c). Moreover, dissolved
iAs concentrations under acidic conditions were lower than those at
neutral and alkaline conditions. This may result from more efficient
reduction of eNO2 at the expense of C-As at the higher proton con-
centrations. However, maximum inorganic arsenic concentrations were
only ∼70 μg/L, which were much lower than the initial total arsenic
concentration calculated in ROX (2.85 mg/L). Thus, the breakage of the
C-As bond was revealed as a minor process during ROX conversion by
Fe3S4 nanosheets.

Total dissolved As concentrations were calculated as the sum of
ROX, HAPA and inorganic arsenic (Fig. 3d). Total dissolved As con-
centrations at pH 8.6 were much lower than for neutral and acidic
solutions; ROX conversion efficiency and HAPA generation efficiency
were also slower at the higher pH value. These results revealed that the
lower pH was favorable to the reduction of ROX, while the neutral and
alkaline conditions enhanced adsorption of ROX and HAPA.

To confirm the reduction of eNO2 to eNH2 via reaction with Fe3S4
nanosheets, the reaction of nitrobenzene (NB) and Fe3S4 was carried
out under conditions identical to the ROX- Fe3S4 reactions. NB con-
centration decreased with increasing reaction time and 65% of the NB
was removed after 240 min (Fig. S3). Meanwhile, aniline (AN) was
detected and quantified by HPLC analysis. The concentration of AN
gradually increased from 0 to 0.03 mg/L with increasing reaction time,
which confirmed eNO2 reduction and eNH2 generation by interaction
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with Fe3S4. However, total N concentration, including NB and AN, was
slightly decreased during the NB transformation process, possibly re-
sulting from adsorption of NB and/or AN on Fe3S4 surfaces. In total,
these results confirm the reduction ability of Fe3S4 nanosheets for the
conversion of eNO2 to eNH2.

As the reduction of ROX to HAPA involves transfers of both elec-
trons and protons, the effects of pH on the electron transfer properties
of Fe3S4 were subsequently investigated. Specifically, corrosion poten-
tials for Fe3S4 in the presence of 10 mg/L of ROX across the initial pH

range of 3.6 to 8.6 were measured using Tafel polarization diagrams.
The free corrosion potentials for magnetic Fe3S4 decreased from −0.61
to−0.69 V as the initial pH value increased from 3.6 to 8.6 (Fig. 4a). As
more negative free corrosion potential values reflect higher electron
transfer rates, it can be concluded that the lower pH enhanced the re-
duction of ROX to generate HAPA. These results confirm that the re-
duction of ROX is dependent on the electron transfer ability of Fe3S4
and protons.

Fig. 2. (a) Time profiles for ROX removal with different initial ROX concentrations. (b) Plots of 1/Ct versus time for ROX removal. The concentration of Fe3S4 was 0.5 g/L and the initial
ROX concentration increased from 1 to 30 mg/L. The initial pH of the systems was 4.6.

Fig. 3. Time profiles for ROX, HAPA, iAs and total As with Fe3S4 at initial pH values of 3.6–8.6: (a) ROX; (B) HAPA; (c) iAs and (d) total As. The concentrations of Fe3S4 and ROX were
0.5 g/L and 10 mg/L, respectively.
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3.5. Electron transfer mechanisms for ROX reduction by Fe3S4 nanosheets

To confirm the electron transfer from the Fe3S4 nanosheets to ROX,
electron spin resonance (ESR) spectra were used to identify electron
(e−) transfer with TEMPO as the radical spin-trap reagent. TEMPO is a
typical spin label molecule that has a stable triplet ESR spectrum,
however, it can be reduced by e− to generate hydroxylamine
(TEMPOH), which weakens the ESR signal [37]. The generation of e−

and their reactivity can be easily monitored by comparing changes in
the ESR spectrum of TEMPO. A typical triplet peak with intensities of
1:1:1 was observed without addition of magnetic Fe3S4 indicating no
electron transfer (Fig. 4b). However, the peak signal significantly de-
creased with increasing contact time, which was concomitant with the
disappearance of 49% of the TEMPO (Fig. 4b). To clarify the effects of
direct adsorption contribution on the decrease of TEMPO signals, Cr(VI)
was used as electron scavengers to inhibit the reaction between TEMPO
and electrons [38,39]. It was found that only 6% of TEMPO diminished
in the presence of excess of Cr(VI), suggested the preferentially reaction
between electrons and Cr(VI) rather than TEMPO (Fig. S4). These re-
sults indirectly ruled out the TEMPO adsorption on the Fe3S4 and
confirmed that Fe3S4 efficiently generates e− for the reduction of ROX.

Iron sulfides have the ability to reduce heavy metals and haloge-
nated and nitro organic compounds due to the strong reducing capacity
of sulfide and ferrous ions. To clarify the specific electron donors in-
volved in ROX reduction by Fe3S4 nanosheets, 2,2′-bipyridine (BPY)
was added to complex the ferrous ion allowing for an estimate of its
reduction contribution to ROX removal. ROX removal efficiency in the
presence of BPY was consistent with that in the absence of BPY
(Fig. 5a), ruling out the role of ferrous ions on ROX reduction. Ac-
cordingly, it implies that the low valence sulfide plays the dominant
role in ROX reduction. Hence, the probable oxidation products of

sulfide oxidation (e.g., elemental S0 & SO4
2−) were monitored during

ROX reaction with Fe3S4. Most strikingly, elemental sulfur instead of
sulfur-containing ions was detected by HPLC and IC analyses during
ROX removal by Fe3S4 (Fig. 5b). Based on these results, we conclude
that ROX was mainly reduced by sulfide rather than ferrous ions.
However, the maximum elemental sulfur concentration was only 0.2
mg/L in solution, which was much lower than expected from the total
amount of ROX reduction. This phenomenon might result from the
strong hydrophobicity of elemental sulfur limiting its solubility, and
thus elemental sulfur analysis was performed on ethanol extracts from
the Fe3S4 surface following the reduction process. As inferred, the
elemental sulfur concentration extracted from Fe3S4 surfaces was much
higher than in solution (Fig. 5c). Collectively, these data confirmed that
ROX reduction is primarily mitigated by sulfide originating from the
Fe3S4 surface.

Given the identified importance of sulfur species in ROX reduction,
the effects of dissolved sulfide ions and elemental sulfur on ROX re-
duction by Fe3S4 nanosheets were more rigorously investigated. As
depicted in Fig. S5, ROX was negligibly reduced by the presence of
sulfide ions or elemental sulfur in solution, ruling out the direct ROX
reduction contribution from dissolved sulfide or the subsequently
generated elemental sulfur produced during dissolution and reduction
of the Fe3S4. These crucial results indicate that the ROX removal pro-
cesses were mediated by the structural sulfide ions and mainly took
place on the surface of the Fe3S4 nanosheets as opposed to reactions in
the solution phase.

3.6. Proposed ROX removal mechanism by Fe3S4 nanosheets

Based on the integrated results of this study, we postulated the re-
action pathway for ROX removal by Fe3S4 nanosheets (Scheme 1). ROX

Fig. 4. (a) Tafel scans in the presence of Fe3S4 at initial pH values of 3.6–8.6; (b) Time profile of the ESR signal intensity of TEMPO, the inset shows the ESR spectra of TEMPO at
0–30 min. The concentration of Fe3S4 and TEMPO were 0.5 g/L and 5 mmol/L, respectively.

Fig. 5. (a) ROX removal efficiency in the absence and presence of BPY; (B) Time profiles of dissolved elemental sulfur generated via the oxidation of Fe3S4; (c) Elemental sulfur generated
in solution and on the Fe3S4 surface during Fe3S4 oxidation with ROX after 240 min.
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is initially adsorbed on the surface of the Fe3S4 nanosheets where
electrons are donated by the structural sulfide rather than the ferrous
iron. The structural sulfide is oxidized to elemental sulfur instead of
sulfate, sulfite or other sulfur species. This process is strongly pH de-
pendent with a lower pH enhancing the reduction of the eNO2 moiety
on ROX to generate HAPA. The generated HAPA maybe subsequently
desorbed from the Fe3S4 surface resulting in a secondary pollutant with
a higher toxicity than ROX. In contrast, at neutral to alkaline pH values
ROX and HAPA are preferentially adsorbed rather than reduced on the
Fe3S4 surface. All of these reaction steps take place on the Fe3S4 na-
nosheet surface rather than in the solution phase.

4. Conclusions

In this study, ROX removal by magnetic Fe3S4 nanosheets was
analyzed in detail. The results demonstrated that ROX was initially
converted to HAPA by eNO2 reduction to eNH2 by structural sulfide in
the Fe3S4 nanosheets, and then HAPA was adsorbed on the Fe3S4 sur-
face, especially at neutral to alkaline pH conditions. These findings
provide new insights on natural mineral-induced (e.g., iron sulfide
minerals) removal of organoarsenic by sorption and redox reactions
mediated by interactions with the sulfur and iron cycles.
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