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HIGHLIGHTS

¢ S0,% accelerates the photochemical
oxidation of arsenopyrite.

e Fe(Il) released from arsenopyrite is
oxidized by ROS to form
schwertmannite.

e LMCT in schwertmannite-As(III) con-
tributes to arsenopyrite and As(III)
oxidation.

e Photooxidation rate of arsenopyrite in-
creases with increasing pH from 2.0 to
4.0.
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ABSTRACT

The weathering of arsenopyrite is closely related to the generation of acid mine drainage (AMD) and arsenic (As)
pollution. Solar radiation can accelerate arsenopyrite oxidation, but little is known about the further effect of
S04%~ on the photochemical process. Here, the photooxidation of arsenopyrite was investigated in the presence
of S04%~ in simulated AMD environments, and the effects of SO42~ concentration, pH and dissolved oxygen on
arsenopyrite oxidation were studied as well. SO42~ could accelerate the photooxidation of arsenopyrite and As
(III) through complexation between nascent schwertmannite and As(III). Fe(II) released from arsenopyrite was
oxidized to form schwertmannite in the presence of SO4%, and the photooxidation of arsenopyrite occurred
through the ligand-to-metal charge-transfer process in schwertmannite—As(III) complex along with the formation
of reactive oxygen species in the presence of Oz. The photooxidation rate of arsenopyrite first rose and then fell
with increasing SO42~ concentration. In the pH range of 2.0-4.0, the photooxidation rate of arsenopyrite pro-
gressively increased in the presence of SO4%~. This study reveals how SO4%~ promotes the photooxidation of
arsenopyrite and As release in the AMD environment, and improves the understanding of the transformation and
migration of As in mining areas.

1. Introduction

The demand for mineral resources
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socioeconomic development (Tabelin et al., 2020a). For example, in
order to satisfy the needs for key metals such as copper, gold, zinc,

is growing with the nickel, and cobalt in the fields of computers, aviation, electric vehicles,
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and clean/renewable energy, sulfide deposits containing these metals
are continuously mined (Aikawa et al., 2020; Nansai et al., 2014). The
chemical and biological oxidation of sulfide minerals frequently occurs
in wastes and leads to the generation of acid mine drainage (AMD)
(Aikawa et al., 2020; Thao et al., 2020; Tomiyama et al., 2020). Due to
its low pH and heavy metal pollution, AMD poses serious threats to
waters, soils and biology around the mining and downstream areas
(Gray, 1998). Notably, AMD also affects the weathering of sulfide
minerals and intensifies environmental pollution (Cheng et al., 2009;
Tabelin et al., 2020b). Sulfide minerals mainly include pyrite, chalco-
pyrite, pyrrhotite, galena and arsenopyrite (Rodriguez-Galan et al.,
2019). As one of the most common arsenic-containing iron sulfide
minerals, arsenopyrite is often found in auriferous sulfide ores, and its
oxidative dissolution can cause serious arsenic (As) pollution (Murciego
et al., 2011; Park et al., 2021). As pollution has caused serious human
health problems and environmental challenges in the world. Humans
are usually exposed to As through drinking water and food chain. When
large amounts of As-containing compounds are ingested, acute As
poisoning occurs and usually results in multiple organ failure and death,
whereas prolonged exposure to As at very low concentrations will also
lead to chronic As poisoning (Bagchi, 2007; Tabelin et al., 2018).
Globally, more than 150 million people suffer from the risk of As
contamination in drinking water (Singh et al., 2015). Therefore,
dissection of the oxidative dissolution process of arsenopyrite will
improve the understanding of AMD and reduce the risk of As pollution
for humans.

In the AMD environment, SO4>~ and Fe®*/Fe?* ions are the main
anions and cations, respectively (Cheng et al., 2009; Rodriguez-Galan
et al., 2019). Fe**/Fe®t can transfer electrons in redox reaction and
directly participates in the weathering of iron sulfide minerals (Kaplun
etal., 2011; Mazumdar et al., 2008; Neil and Jun, 2016). In this process,
iron (hydr)oxides will be formed, which have high adsorption capacities
for anionic heavy metals such as As(IIL,V) and Cr(IIL,VI) and affect the
geochemical behavior of heavy metals in waters and soils (Cheng et al.,
2009; Yang et al., 2019). Therefore, the oxidation process of arsenopy-
rite mediated by Fe>*/Fe?* has attracted great research attention and
concerns (Neil and Jun, 2016; Yunmei et al., 2004). Common inorganic
anions usually affect the oxidative dissolution of arsenopyrite and the
corresponding release of As. As previously reported, although CI™ is not
directly involved in the redox reaction of arsenopyrite, it can penetrate
the elemental S° passivation film formed on arsenopyrite and promote
its oxidative dissolution (Zheng et al., 2020). The effects of anions on the
oxidation rate of arsenopyrite follow the order of S04% < ClI" < NO5™ in
acidic solutions, which may be attributed to the effect of anions on the
release rate of Fe and As from arsenopyrite (Mikhlin et al., 2006).
Phosphate can promote the oxidation of arsenopyrite and release of As
through complexation on the mineral surface in near-neutral pH envi-
ronments (Wu et al., 2020). In addition, some studies have revealed that
the presence of phosphate may also lead to the formation of FePO4
coating on the arsenopyrite surface, which inhibits the further oxidation
of arsenopyrite (Park et al., 2021). SO42 is the most common and
abundant inorganic anion in the AMD environment. However, much less
attention has been paid to the influence of SO4%~ on the oxidation pro-
cess of arsenopyrite in current research.

Field survey results have suggested that the concentrations of many
metals including As, Zn and Mn exhibit diurnal cycle changes in
mountain streams or mine drainage (Nimick et al., 2003, 2011; Sar-
miento et al., 2007), which is likely associated with the oxidative
dissolution of metal minerals under solar radiation (Hong et al., 2018,
2020). In the earth’s surface environment exposed to solar radiation,
inorganic anions also participate in the migration and transformation of
metal elements with the formation of reactive oxygen species (ROS) in
photochemical reactions under solar radiation. Our previous studies
have shown that FeOH2" facilitates the generation of ROS including *OH
and Hy0, and promotes the release of As from arsenopyrite due to the
photo-Fenton reaction under near-UV radiation (Hong et al., 2018). ROS
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including *OH and O,*" are formed when NO3™ is excited by UV radia-
tion, which will promote the oxidation of Mn(II) to manganese oxides
(Chu and Anastasio, 2003; Mack and Bolton, 1999; Zhang et al., 2018a).
Cl* and SO4*" can be respectively formed when FeCl*" and FeSO4™ are
exposed to near-UV radiation and acidic conditions (Emett and Khoe,
2001; Machulek et al., 2009). However, the effect and mechanism of
S04% on As release from arsenopyrite in photochemical reaction remain
to be elucidated.

In the oxygen-rich AMD environment, weakly crystallized iron
(hydr)oxides, namely schwertmannite (FegOg(OH)g 2x(SO4)x; 1 < x <
1.75), can be formed in the presence of SO42' and Fe(III) with chloride at
low concentrations (Igarashi et al., 2020; Liu et al., 2018; Paikaray et al.,
2011). Schwertmannite not only displays high adsorption capacities for
anionic heavy metals (As and Cr) (Burton et al., 2009; Regenspurg and
Peiffer, 2005), but also has certain photochemical reactivity. Under
exposure to UV radiation, electron transfer occurs between Fe(III) and
citric acid/oxalate on the schwertmannite surface, which can promote
the photochemical reductive dissolution of schwertmannite with the
formation of ROS in acidic solutions (Guo et al., 2015; Wu et al., 2012).
The oxidative dissolution of minerals containing heavy metals through
galvanic interactions may be an important factor for environmental
pollution in mining areas (Liu et al., 2008). As(III) and Sb(III) complex
with ferrihydrite, and are then respectively oxidized to As(V) and Sb(V)
through a ligand-to-metal charge-transfer (LMCT) process along with
the generation of O,°~ in the presence of O, under UV radiation (Kong
etal., 2016; Xu et al., 2014). 3042‘ may react with the released iron ions
to form schwertmannite, which further affects the oxidation of arseno-
pyrite and dissolved As(III) through photochemical reactions under
solar radiation in the AMD environment.

Mg?* is commonly detected in AMD at high concentrations (5-69
mmol L) (Heviankov et al., 2014; Rodriguez-Galan et al., 2019). In
this work, MgSO4 was selected to investigate the oxidative dissolution
mechanism of arsenopyrite in the presence of S04%~ under UV radiation,
and the effects of initial SO42~ concentration, pH and dissolved oxygen
on the oxidation process were further studied. The findings are expected
to provide some new theoretical guidance for environmental control of
As pollution in mining areas.

2. Materials and methods
2.1. Reagents and materials

The natural arsenopyrite used in this work was collected from Hechi,
Guangxi Zhuang Autonomous Region, China. The main components
(FeAsS) and surface properties of the minerals were determined by
powder X-ray diffraction (XRD, Shimadzu 6100) and Fourier transform
infrared (FTIR, Bruker VERTEX 70), respectively (Fig. S1a, b). The de-
tails of pretreatment process of minerals are presented in supporting
information SI. MgSO4 (AR), NaxSO4 (AR), MgCl; (AR), H2SO4 (AR), HCI
(AR), tert-butyl alcohol (TBA, > 99.0%), benzoic acid (BA, > 99.5%)
and p-hydroxybenzoic acid (p-HBA, > 99.0%) were purchased from
Sinopharm Chemical Co., Ltd.

2.2. Photooxidation of arsenopyrite in the presence of MgSO4

Fig. S2a shows the reaction device for the photochemical experi-
ments. There is a 220 mm x 185 mm LED-UV lamp with 30 W power on
the back and left side of the 500 mL quartz five-mouth bottle, respec-
tively, and a magnetic stirrer is placed beneath the quartz bottle. The UV
radiation that reaches the Earth’s surface is mainly UV-A (315-400 nm),
and the light intensity increases with increasing wavelength. The main
wavelength of the selected LED-UV lamp was 395 nm to simulate the
sunlight radiation (Fig. S2b) (Kerr and Fioletov, 2008). The light in-
tensity was 20.0 mW em™? at 375-475 nm (Apeak = 420 nm) as deter-
mined by a UV-A radiation meter. In the dark reaction experiment, the
quartz bottle was wrapped by tinfoil with the LED-UV lamp
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disconnected from the power supply.

The quartz bottle was open to air so as to provide an aerobic reaction
environment. The oxygen content was measured to be about 8.5 mg L™}
in the reaction solution. About 0.15 g arsenopyrite and 300 mL MgSO4
solution at 0-10 mmol L~ were added to the quartz bottle, and the
initial pH of the suspension was adjusted to 2.0-4.0 using 0.025-0.25
mol L HyS04. During the reaction, the fluctuation of the pH value in
the suspension was less than 0.03, 0.03 and 0.2 at pH 2.0, 3.0 and 4.0,
respectively. To further investigate the effect of dissolved oxygen on the
photooxidation of arsenopyrite in the presence of MgSOy4, high-purity
nitrogen (99.999%) was first continuously passed through the solution
without arsenopyrite for more than 30 min, and then the suspension was
kept under nitrogen flow during the whole reaction. The oxygen content
was measured to be below 0.1 mg L™ in the reaction solution. Aliquots
(20 mL) of the suspension were taken out at different time, and then
solid-liquid separation was performed by using microporous membrane.

To explore the effect of ROS intermediate on the photooxidation of
arsenopyrite in the presence of MgSO4, 0.1 mol L™! TBA was added to
the reaction system as an *OH scavenger (Ryu et al., 2013). BA can
capture *OH and then be converted to more stable p-HBA (Zhang et al.,
2016a). 10.0 mmol L™ BA was added for further quantitative detection
of *OH concentration. To clarify the possible influencing mechanism of
S04% on the photochemical reaction process, 0.15 g arsenopyrite and
300 mL of MgCly solution (at 0 and 2.5 mmol L)) were added to the
quartz bottle, and the initial pH of the suspension was adjusted to 4.0
with 0.05-0.5 mol L' HCL All the above experiments were repeated
three times to ensure the accuracy of the experimental data.

2.3. Analysis methods

The concentrations of total Fe (Fe(T)) and Fe(II) were analyzed using
the 1, 10-phenanthroline analytical method at 510 nm (Qiu et al., 2016).
The concentrations of total As (As(T)) and As(III) were measured by a
hydride generation-atomic fluorescence spectrometer (Xu et al., 2014).
The detection limit and relative standard deviation (RSD) of the 1,
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10-phenanthroline analytical method and hydride generation-atomic
fluorescence spectrometer are presented in the supporting information
SII. The concentration of HyO, was determined by N, N-diethyl-p--
phenylenediamine spectrophotometry at 551 nm (Lee and Choi, 2002).
The concentration of p-HBA was quantified by high performance liquid
chromatography (HPLC) at 255 nm, and the concentration of *OH was
about 6 times that of p-HBA (Zhang et al., 2018a). Qualitative analysis of
*OH, SO4*~ and O,°~ was performed by electron paramagnetic reso-
nance spectrometer (EPR, Bruker EMX-PLUS) using 5, 5-dimethyl-1-pyr-
roline N-oxide (DMPO, 100 mmol L) as spin trapping agents. The
crystal structure changes and surface properties of the arsenopyrite
before and after the reaction were characterized by XRD, FTIR, scanning
electron microscope (SEM, Hitachi SU8000) and X-ray absorption fine
structure (XAFS, Beijing Synchrotron Radiation Facility, 1W1B beam-
line). The detailed analysis process of XAFS is presented in the sup-
porting information SII.

The speciation of Fe(Ill) is affected by pH, concentration and coex-
isting anions in the solution. In order to determine the speciation of
dissolved Fe(Il) with various coexisting anions at different pH values,
the chemical speciation distribution of Fe(IlI) was calculated and
analyzed with the HYDRA/MEDUSA software (Zhou et al., 2014).

3. Results
3.1. Photooxidation of arsenopyrite in the presence of SO4~

Fig. 1 shows the concentrations of As and Fe species in the systems of
single arsenopyrite and a mixture of arsenopyrite and 5.0 mmol L™
MgSOy in air atmosphere at pH 3.0 under UV radiation. In the single
arsenopyrite suspension, the concentrations of As(II,V) and Fe(Il)
continuously increased with reaction time, and the As(T) and Fe(II)
concentrations respectively reached 62.0 and 67.3 pmol L™! after 6 h
(Fig. 1c, d). The concentration of Fe(Ill) first increased and then
decreased, and finally tended to equilibrium with time, and the
maximum concentration approached to 6.1 pmol L™ (Fig. 1d). In the
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Fig. 1. Concentrations of dissolved As and Fe species in the mixed system of arsenopyrite (0.5 g L™") and MgSO4 (5.0 mmol L™) (a, b), and in the single arsenopyrite

(0.5 g L") system (c, d) under UV radiation at pH 3.0 in air atmosphere.
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mixed suspension of arsenopyrite and MgSO4, a similar changing trend
of As(IIL,V) and Fe(ILIII) concentrations was observed. The concentra-
tion of As(T) and Fe(Il) respectively increased to 90.5 and 94.0 pmol Lt
after 6 h, and the maximum Fe(III) concentration reached 16.3 pmol !
(Fig. 1a, b). The above results suggested that MgSO4 could accelerate the
photooxidation of arsenopyrite under UV radiation. To further confirm
this phenomenon, the oxidation of arsenopyrite was conducted under
dark conditions at pH 3.0 in air atmosphere (Fig. S3). Dissolved Fe(III)
was not detected in the two systems; and the concentration of As(IIL,V)
and Fe(II) showed a similar changing trend to that under UV radiation.
The As(T) and Fe(II) concentration reached 43.8 and 44.5 pmol Llat6h
in the mixed system of arsenopyrite and 5.0 mmol L™ MgSOy (Fig. S3a,
b), which were not obviously different from those in the single arseno-
pyrite suspension (41.0 and 43.8 pmol L7}, respectively) under dark
conditions (Fig. S3c, d). These results further confirmed that MgSO4
could promote the photooxidation of arsenopyrite under UV radiation.

The solid products generated in the mixed system of arsenopyrite and
MgSO4 at 6 h were further characterized under UV radiation and dark
conditions. Fig. 2a shows the XRD patterns of the solid products, and no
obvious change was observed for the crystal structure of arsenopyrite. In
the FTIR spectra, the absorption band at 431 cm ! is attributed to the
So(-II) stretching vibration in arsenopyrite (Wang et al., 2021). The
absorption bands at 1636 and 3425 cm ™! are respectively attributed to
H-O-H bending vibration and O-H stretching vibration of HoO (Zhang
and Yuan, 2017). The absorption bands at 601, 658, 1068, 1123 and
1174 cm ™! are due to S-O vibration of 5042‘ (Borda et al., 2004; Tabelin
et al., 2017a; b). No obvious change was observed in the FTIR spectra
and micromorphology of arsenopyrite before and after reaction under
UV radiation (Figs. S1b, 2b and S4).

The effect of MgSO4 concentration on the photooxidation of arse-
nopyrite was studied at pH 3.0 in air atmosphere (Figs. 3 and S5). The
changing trend of As and Fe species concentration in the mixed systems
with MgSO4 (1.0-10.0 mmol L‘l) over time was consistent with that in
the single arsenopyrite system (Figs. 1, 3, S3 and S5). At 1.0, 5.0 and
10.0 mmol 1! MgSOy, the final concentrations of As(T) and Fe(II) were
respectively 77.3 and 80.4 pmol L™}, 90.5 and 94.0 pmol L™}, 79.4 and
84.1 pmol L! under UV radiation (Figs. 1 and 3), and 41.3 and 45.1
pmol L7}, 43.8 and 44.5 pmol L7}, 41.1 and 44.9 pmol L™! under dark
conditions (Figs. S3 and S5). The above results indicated that MgSO4 at
0-10.0 mmol L™! has no obvious effect on the oxidation of arsenopyrite
under dark conditions, but could significantly enhance the photooxi-
dation rate of arsenopyrite under UV radiation.

Our previous results have shown that ROS are formed to affect the
oxidation of arsenopyrite under UV radiation (Hong et al., 2018). The
addition of TBA decreased the concentrations of As(T) and Fe(T) by
13.0% and 27.0%, respectively, in the mixed system of arsenopyrite and
5.0 mmol L1 MgSO4 under UV radiation (Fig. 4a, b). The cumulative
*OH concentration increased with reaction time, and the instant HyOo
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concentration first rose and reached the maximum at 1 h, and then fell
and finally tended to equilibrium with time (Fig. 4c). The EPR spectra
further revealed that *OH, SO4*~ and O,°~ were formed in the mixed
system under UV radiation, and relative intensity of the peaks of *OH
and O,°~ was significantly higher than that of SO4*~ (Fig. 4d) (Wei et al.,
2017; Yu et al., 2020; Zhang et al., 2018b). These results indicated that
ROS including *OH, H0,, 02°~ and SO4* are the intermediates in the
reaction system under UV radiation, which may affect the oxidation
process of arsenopyrite.

3.2. Effects of pH and dissolved oxygen

The pH of AMD usually ranges from 2.0 to 4.0, and arsenopyrite
oxidation experiments were further conducted in the presence of MgSO4
with pH 2.0 and 4.0 in this work. In both the single arsenopyrite system
and the mixed solution of arsenopyrite and MgSO4, dissolved Fe(III) was
detected under UV radiation (Fig. 5 and S6). The concentrations of As(T)
and Fe(IT) were respectively determined to be 52.5 and 65.2 pmol L,
62.0 and 67.3 pmol L™}, 69.3 and 69.2 pmol L}, at pH 2.0, 3.0 and 4.0
after 6 h of reaction in the single arsenopyrite system (Fig. 1 and S6). As
for the mixed solution of arsenopyrite and MgSO4, the concentrations of
As(T) and Fe(Il) were respectively 56.6 and 69.8 pmol L’l, 90.5 and 94.0
pmol L7, 116.5 and 102.8 pmol L™}, at pH 2.0, 3.0 and 4.0 after 6 h of
reaction (Figs. 1 and 5). The above results indicated that the photo-
chemical oxidation rate of arsenopyrite increases with increasing pH in
the range of 2.0-4.0. It was also noted that there was no significant
difference in the photochemical oxidation of arsenopyrite in the pres-
ence of SO4% at pH 2.0. However, the presence of SO42" significantly
increased the photooxidation rate of arsenopyrite at pH 3.0 and 4.0. To
further clarify the influence of UV radiation, the oxidation of arseno-
pyrite was also studied at pH 2.0 and 4.0 under dark conditions (Fig. S7),
and the oxidation rate of arsenopyrite also increased with increasing pH.
To better understand the arsenopyrite oxidation, the concentrations of
As and Fe species released from arsenopyrite in all reaction systems after
6 h are summarized in Table S1.

In the mixed system of arsenopyrite and 5.0 mmol L' MgSO,, the
effect of oxygen was further investigated at pH 3.0 in the nitrogen at-
mosphere (Fig. 6). Under UV radiation, the maximum concentration of
As(T) and Fe(II) (11.3 and 14.1 pmol L’l, respectively) in nitrogen at-
mosphere was significantly lower than that in air atmosphere (90.5 and
94.0 pmol L’l, respectively); and dissolved As(III) was the dominant
dissolved As species, which was different from the results in air atmo-
sphere (Figs. 1 and 6a, b). Under dark conditions, the oxidative disso-
lution rate of arsenopyrite was also significantly inhibited (Fig. 6¢, d).
The above results indicated that dissolved oxygen can significantly in-
fluence the oxidation of arsenopyrite and the further oxidation of As.
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4. Discussion

4.1. Mechanism for the sulfate-induced photochemical oxidation of
arsenopyrite

In earth’s surface environments, solar radiation can strengthen the
weathering of iron sulfide minerals. Our previous results have indicated
that UV radiation accelerates the arsenopyrite oxidation by the gener-
ation of ROS under acidic conditions. In this process, 05"~ is produced
due to the excitation of As(IlI) by far-UV in the presence of O, and *OH
intermediates are formed through the photo-Fenton reaction (Fe(II)/
FeOH?") under near-UV radiation (Hong et al., 2018). In this work,
near-UV radiation was provided by a LED-UV lamp (Fig. S2), and the
photo-Fenton reaction would occur in the reaction system. Therefore, in
the single arsenopyrite system, UV radiation could significantly accel-
erate the oxidation rate of arsenopyrite, which may be attributed to the
production of ROS from the photo-Fenton reaction.

Under UV radiation, the presence of MgSO4 significantly increased
the oxidation rate of arsenopyrite at pH 3.0 (Figs. 1 and 3). To elucidate
this process, 10.0 mmol L™} NaySO4 was added to the arsenopyrite sus-
pension under pH 3.0 in air atmosphere. As a result, the concentration of
released As from arsenopyrite was not obviously different from that after
the addition of 10.0 mmol L™ MgSO4 (Fig. 3 and S8). Then, MgCl; so-
lutions (0 and 2.5 mmol L) were added to the arsenopyrite suspension,
and the pH was adjusted to 4.0 with 0.05-0.5 mol L! HCI (Fig. 7 and
S9). It was observed that the addition of MgCl, resulted in significantly
lower As(T) and Fe(II) concentrations after 6 h relative to the addition of
MgSO4 (Figs. 5 and 7). Therefore, only S04% could promote the
photochemical oxidation of arsenopyrite in this work.

As(IIL,V) can be adsorbed through electrostatic attraction on the
surface of sulfide minerals, iron (hydr)oxides and aluminum oxides
(Bostick and Fendorf, 2003; Bostick et al., 2003; Jain and Loeppert,
2000). Many oxygen-containing anions including PO4%, S04%  and
HCO3™ have the same or higher charge density than arsenate and arse-
nite, and thus can decrease the adsorption capacity and improve the
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mobility of As(IIL,V) through competitive adsorption (ion exchange)
(Cheng et al., 2009; Wilkie and Hering, 1996; Xu et al., 1988). In this
study, at pH 3.0, the presence of S042 showed no obvious effect on the
release rate of dissolved As(T) and Fe(II) from these reaction systems
under dark conditions (Figs. S3 and S5), but significantly increased the
release of dissolved As(T) and Fe(II) under UV radiation (Figs. 1 and 3).
Therefore, the possible ion exchange between SO4*~ and As-containing
anions may not contribute much to the photochemical oxidation of
arsenopyrite.

The photochemical oxidation pathway mediated by SO42~ can
accelerate the oxidative dissolution of arsenopyrite. Under near-UV ra-
diation, the arsenopyrite photooxidation is mainly affected by the
photo-Fenton reaction in the absence of high concentration coexisting
anions (Hong et al., 2018). At pH < 5.0, 5042’ will compete with OH™ for
Fe(III) coordination, and FeSO4" was the preponderant species when a
high concentration of SO42' was added to the solution (Machulek et al.,
2009) (Fig. S10). Although FeSO,4™ has certain photoactivity, the active
free radical SO4°~ can be formed due to the photo-decomposition with a
quantum yield as low as 0.0016 (4 = 350 nm), which is significantly
lower than that of FeOH% (0.21, A = 347 nm) (Machulek et al., 2009).
As reported, FeSO, " has a lower photoactivity than FeOH%* (Benkelberg
and Warneck, 1995; Machulek et al., 2009). In this work, although SO4*~
was detected in the mixed system under UV radiation, the relative in-
tensity of the peaks of SO4°~ was significantly lower than that of *OH
(Fig. 4d). Therefore, FeSO," may have little contribution to the pro-
motion effect of SO42~ on the photochemical oxidation of arsenopyrite in
the mixed system.

In the AMD environment, Fe(IlI) and high-concentration SO42'
facilitate the formation of schwertmannite, which can stably exist in the
pH range of 2.5-4.5 (Bigham et al., 1990, 1996). Moreover, the presence
of ROS can promote the formation of schwertmannite in FeSO4 solution
(Paikaray et al., 2011; Regenspurg et al., 2004). In this work, ROS
including *OH and H,0, were detected at pH 3.0 under UV radiation,
and dissolved Fe(II) was the dominant Fe species in the mixed system
(Figs. 1b and 4). Only arsenopyrite but no schwertmannite was detected
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in the solid products as indicated by XRD and FTIR, possibly due to the
small amount and weak crystallinity of schwertmannite in the system
(Fig. 2). In order to check the possible formation of schwertmannite, Fe
K-edge EXAFS spectrum was further used to analyze the chemical
composition of the solid products in the mixed system containing
10.0 mmol L' MgSOy after 12 h at pH 3.0 in air atmosphere under UV
radiation. Schwertmannite was detected on the arsenopyrite surface
with a relative content of 2.1% ( £ 0.004) (Fig. 8) (Supporting Infor-
mation SII), suggesting that schwertmannite was formed possibly
through the oxidization of Fe(II) and SO42’ by ROS under UV radiation.

Dissolved As(II) and Sb(Il) can complex with ferrihydrite
(ferrihydrite-As(III)/Sb(III)) in nearly neutral pH environments.
Ferrihydrite-As(III)/Sb(III) can absorb UV radiation, and induce elec-
tron transfer between Fe(IIl) in ferrihydrite and As(III)/Sb(III) by the
LMCT process, facilitating the oxidation of As(III)/Sb(III). In addition,
oxygen is reduced to form superoxide radical (O2*~/HO3") (Kong et al.,
2016; Xu et al., 2014). As reported, As(III) can complex with schwert-
mannite to form schwertmannite-As(II) (Zhang et al., 2019). Upon the
occurrence of a LMCT process, a charge-transfer spectrum of
schwertmannite-As(III) complex should be observed by UV—vis full
band scanning (Mostafa et al., 2013). In this work, the UV—vis absorp-
tion spectra of As(Ill), schwertmannite and schwertmannite-As(III)
complex were studied by UV—vis full band scanning at pH 3.0 (Fig. 9
and S11) (Supporting Information SIII). No obvious absorption was
observed for 500 pmol L' As(IID) at wavelengths above 250 nm, while
absorption spectra of schwertmannite (0.05 g L)) were observed in
both the UV and visible regions. The UV—vis adsorption spectra showed
a gradually rising trend of absorption intensity in schwertmannite sus-
pension with increasing As(III) concentration over a wide range of
wavelengths from 250 to 600 nm. The absorption spectra of the
schwertmannite suspension in the presence of As(III) showed a deflec-
tion point at 290 nm, which is similar to previous reports (Kong et al.,
2016; Xu et al., 2014). At A = 290 nm, the absorption spectral data of
schwertmannite suspension in the presence of As(Ill) were fitted by
using the Benesi—Hildebrand equation (Fig. 9) (Supporting Information
SII). The good linear relationship confirmed the formation of
schwertmannite-As(III) complex and the occurrence of LMCT process
between Fe(IlI) and As(IIl) inside the complex. Moreover, O,°~ was
detected in the mixed system under UV radiation (Fig. 4d). Therefore,
the promotion of photooxidation of arsenopyrite and low-valence As by
S04%"is very likely due to the formation of complex between the nascent
schwertmannite and dissolved As(III). The complexed As(III) was
photochemically oxidized to As(V) through the LMCT process, which is
accompanied by the generation of ROS in the presence of O,.

Galvanic interaction is a well-known phenomenon observed in mine
drainage formation, sulfide mineral processing and flotation (Chopard
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Fig. 8. Fe K-edge EXAFS spectra (red dotted lines) and the corresponding linear
combination fitting (gray solid lines) of the solid products formed in the mixed
system of arsenopyrite (0.5 g L") and MgSO, (10.0 mmol L™) after 12 h at pH
3.0 in air atmosphere under UV radiation.
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Fig. 9. UV—vis absorption spectra of schwertmannite—As(III) complex at pH
3.0 using quartz cell with the thickness of 1.0 cm. The inset shows the Bene-
si-Hildebrand plot fitting for the schwertmannite—As(III) complex at 290 nm.
[Fe(II)] =168 pM. Equation: 1/AA =(1.95+0.07) x 10 x 1/Casam
+ (8.95 + 0.06); R* = 0.9944.

et al., 2017; Jeon et al., 2020; Seng et al., 2019). Previous studies have
shown that hematite can enhance the anode oxidation of pyrite through
electron “bridging” and catalytic effects (Tabelin et al., 2017c). The
direct contact of sulfide minerals with different rest potentials, such as
pyrite and chalcopyrite, pyrite and sphalerite, will initiate the galvanic
effect to accelerate the oxidation of sulfide minerals (Chopard et al.,
2017). Therefore, the galvanic interaction between arsenopyrite and
nascent schwertmannite may also occur with a subsequent increase in
the oxidative dissolution of arsenopyrite in this work. The exact process
and mechanism still need to be further studied in the future.

Schwertmannite has excellent adsorption capacity for As, and has
been widely studied for As removal from polluted natural environments
(Burton et al., 2009); and UV radiation can facilitate the adsorption and
fixation of As on schwertmannite surface (Ren et al., 2018; Zhang et al.,
2019). AsO4% can also substitute SO42” in the crystal structure to form
As-bearing schwertmannite during the aging of minerals (Regenspurg
and Peiffer, 2005; Zhang et al., 2016b). In this study, the photooxidation
rate of arsenopyrite first rose and then fell with increasing MgSO4
concentration from 0 to 10.0 mmol L™, which was likely due to the
adsorption of As on schwertmannite surface and incorporation of dis-
solved As into the crystal structure of schwertmannite.

4.2. Effects of pH and dissolved oxygen

Dissolved Fe(III) can directly participate in the weathering of arse-
nopyrite, especially in acidic solutions. Hence, the released Fe ions will
further affect the oxidation of arsenopyrite (Yu et al., 2007; Yunmei
et al., 2004). When the pH is below 5.0, the Fe* released from arse-
nopyrite will be oxidized to Fe>* with increasing pH, which will further
accelerate arsenopyrite oxidation (Yu et al., 2007). Therefore, in the pH
range of 2.0-4.0, the gradual increase in the oxidation rate of arseno-
pyrite under dark conditions may be partly due to the accelerated for-
mation of dissolved Fe3.

The pH has a direct impact on the complex species of Fe(IIl) and
inorganic anions (Fig. S10) (Machulek et al., 2009). Low pH facilitates
the formation of FeSO4" and inhibits the photo-Fenton reaction of Fe
(I)/FeOH?* (Fig. S10). In this work, the actual concentration of SO42’
was about 5.0, 0.5 and 0.05 mmol L' at pH 2.0, 3.0 and 4.0 in the single
arsenopyrite system, respectively. The arsenopyrite photooxidation rate
increased with increasing pH, which was likely due to the gradual
decrease in SO,> concentration and increase in the complexation
capability of Fe>" with OH™.

The pH also affects the formation process and chemical stability of
schwertmannite. At pH < 2.5, the formation of schwertmannite will be
inhibited, and schwertmannite is easily transformed into other more
stable iron (hydr)oxides including goethite at pH > 4.5 (Jonsson et al.,
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2005; Knorr and Blodau, 2007). The formation of schwertmannite is
accompanied by the release of H*. Within a suitable pH range, a high pH
can facilitate the formation of schwertmannite (Regenspurg et al., 2004;
Su et al., 2019). The presence of SO42' at pH 2.0 under UV radiation did
not obviously affect the oxidation rate of arsenopyrite likely due to the
difficulty in the formation of schwertmannite (Fig. 5 and S6). However,
the As(T) concentration after 6 h in the mixed system was 1.5 and 1.7
folds of that in the single system at pH 3.0 and 4.0, respectively (Figs. 1,
5 and S6). S04 significantly accelerated the oxidation of arsenopyrite,
suggesting that schwertmannite tends to be formed at pH 3.0 and 4.0.
Compared with pH 3.0, pH 4.0 facilitated the formation of FeOH?"
(Fig. S10). In this work, the release rate of As from arsenopyrite
increased progressively with increasing pH in the mixed system of
arsenopyrite and MgSO4 under UV radiation, possibly because the effect
of pH on schwertmannite formation rate and photo-Fenton reaction
follows the order of pH 4.0 > pH 3.0 > > pH 2.0.

Oxygen usually works as the ultimate electron acceptor for the redox
reaction in nature, and plays an important role in the geochemical cycle
of many elements. The heterogeneous oxidation reaction of As(III) with
ROS as the intermediate products is a key process for the rapid oxidation
of As(III) in the presence of O (Cheng et al., 2009; Hong et al., 2021).
Our previous work has demonstrated that Oy can accelerate the oxida-
tive dissolution of arsenopyrite and the further oxidation of dissolved As
(I11) through promoting the ROS formation during the (photo)oxidation
of arsenopyrite (Hong et al., 2018, 2020, 2021). In this work, oxygen
facilitates the formation of O5*~/HO,* from the LMCT process, pro-
moting the photooxidation of arsenopyrite and As(III). O2*~/HO3® could
be converted to form Hy0,. Therefore, a higher content of O2°"/HO*
may indicate an increase in the content of HyO5 in the reaction system,
which further promotes the photo-Fenton reaction.

In our previous work, due to the presence of trace oxides on the
arsenopyrite surface, the released As from arsenopyrite oxidation
mainly exists as As(V) due to photo-Fenton reaction in the absence of
high-concentration SO42" at pH 3.0 in nitrogen atmosphere (Hong et al.,
2018). In this work, in the presence of a higher concentration of SO42',
FeSO, ™" could inhibit the formation of FeOH2*, followed by the inhibi-
tion of the photo-Fenton reaction. The absence of Oy as an electron
acceptor would also inhibit the LMCT process (Kong et al., 2016; Xu
et al., 2014). Therefore, the dissolved As from arsenopyrite mainly exists
as As(IIT) at pH 3.0 under UV radiation in nitrogen atmosphere (Fig. 6a).

4.3. Environmental significance

Excessive discharge of AMD has caused serious environmental and
ecological problems, and it is almost impossible to prevent its generation
(Rodriguez-Galan et al., 2019). Arsenopyrite is one of the most common
iron sulfide minerals, and its oxidation is a major source of AMD, causing
serious As pollution to the environment. Therefore, it is of great signif-
icance to comprehensively understand the oxidation and dissolution of
arsenopyrite in the AMD environment for a better control of As
pollution.

Large amounts of inorganic anions including Cl", NOs3, PO43’ and
SO42’ are present in AMD or natural waters (Cheng et al., 2009). The
dissolution rate of sulfur in sulfide minerals (arsenopyrite, galena and
pyrite) decreases with increasing Cl™ activity under anoxic and acidic
conditions (Parthasarathy et al., 2015). Compared with Fe3(SO4)3, FeCls
shows a higher arsenopyrite oxidation activity (Yunmei et al., 2004). As
a matter of fact, PO4>~ and SO42~ have competitive adsorption with As
(IIL,V) on the mineral surface, which will obviously affect the migration
of As in the environment (Cheng et al., 2009; Wilkie and Hering, 1996).
These findings indicate that inorganic anions significantly affect the
weathering of sulfide minerals and the fate of As (Cheng et al., 2009;
Yunmei et al., 2004).

Sulfide minerals are exposed to solar irradiation in the earth’s sur-
face environment. Iron (hydr)oxides including schwertmannite and
goethite usually exhibit excellent adsorption capacity for As. Hence,

Journal of Hazardous Materials 433 (2022) 128716

current research has been mostly focused on the influence of iron (hydr)
oxides on the migration of As in the AMD environment (Burton et al.,
2009; Cheng et al., 2009). However, little attention has been paid to the
effect of photoreactivity of schwertmannite on the oxidation of sulfide
minerals. Besides, field surveys have demonstrated that As(V) works as
the preponderant species and associated with schwertmannite, while
both As(IIl) and As(V) are present in the streams of the mining area,
which may be ascribed to the direct adsorption of As(V) or the oxidation
of the adsorbed As(III) to As(V) on schwertmannite (Asta et al., 2010;
Paikaray, 2015). In this work, it was noted that the presence of
high-concentration S04~ could accelerate the photooxidation of arse-
nopyrite and As(III). At pH 3.0 and 4.0, the concentration of released As
(T) was increased respectively by 46.0% and 68.1% in the mixed system
of arsenopyrite (0.5 g L") and MgSO4 (5.0 mmol L) compared with
that in the single arsenopyrite system under UV radiation. In this pro-
cess, the newly formed schwertmannite plays an important role in the
photooxidation of arsenopyrite and As(II). Previous studies were usu-
ally concerned about the adsorption and fixation of dissolved As. This
work provides some new insights into the oxidation of sulfide minerals
and the release of As, and a new pathway to understand the phenome-
non that adsorbed As(V) is the predominant As species in schwert-
mannite in the field survey. As a common anion, SO42~ accelerates the
oxidation of arsenopyrite under solar radiation. Therefore, besides
adjusting pH, decreasing the concentration of SO42~ and avoiding solar
radiation should be recommended for decreasing the environmental risk
of AMD.

5. Conclusions

S04% accelerates the photooxidation of arsenopyrite under UV ra-
diation. Under UV radiation, Fe(II) released from arsenopyrite and high-
concentration SO4%" are oxidized by ROS to form schwertmannite. Dis-
solved As(III) is adsorbed on nascent schwertmannite to form
schwertmannite-As(III) complex, and the photooxidation of arsenopy-
rite and As(III) occurs through the LMCT process along with the gen-
eration of ROS in the presence of Oj. The photooxidation rate of
arsenopyrite first rises and then falls with increasing MgSO4 concen-
tration from O to 10.0 mmol L™ in this process. In the pH range of
2.0-4.0, the inhibitory effect of FeSO4" on the photo-Fenton reaction
gradually decreases and the production rate of schwertmannite gradu-
ally increases, resulting in a progressive increase in the photooxidation
rate of arsenopyrite. Dissolved oxygen is the main electron acceptor in
the redox reaction of arsenopyrite, and significantly affects the oxidation
of arsenopyrite and release of As.
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Novelty Statement

Arsenopyrite is one of the most common arsenic (As)-containing iron
sulfide minerals, and its weathering is an important factor leading to the
generation of acid mine drainage (AMD) and As pollution. Our previous
work has shown that solar radiation can promote arsenopyrite oxidation
and As release. However, the effect of S04~ on the photooxidation of
arsenopyrite in the AMD environment remains elusive. This work sys-
tematically studied the mechanism for SO4.- to promote arsenopyrite
photooxidation in simulated AMD environments. The findings can pro-
vide some new theoretical guidance for the environmental management
of AMD as well as the treatment of As pollution.
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