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HIGHLIGHTS

GRAPHICAL ABSTRACT

As(1II) is oxidized and removed using
hematite by multi-cycle charge—dis-
scharge.

The highest removal ratio of As
(T) reaches 98.6% at initial pH 7.0.

ClO0™ and the counter electrode contrib-
ute much to As(IIl) oxidation.

As(T) removal can be ascribed to As
(V) adsorption and precipitation on fer-
rihydrite.

Electrode passivation is alleviated by the
periodic redox reactions of electrode.
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Arsenite (As(III)) is generally removed by adsorption or coprecipitation after being oxidized to arsenate (As(V)).
Electrocoagulation is regarded as an effective and environment-friendly method for arsenic (As) removal from
wastewater. However, some disadvantages including the passivation of electrode and high energy consumption
limit its wide application. Herein, a multi-cycle galvanostatic charge—discharge technique was employed to re-
move aqueous As(IIl) using hematite prepared through a microwave-assisted hydrothermal reaction. When
charge—discharge experiments were conducted at the potential window of —0.8-0V (vs. SCE) in As(III) solution
with NaCl as the background electrolyte, CIO™ intermediates and the counter electrode at high potential contrib-
uted much to As(III) oxidation. As(V) was adsorbed on ferrihydrite generated from the re-oxidation of released
Fe?", forming FeAsO, precipitate. A higher removal ratio of As(T) was achieved at initial pH 7.0 compared with
that at initial pH 5.0 and 9.0. When the hematite mass was 4, 10 and 15 mg, the removal ratio of As(T) reached
55.2%,79.6% and 98.6% after 600 cycles of charge—discharge. The periodic redox reactions of hematite electrodes
occurred in each charge—discharge process, effectively avoiding the passivation of electrode. Additionally, the
electrochemical system can be used as a supercapacitor for power output. The present work provides a novel
strategy for high-efficiency As(Ill) immobilization and removal from aqueous solution.
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1. Introduction

The excess intake of toxic metalloid As leads to diseases of skin, liver,
kidney and other organs, and even cancers in human bodies (Bindal and
Singh, 2019; Choong et al., 2007). The permissible limit set by the World
Health Organization for As concentration is 0.01 mg L™! in drinking
water (Sorg et al., 2014). Geological causes and uncontrolled industrial
activities are the main sources of As contamination in waters
(Nordstrom, 2002; Qiao et al,, 2018; Shakoor et al,, 2019). It has been re-
ported that As existing in groundwaters is posing threat to around 100
million people in India (Bindal and Singh, 2019). The average As con-
centration was about 10 mg L™ ! in the wastewater discharged from
the gold mine industry of Ghana (Fox et al., 2016). In Saskatchewan,
Canada, the highest concentration of As reached 71 mg L™ in the wa-
ters obtained from uranium mine mill tailings (Donahue and Hendry,
2003; Wang and Mulligan, 2006). Therefore, it is urgent to develop
some high-efficiency and low-cost techniques for As removal from
aqueous solution.

The toxicity of As varies with species. At neutral pH, As(Ill) and As
(V) mainly exist in the forms of H3AsO3 and H,AsOZ /HAsO3 ~, respec-
tively, and As(III) shows higher mobility and toxicity than As(V) (Sorg
et al, 2014). As(lll) is generally removed by adsorption or
coprecipitation after being oxidized to arsenate As(V) during the treat-
ment of As(IIl)-containing wastewater (Gude et al., 2017; Nidheesh and
Singh, 2017). The rich iron (hydr)oxides in nature, including ferrihy-
drite, goethite and hematite, have high affinity for As (Luong et al.,
2018; Park et al., 2016). For example, As(V) can be adsorbed on ferrihy-
drite surface, forming a complex or amorphous FeAsO4 (Luong et al.,
2018). Therefore, these iron (hydr)oxides are widely used for As
(V) removal.

Recently, electrochemical technologies have been extensively devel-
oped and applied in As removal owing to its environmental friendliness
and high efficiency (Dai et al.,, 2017; Nidheesh and Singh, 2017).
Electrocoagulation has the advantages of easy operation and high effi-
ciency compared with the traditional chemical coagulation and precip-
itation (Song et al., 2017). Currently, elemental Fe is the main iron-
based material used for As electrocoagulation. In the electrocoagulation
for As, Fe anode is sacrificially oxidized to Fe?* and subsequently re-
leased into the solution. As(V) adsorption and coprecipitation lead to
the formation of FeAsO, during the re-oxidation of released Fe?™ to
amorphous iron (hydr)oxides, which facilitates the immobilization
and removal of As (Song et al., 2017). However, some disadvantages in-
cluding the passivation of electrode and high energy consumption
largely hinder the wide application of traditional electrocoagulation
(Holt et al,, 2005; Song et al., 2017).

Cyclic redox of Fe(Il) and Fe(lII) occurs in iron oxide crystal when it
is used as a supercapacitor electrode material (Nithya and Arul, 2016).
Our previous studies have indicated that electrochemically-controlled
redox reactions can significantly improve the adsorption performance
of manganese oxides for heavy metal ions including Zn?", Cd?*, and
Cu?™ (Liu et al,, 2017; Liu et al,, 2019a; Peng et al., 2016; Yang et al.,
2018). The dissolution—recrystallization of manganese oxides driven
by electrochemical redox reactions was also found to contribute to As
(Il) oxidation and As(V) adsorption (Liu et al., 2019b). Fe>* can be re-
leased to the solution during the electrochemical reduction of iron
(IIT) oxides, which may affect the removal of contaminants including
Cr and As. For example, the electrochemical reduction of magnetite to
Fe?* enhances Cr(VI) removal capacity via reduction of Cr(VI) to Cr
(OH)3 precipitate (Yang et al., 2019). In As(V)-containing solution,
amorphous iron (hydr)oxides generated from Fe? " oxidation can have
precipitation reaction with As(V) (Khan et al., 2000). In addition, O,
may be reduced to H,0, on electrode surface (Wang et al., 2014).
H,0; and its secondary product OHe formed under the catalysis of
Fe?™ facilitate As(Ill) oxidation (Wang et al., 2014). However, little is
known about the As(IIl) removal by iron (hydr)oxides under electro-
chemically controlled redox reactions.

The electrochemical performance of electrode materials depends
on the properties including particle size and micromorphology (Luo
et al., 2016). Microwave-assisted hydrothermal method has the ad-
vantages of low cost and easy operation in the preparation of iron ox-
ides with uniform and controllable particle size and morphology
(Qiuetal., 2011). In this work, microwave-assisted hydrothermal re-
action was employed to prepare nanosized hematite. The removal of
As(III) using hematite electrode was performed by multi-cycle gal-
vanostatic charge—discharge with different initial pH values and he-
matite mass. The pristine hematite and the solid intermediate
products were characterized, and OHe, H,0, and CIO™ were also
quantitatively detected in the removal processes. The aims of this
work are to clarify the electrochemical removal process and mecha-
nism of As(IIl) by charge—discharge using hematite and provide a
novel strategy for As removal from wastewaters.

2. Experimental section
2.1. Preparation of hematite

The microwave-assisted hydrothermal reaction for hematite
synthesis was reported in our previous work (Qiu et al., 2011).
The quartz tube with a mixed solution of 0.1 mol L™! Fe(NO3);
(10 mL) and 0.5 mol L~! urea (10 mL) was transferred into a Dis-
cover SP microwave reactor (CEM Corporation). The reactor was
temperature programmed to 120 °C and maintained for 20 min.
After reaction, the precipitate was washed using pure water by cen-
trifugation. The obtained solid was dried in a vacuum oven at 40 °C
for 12 h.

2.2. Electrochemically controlled As(Ill) removal

As(III) removal was performed in a three-electrode system with a
volume of 30 mL at room temperature in air atmosphere. The work-
ing electrode was prepared by coating a mixture of hematite, acety-
lene black and polyvinylidene fluoride with a mass ratio of 75:15:10
on a carbon fabric. Detailed preparation of the working electrode was
described in our previous work (Liu et al., 2019a). The coated area of
the working electrode was 1.5 cm x 2.5 cm, and the mass of hematite
was controlled to be 4.0 mg on the electrode. Another blank carbon
fabric and a saturated calomel electrode (SCE) were used as the
counter and reference electrodes, respectively. As(III) solutions
(100 mg L~ !) were prepared using NaAsO, with NaCl (10 mmol L™ 1)
as the background electrolyte. HCI or NaOH solutions
(0.1-1.0 mol L") were used to adjust the initial pH of the As(IlI)-
containing NaCl solution to 7.0. Multi-cycle galvanostatic charge
—discharge at the potential window of —0.8-0V (vs. SCE) and a cur-
rent density of 0.1 A g~ ! was controlled by a battery testing system
(Shenzhen Neware Electronic Co., Ltd., China). A CHI660E electro-
chemical workstation (Shanghai Chenhua Instrument Co., Ltd.,
China) was used to monitor the cell voltage.

The effect of initial pH (5.0, 7.0 and 9.0) on As(III) electrochemical
removal was investigated. The hematite mass on the working elec-
trode was increased to 10 and 15 mg, respectively, to evaluate the ef-
fect of hematite mass, and the size of the working electrode with
different hematite mass was shown in Table S1. The isothermal ad-
sorption of As(IIl) on hematite and the chemical coagulation of As
(III) and As(V) by Fe(NO3)3 were conducted to further analyze the
electrochemical removal mechanism. The detailed chemical coagu-
lation conditions are shown in the Supporting Information
(Supporting Methods).

2.3. Analytical methods

The crystal structure, chemical composition, micromorphology
and crystal size of the solid products were respectively characterized
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by power X-ray diffraction (XRD, Bruker D8 ADVANCE, Cu Ko, A =
0.15406 nm), Fourier-transform infrared spectroscopy (FTIR, Bruker
VERTEX 70), field emission scanning electron microscopy (FESEM,
SU8000, Hitachi) and high-resolution transmission electron micros-
copy (HRTEM, FEI Talos F200C). A molybdenum blue method was
used to analyze the concentrations of As(V) and As(T) (Dhar et al.,
2004). As(IIl) concentration was calculated from the difference in
the concentrations of As(V) and As(T). The concentrations of total
dissolved Fe?" and Fe3>™ were analyzed using an atomic absorption
spectroscope (Varian AA240FS). The determination of dissolved
Fe?™ concentration was conducted using a 1,10-phenanthroline
method on an UV-1800 ultraviolet-visible (UV-vis) spectrophotom-
eter (Shanghai Mapada Instruments Co., Ltd., China) (Hong et al.,
2018). A JPB-607A dissolved oxygen meter (Shanghai Precision and
Scientific Instrument Co., Ltd., China) was used to monitor the con-
centration of dissolved oxygen. Benzoic acid (BA, 10 mmol L™1)
was used to quantitatively determine OH« formed in the electro-
chemical system with 4 mg hematite at initial pH 7.0 (Joo et al.,
2005). A N,N-diethyl-p-phenylenediamine (DPD) method was used
to analyze the concentrations of H,0, and ClO™, and peroxidase
was used for H,0, determination (Garg et al., 2016; Qiu et al.,
2018). Peroxidase (10 mg L~') and higher concentration of NaCl
(15 or 20 mmol L™1) were respectively used to study the role of
H,0; and CIO™ in the electrochemical system with 4 mg hematite
at initial pH 7.0. The As(T) and Fe contents in the working electrode
after charge—discharge were analyzed by microwave digestion at
190 °C for 40 min using HCI and HNO5 (volume ratio, 3:1). The
charge—discharge processes were recorded using a camera. The As
K-edge X-ray-absorption near-edge structure (XANES) spectra
were collected on TW1B beamline (Beijing Synchrotron Radiation
Facility, China) in transmission mode to analyze the valence state
of As in the working electrode after electrochemical removal. During
the background removal, the Eq, Rbkg and k-weight were 11,867 eV,
1.1 A, and 3, respectively. The references of FeAsO, and ferrihydrite
were prepared by mixing the solutions of Na3AsO,4 and Fe(NOs)3
and adding NaOH solution to a Fe(NOs3)s; solution, respectively
(Jiang et al., 2015; Jones et al., 2009).

3. Results
3.1. Hematite characterization

Fig. 1a and b show the XRD pattern and FTIR spectrum of the synthe-
sized hematite. All diffraction peaks observed in the XRD pattern can be
well indexed to the planes of hematite (JCPDS No. 89-0599). The bend-
ing and stretching vibrations of Fe—O occurred with absorption peaks
at 573 and 457 cm™! (Wang et al., 1998). The absorption bands at
1061 and 1345 cm™! represent the residual O—H on hematite surface
(Luo et al., 2016). The absorption bands at 1630 and 3398 cm™! are
due to the bending and stretching vibrations of water, respectively
(Liu et al., 2018). Hematite with particle size of about 5 nm was ob-
served in HRTEM image, and the interplanar spacing of 0.25 nm was
in good agreement with the (110) plane (Fig. 1c and d).

3.2. As(Ill) removal performance of hematite

The electrochemical removal of As(Ill) was performed in a three-
electrode system containing 4 mg hematite. In NaCl solution, the pH de-
creased from 7.0 to 4.9, and the dissolved Fe** concentration reached
3.2 mg L™ ! after 600 cycles of charge—discharge. Fig. 2a shows the con-
centrations of different As species in As(Ill) solution (100 mg L™!) at ini-
tial pH 7.0 in the charge—discharge processes. The concentration of As
(IT) and As(T) decreased, and that of As(V) increased first and then
reached equilibrium with increasing cycle number, indicating the oxi-
dation of a part of As(III). After 600 cycles, the concentrations of As
(111), As(V) and As(T) were 15.3, 33.5 and 44.8 mg L™, respectively,
and the corresponding As(T) removal ratio was 55.2% (Fig. S1). The As
(T) removal capacity (414.0 mg g~ ') was significantly higher than
that of isotherm adsorption (60.9 mg g~ ') (Fig. S2).

About 68.4% Fe was released to the solution from the working elec-
trode after charge—discharge, as indicated by the chemical analysis.
No Fe** was detected during As(Ill) removal in the solutions. With in-
creasing cycle number, Fe?" concentration increased first and reached
the maximum (3.4 mg L") after 200 cycles, and then decreased to
0.8 mg L™ after 600 cycles (Fig. 2b). The change tendency of pH was
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Fig. 1. XRD pattern (a), FTIR spectrum (b), HRTEM image (c) and the corresponding magnified image (d) of the as-prepared hematite.
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Fig. 2. Concentrations of As(lll), As(V) and As(T) (a) and the corresponding dissolved Fe?>* concentration (b) in the mixed solution of 100 mg L~ As(Ill) and 10 mmol L~ NaCl at initial
pH 7.0 after different cycles of charge—discharge of the working electrode with 4 mg hematite.

similar to that of Fe>* concentration (Fig. S3). The pH rapidly decreased
from 7.0 to 3.7 during the first 50 cycles, then decreased to 3.4 after
200 cycles, and finally increased to 4.2 after 600 cycles. No obvious dif-
ference was observed in dissolved oxygen concentrations in
10 mmol L~ NaCl and As(llI)-containing NaCl solutions (Fig. S4). Dis-
solved oxygen concentration decreased first and reached the minimum
after 50 cycles, and then slightly increased with increasing cycle num-
ber. The potential of the counter electrode ranged from —0.8 to 1.9V
in the charge—discharge processes (Fig. S5).

The concentrations of accumulated OHe, instant H,0, and CIO™ were
quantitatively determined in the electrochemical removal system
(Fig. 3). The concentration of accumulated OHe increased with increas-
ing cycle number, and reached 38.3 umol L™ after 600 cycles. The in-
stant concentration of H,0, increased first and reached the maximum
(1.59 umol L) after 400 cycles, and then decreased with increasing
cycle number. The concentration of CIO™ increased first and reached
the maximum (1.48 umol L™1) after 200 cycles, and then decreased
with increasing cycle number.

The charge—discharge processes of the electrochemical system
were recorded using a camera. Brown precipitate was observed at the
bottom after 600 cycles of charge—discharge in NaCl solution
(Fig. S6). In the presence of As(Ill), light yellow precipitate was formed
and the amount increased with increasing cycle number (Fig. 4). The
electrode and precipitate formed in the charge—discharge processes
were collected and characterized using XRD, FTIR, XAS and SEM to ana-
lyze the As(IIl) removal mechanism.

Fig. S7a shows the XRD patterns of hematite electrodes after charge
—discharge in 10 mmol L™! NaCl and As(Ill)-containing NaCl solutions.
The crystal structure of hematite changed little and no diffraction peak
of other minerals was observed after the charge—discharge. In As(III)-
containing NaCl solution, the diffraction intensity of (110) plane of he-
matite decreased with increasing cycle number. Fig. S7b shows the

FTIR spectra of pristine hematite and hematite electrode after charge
—discharge in As(IIl)-containing NaCl solution. The absorption peak at
829 cm™~ ' demonstrated the stretching vibration of As—O in amor-
phous FeAsO4 (Hong et al., 2018; Jiang et al., 2015), indicating the ad-
sorption of As on hematite electrode after charge—discharge in As
(IlT)-containing NaCl solution. The results of chemical analysis showed
that the As(T) content on hematite electrode accounted for 4.2% of the
removed As(T) from the solution. The FESEM images indicated that
some nanoparticles were formed on the hematite electrode after
charge—discharge in NaCl solution, and the dissolution of hematite oc-
curred after charge—discharge in As(Ill)-containing NaCl solution
(Fig. S8).

Fig. 5a shows the XRD patterns of the precipitate formed in NaCl and
As(IIl)-containing NaCl solutions after 600 cycles of charge—discharge.
A mixture of ferrihydrite and lepidocrocite was formed in NaCl solution,
while ferrihydrite and FeAsO, were the main products generated in As
(IlT)-containing NaCl solution. The XANES was used to fit the valence
state of As in the precipitate formed in As(Ill)-containing NaCl solution
(Fig. 5b). In the linear combination fitting, the spectra of NaAsO, and
FeAsO4 were used as the references for As(IIl) and As(V), respectively.
The fitting results showed that the relative content of As(IIl) and As
(V) was 13.4% and 86.6%, respectively. The corresponding FTIR spectra
of the precipitates indicated that a lepidocrocite and ferrihydrite mix-
ture and amorphous FeAsO4 were respectively formed in NaCl and As
(IlT)-containing NaCl solutions (Fig. S9). FESEM images indicated that
nanosheets and nanoparticles were formed in NaCl solution, and nano-
particles were formed in As(Ill)-containing NaCl solution (Fig. S10).

3.3. Effects of initial pH and hematite mass on As(Ill) removal

The As removal efficiency is strongly influenced by pH in
electrocoagulation. Fig. 6 shows the concentrations of different As
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Fig. 3. Concentrations of accumulated OHe (a), instant H,0, (b) and CIO™ (c) in the mixed solution of 100 mg L™ As(IIl) and 10 mmol L~" NaCl at initial pH 7.0 after different cycles of

charge—discharge of the working electrode with 4 mg hematite.
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Fig. 4. Photographs of a three-electrode system with 4 mg hematite after 1, 50, 100, 200, 400 and 600 cycles of charge—discharge tests in the mixed solution of 100 mg L™ As(Ill) and
10 mmol L~! NaCl at initial pH 7.0 in air atmosphere. The left, middle and right electrode are counter, reference and working electrode, respectively.

species in As(1Il) solution (100 mg L™ ') at initial pH 5.0 and 9.0 during
the charge—discharge processes of the working electrode containing
4 mg hematite. At initial pH 5.0 and 9.0, the concentration of As(III)
and As(T) decreased, and that of As(V) increased with increasing cycle
number. After 600 cycles of charge—discharge at initial pH 5.0, 7.0
and 9.0, the concentration of As(Ill) was 15.1, 15.3 and 13.9 mg L™/,
that of As(V) was 33.6, 33.5 and 48.1 mg L™, and that of As(T) was
53.1,44.8 and 61.7 mg L™!, and the corresponding As(T) removal ratio
reached 46.9%, 55.2% and 38.3% at initial pH 5.0, 7.0 and 9.0,
respectively.

Fig. S11a shows the dissolved Fe?" concentration in As(III) solution
at initial pH 5.0 and 9.0 during the charge—discharge processes. With
increasing cycle number, the concentration of dissolved Fe?" increased
first and reached the maximum of 5.82 and 1.62 mg L™ ! after 100 cycles,
and then decreased to 0.52 and 0.30 mg L™! after 600 cycles at initial

* lepidocrocite o ferrihydrite a
eAsO,

NaCl + As(I1I) solution

NaCl solution =

Intensity (a.u.)
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pH 5.0 and 9.0, respectively, with the final pH values being 3.8 and 4.2
(Fig. S11b). As indicated by the XRD results, no other mineral was
formed on hematite electrode after 600 cycles (Fig. S12). The results
of XRD patterns and FTIR spectra indicated that amorphous FeAsO,
was the main product in the precipitate (Fig. S13).

The mass of hematite on the working electrode was increased from 4
to 10 and 15 mg to further enhance the As(Ill) removal ratio. Fig. 7
shows the concentrations of different As species in As(IIl) solution
(100 mg L™ ') during the charge—discharge processes. With increasing
cycle number, the concentration of As(IIl) and As(T) decreased, and that
of As(V) increased first and then decreased. With increasing hematite
mass from 4.0 to 10 and 15 mg, after 600 cycles of charge—discharge,
the concentration of As(Ill) decreased from 15.3 to 3.4 and
0.1 mg L™'; that of As(V) declined from 33.5 to 19.5 and 1.3 mg L™ };
that of As(T) dropped from 44.8 to 22.9 and 1.4 mg L™'; and the
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Fig. 5. XRD patterns of the precipitates generated in the mixed solution of 100 mg L™' As(Ill) and 10 mmol L~ ! NaCl at initial pH 7.0 after 600 cycles of charge—discharge of the working
electrode with 4 mg hematite (a). As K-edge XANES spectra (open circles) and the corresponding linear combination fitting (solid line) of the precipitate generated in the mixed solution

(b).
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Fig. 6. Concentrations of As(Ill), As(V) and As(T) in the mixed solution of 100 mg L~" As(1II) and 10 mmol L~! NaCl at initial pH 5.0 (a) and 9.0 (b) after different cycles of charge

—discharge of the working electrode with 4 mg hematite.

corresponding As(T) removal ratio increased from 55.2% to 76.8% and
98.6%, respectively.

When the hematite mass was controlled at 10 and 15 mg, the con-
centration of dissolved Fe?™ increased first and respectively reached
the maximum of 6.5 and 10.1 mg L™ after 100 cycles, and then de-
creased with increasing cycle number (Fig. S14a). The pH value de-
creased first and then increased (Fig. S14b). The pH was respectively
5.0 and 5.8 after 600 cycles when the hematite mass was controlled at
10 and 15 mg. After 600 cycles, the XRD and FTIR results of the working
electrode and the precipitate formed in the electrochemical systems
with 10 and 15 mg hematite were similar to those of the electrochemi-
cal system with 4 mg hematite (Figs. S15 and S16).

4. Discussion

The electrochemical removal capacity was significantly higher than
the isothermal adsorption capacity (Fig. S2). Additionally, about 8%
and 73% of As(T) was removed respectively in the chemical coagulation
of As(Ill) and As(V) (100 mg L™') using 100 mL Fe(NO3); solution
(3.4 mmol L) (Fig. S17). These results indicated that the high As(1II)
removal ratio is due to the electrochemical oxidation and coagulation.

4.1. As(Ill) oxidation

The oxidation of As(III) to As(V) occurred during the electrochemical
removal (Fig. 2). As(Ill) can be directly oxidized to As(V) on electrode
surface in the charge —discharge processes. As reported, the polarized
anode facilitated the oxidation of As(IIl) to As(V) (H3AsO3/H3AsOy,
E® = 0.28 V, vs. SCE) when activated carbon electrode was used for As
(III) removal at the cell voltage range of 0.8-1.4 V, and the oxidized As
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(IIT) accounted for 50% of the As(T) content at 1.4 V (Dai et al., 2018).
In this work, the potential of counter electrode varied within
—0.8-1.9 V (vs. SCE) in the charge—discharge processes (Fig. S5),
which facilitated As(IIl) oxidation.

OHe and H,0, were formed in the charge—discharge processes
(Fig. 3), which can oxidize As(IIl) (Qiu et al., 2018). In our previous
work, H,0, was also formed and contributed to As(Ill) oxidation during
the electrochemical treatment of As(Ill)-containing wastewater
discharged from a mining and smelting plant using birnessite (Liu
et al.,, 2019b). O, is easily reduced to H,0, on the electrode due to the
low standard electrochemical potential of 0,/H,0, (E® = 0.029 V, vs.
SCE) (Feng et al., 2010; Kim et al., 2016; Liu et al., 2019b). In the pres-
ence of Fe?*, OHe can be generated from H,0, decomposition due to
the catalysis of Fe?™ for the Fenton reaction (Brillas et al., 2009). In the
microbial fuel cell with y-FeOOH as the cathode, bio-electro-Fenton
was effectively used for As(Ill) oxidation and removal (Wang et al.,
2014). In the presence of benzoic acid or peroxidase in the electrochem-
ical system of 100 mg L~! As(Ill) and 10 mmol L™~ ! NaCl with initial
pH 7.0, no significant change was observed in the concentrations of As
species (Fig. 8a and b). These results indicated that the electrochemical
reduction of oxygen has no significant effect on As(IIl) oxidation in this
work.

Cl™ can be oxidized to Cl; at a high potential due to the standard
electrochemical potential of CI=/Cl, (E® = 1.07 V, vs. SCE), and then
ClO™ is generated from Cl, hydrolysis (He et al., 2016). ClIO™ can be
used for As(IIl) oxidation due to its high oxidation activity (Hu et al.,
2012). In the present work, NaCl was used as the background electro-
lyte, and the potential of the counter electrode varied within
—0.8-1.9 V (vs. SCE) (Fig. S5). CIO™ was detected in the charge—dis-
scharge processes, demonstrating the possible oxidation of As(IIl) by
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Fig. 7. Concentrations of As(IIl), As(V) and As(T) in the mixed solution of 100 mg L~! As(Ill) and 10 mmol L~! NaCl at initial pH 7.0 after 600 cycles of charge—discharge of the working

electrode with 10 mg (a) and 15 mg (b) hematite.
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Fig. 8. Concentrations of As(Ill), As(V) and As(T) in the mixed solution of 100 mg L~" As(IlI), 10 mmol L~! NaCl and 10 mmol L~' benzoic acid (a)/10 mg L' peroxidase (b) at initial
pH 7.0, and in the mixed solution of 100 mg L~" As(lll) and 15 (c)/20 (d) mmol L~! NaCl after different cycles of charge—discharge of the working electrode with 4 mg hematite.

ClO™ (Fig. 3¢). In order to further confirm the role of CIO~, the concen-
tration of NaCl was increased to 15 and 20 mmol L™, An obvious de-
crease in As(Ill) concentration occurred with increasing NaCl
concentration (Fig. 8c and d), suggesting that reactive chlorine (CIO™)
possibly contributes much to As(III) oxidation.

4.2. Arsenic removal

The chemical analysis showed that the As content on hematite elec-
trode after charge—discharge accounted for 4.2% of the removed As
(T) from the solution. That is to say, 95.8% of the removed As was pres-
ent in the precipitate. The results of XRD, FTIR and XANES characteriza-
tion indicated that the removed As mainly existed as FeAsO, in the
precipitate (Fig. 5 and Fig. S9). The formation of FeAsO, precipitate is
one of the key pathways for As removal in electrocoagulation. The fur-
ther oxidation of Fe?™ released from elemental Fe anode by air, ClO~,
reactive oxygen species (ROS), and electrode at high potential would
lead to the formation of Fe*>*, and ferrihydrite and amorphous iron
(hydr)oxides are subsequently generated from the hydrolysis of Fe>*
(Nidheesh and Singh, 2017; Tong et al., 2014). The chemical composi-
tions of As-containing iron (hydr)oxides produced from the abiotic ox-
idation of Fe?™ are affected by the As:Fe molar ratio in the presence of As
(V) (Song et al., 2015). At initial pH 7.0, the oxidation product of Fe>"
changed from the mixture of ferrihydrite, goethite and lepidocrocite
to FeAsQ,4 with increasing As:Fe molar ratio from 0 to 0.11 (Song et al.,
2015). In this work, ferrihydrite and lepidocrocite were the main prod-
ucts in the absence of As, which could be ascribed to the presence of CI™.
The presence of CI~ could induce the formation of lepidocrocite in Fe?*
oxidation by air (Frini and El Maaoui, 1997), which was also observed
during the oxidation of FeCl, solution by the ROS generated from NO3
photolysis in our previous work (Liu et al., 2018). In the charge—dis-
scharge processes, As(V) was adsorbed on ferrihydrite surface by ligand

exchange to form inner-sphere complexes, which would be trans-
formed to FeAsO, (Jiang et al., 2015).

As reported, Fe>* can react with As(V) to form stable Fes(AsO,)s in
reducing environments, and As(V) will be released from Fe3(AsQ,4) to
generate FeAsO, with Fe> produced from Fe? " oxidation when the po-
tential increases in the reaction system (Doerfelt et al., 2015). A video of
the 20th cycle of charge—discharge in As(Ill) solution (800 mg L) at
initial pH 7.0 was taken to examine the formation processes of Fes
(AsQy4), (Supporting Video, Video S1). The formation of precipitate
was clearly observed around the working electrode in the discharge
process. In addition, Fe?>* can be rapidly oxidized to Fe>* by H,0, gen-
erated from O, reduction in the discharge process. Therefore, FeAsO,
rather than Fe3(AsO,), was produced in As(Ill) removal.

The possible formation process of amorphous FeAsO,4 can be specu-
lated by analyzing the chemical composition and formation stage of pre-
cipitate. In the discharge process, As(IIl) was oxidized by CIO™ and the
counter electrode at high potential. The released Fe?" was also oxidized
to Fe>* by OHe, H,0, and ClO~ on the surface of the working electrode.
Then, As(V) was adsorbed on ferrihydrite surface by ligand exchange to
form FeAsO,. In previous studies of the electrocoagulation for As using
elemental Fe anode, Fe? ™ was produced from the oxidation of elemental
Fe, and the pH decreased in anodic region (2H,0 — 4H" + 0, + 4e™);
and O, was reduced to H,0, and the pH increased in the cathodic region
(2H,0 + 2e™ — H, + 20H7) (Song et al., 2017; Tong et al., 2014). In
this work, both Fe?* oxidation and As(V) precipitation occurred around
the working electrode instead of the electrode surface (Fig. 4). There-
fore, the charge—discharge process can be used for in situ oxidation
and removal of As(IIl) from aqueous solution.

In traditional electrocoagulation, electrode surface is easily covered
by newly formed iron oxide precipitate, which blocks the further release
of Fe?™ and electron transfer. The passivation of electrode can be allevi-
ated by the replacement of electrodes or periodic polarity reversal of the
electrodes (Holt et al., 2005). In this work, the periodic polarity reversal
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of electrodes occurred in each charge—discharge process, effectively
avoiding the passivation of electrode, which was further demonstrated
by the photograph of the working electrode after 600 cycles of charge
—discharge in As(Ill) solution (100 mg L™!) (Fig. S18).

High energy consumption is another challenge for traditional
electrocoagulation (Song et al., 2017). In this work, the electrochemical
system can be used as a supercapacitor for power output during As(III)
removal (Fig. S19). The coulombic efficiency was above 100% in the
charge—discharge process, indicating the presence of not fully revers-
ible redox reactions (Liu et al., 2017). In the charge—discharge process
of FeSe, electrode in Na-ion batteries, the collapse of crystal structure
resulted in a higher coulombic efficiency than 100% (An et al., 2019).
In this work, besides the reduction of hematite and the subsequent re-
lease of Fe?* ions, the reduction of O,, the oxidation of As(Ill) and the
adsorption of As(II,V) contributed much to the higher coulombic effi-
ciency. As a matter of fact, some energy was consumed in the prepara-
tion of nanosized hematite and electrode and electrocoagulation
operation. The electrochemical system can be used as a supercapacitor
in the removal process. Therefore, this electrochemical process can be
regarded as energy-efficient.

4.3. Effects of initial pH and hematite mass

With increasing initial pH from 5.0 to 9.0, As(Ill) concentration
changed slightly, indicating that the various As(T) removal ratios
could be ascribed to the differences in the adsorption or precipitation
amount of As(V) at different initial pH values (Fig. 6). The existing
form of iron ions depends on the pH of the reaction solution. Dissolved
Fe(II) exists in the form of Fe?™ when the pH is below 7.0 (Song et al.,
2017). More Fe?™ ions were oxidized and precipitated with increasing
pH (Liu et al., 2018), leading to a lower Fe?* concentration in the solu-
tion and the formation of more iron (hydr)oxides (Fig. S11). Therefore,
the As(T) removal ratio increased with increasing initial pH from 5.0 to
7.0. In addition, As(V) adsorption on the iron (hydr)oxides generated in
electrocoagulation is also affected by the pH (Song et al., 2017). The
point of zero charge (PZC) of ferrihydrite usually varies from 7 to 9
(Zhang et al., 2012). In this work, at initial pH 9.0, the pH rapidly de-
creased to below 7.0 and the surface of ferrihydrite was positively
charged. The increase of initial pH resulted in less positive charge on fer-
rihydrite surface and a decrease in the adsorption capacity of negatively
charged As(V). Therefore, a higher As(T) removal ratio was achieved at
initial pH 7.0 than at initial pH 5.0 and 9.0. Generally, the pH of ground-
water is close to neutral (Sorg et al., 2014). The pH was determined to be
8.18 for the wastewater discharged from a mining and smelting plant in
our previous work (Liu et al., 2019b). Therefore, the charge—discharge
technique using hematite has the potential in As removal from real
wastewaters.

The mass of active materials on electrode affects the electrochemical
performance. The specific capacitance decreased from 1066 to 716 Fg ™!
with the loaded FeOOH mass on the electrode increasing from 1.6 to
9.1 mg cm~2 (Owusu et al,, 2017). In this work, the electrode area in-
creased with increasing hematite mass (Table S1). The electrochemical
specific capacitance of pseudocapacitor depends on the redox reactions
of electrode materials and the insertion—desertion or the adsorption
—adsorption of ions on electrode surface (Nithya and Arul, 2016).
With increasing electrode area and hematite mass, the specific capaci-
tance and coulombic efficiency decreased (Fig. S19), likely due to the
relatively low concentrations of background electrolyte and As. At the
same current density, less hematite on the electrode could facilitate a
better contact between hematite and dissolved As(III) in the solution.
The redox reactions of electrode materials mainly occur on the electrode
surface in supercapacitor (Pang et al., 2000). The larger electrode area
led to the release of more Fe?™ ions (Fig. S14), which facilitated As
(T) removal. Therefore, although the specific capacitance decreases
with increasing hematite mass, a proper increase in electrode area is

helpful for the rapid removal of As(IIl), which provides a reference for
the treatment of real As-containing wastewaters.

5. Conclusions

In this work, As(IIl) can be effectively oxidized and removed from
aqueous solution by multi-cycle galvanostatic charge—discharge of
the hematite synthesized through a microwave-assisted hydrothermal
reaction. The oxidation of As(III) was mainly ascribed to CIO™ and coun-
ter electrode at high potential in the charge —discharge processes. As
(T) removal can be attributed to As(V) adsorption on ferrihydrite and
FeAsO, formation. The oxidation and precipitation rate of Fe?™ and
PZC of ferrihydrite lead to the higher As(T) removal ratio at initial
pH 7.0 than at initial pH 5.0 and 9.0. The As(T) removal ratio from the
As(IIl) solution increased from 55.2% to 98.6% when the hematite
mass on the working electrode was increased from 4 to 15 mg. The pas-
sivation of electrode can be alleviated by the periodic redox reaction of
hematite electrodes in the charge process. In addition, the energy con-
sumption in As(IIl) removal can be reduced by power output compared
with traditional electrocoagulation. The present work provides a novel
strategy for the treatment of As(Ill)-containing wastewater using iron
oxides.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.135678.
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