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ABSTRACT

Oxidative dissolution of realgar is an important cause of arsenic (As) pollution in waters and soils.
Generally, environmental factors including dissolved oxygen (DO) and solar radiation can lead to the for-
mation of reactive oxygen species (ROS) on As-bearing metal sulfide minerals, which significantly pro-
motes mineral oxidation and As release. Realgar is a typical nonmetallic sulfide mineral with excellent
photochemical properties. However, the possible formation mechanism of ROS and the effect of solar
radiation on realgar oxidation and the subsequent As release remain elusive. Here, the processes of real-
gar oxidation and As release were studied under darkness and solar radiation, and the influence of DO and
pH on the reaction process was also investigated. The decomposition of H,0 at the sulfur-defect sites and
the oxidation of crystal surface As(Il) by DO on realgar led to the formation of ROS including H,0, and
‘OH, which play a critical role in realgar oxidation and As release. Under solar radiation, the reactions
between electrons and O, on light-excited realgar promoted the production of O3 ; while the realgar oxi-
dation and As release could be mainly ascribed to the transformation of realgar to pararealgar in the pres-
ence of DO. Under atmospheric conditions, the release ratio of total As in realgar suspension was 4.2%
under darkness, and increased to 18.1% under solar radiation. Both higher DO concentration and pH facil-
itated the generation of ROS and light-induced transformation of realgar to pararealgar, thereby promot-
ing As release. These results imply that the ROS generated on realgar can induce its oxidation and As
release in underground aquifers and sediments, and solar radiation may be an important factor causing
As pollution in realgar tailings. The findings improve the understanding of As pollution in sulfide mineral
mining areas.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

occurs in some countries including the United States, Mexico, Ban-
gladesh, India, Argentina and China (Lengke and Tempel, 2003),

Arsenic (As) is a widely existing toxic chemical element and car-
cinogen in the environment (Dong et al., 2014; Podgorski and Berg,
2020). Accumulation of As in human body through drinking water
and food chain can lead to various chronic diseases and cancers (Li
et al,, 2016; Tang et al., 2017). Serious As pollution frequently
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and about 190 million people are at risk of drinking water polluted
by As around the world (Rodriguez-Lado et al., 2013; Wang et al.,
2020). In nature, high contents of As can be found in many sulfide
minerals associated with gold and copper, such as arsenopyrite,
pyrite, realgar, orpiment and amorphous arsenic sulfide (As;Ss)
(Falteisek et al., 2020; Kerr et al., 2018; Lengke et al., 2009; Qiu
et al,, 2017). The As released from As-bearing sulfide minerals
mainly exists as arsenite (As(Ill)), which has higher mobility and
toxicity relative to arsenate (As(V)) (Liu et al., 2021a; Yu et al,
2007). Therefore, oxidative dissolution of As-bearing sulfide min-
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eral has become a critical source of As pollution in waters and soils
(Kerr et al., 2018; Lengke et al., 2009; Liu et al., 2021a).

Realgar (As4S4), a sulfide mineral with an As content of nearly
70 wt.%, is usually found in volcanic eruptions, hot spring deposits
and hydrothermal veins (Wu et al., 2017). Realgar is also an impor-
tant As-bearing mineral in natural shallow aquifer sediments and
As-rich wetlands (Drahota et al., 2017; Knappova et al., 2019).
High-grade realgar ore can be used in medicine, firecracker and
glass industries, and the low-grade realgar ore can be smelted to
prepare claudetite (Li et al., 2020; Wu et al., 2017). The As released
from realgar generally shows higher mobility compared with that
released from As-bearing iron sulfide minerals such as arsenopy-
rite and pyrite. For example, iron oxyhydroxides/oxides formed
during the oxidation of iron sulfide minerals have high affinity
for As, which can alleviate the As pollution to a certain extent
(Hong et al., 2021; Qiu et al., 2018). As for realgar, due to the lack
of iron in its crystal structure, the As(Il)/As(V) generated from As
(I1) oxidation easily pollutes soils, rivers and groundwaters through
surface runoff or infiltration (Fan et al., 2018; Wu et al., 2017).
Recently, serious As pollution events have been reported in some
realgar mining areas of China (Wang et al., 2019). For example,
the highest As content in the water exceeds the drinking water
limit (10 pg/L) by 2280 times around the realgar mining area in
Hechi City, Guangxi province, and that in the paddy soil around
the realgar mining area was 9.6 times of the China’s national stan-
dard (30 mg/kg) in Shimen City, Hunan Province (Wu et al., 2017).
The release of As from realgar can be mainly attributed to its oxi-
dation process due to the poor water solubility (Chen et al,
2013). Therefore, elucidation of the process and underlying mech-
anism of realgar oxidative dissolution and As release can provide
important guidance for the prevention and remediation of As pol-
lution in waters and soils (Wu et al., 2017).

Some studies have been focused on the oxidation of realgar by
dissolved oxygen (DO) (Langner et al., 2014; Lengke and Tempel,
2005; Renock and Becker, 2010). The results obtained from cyclic
voltammetry showed that the oxidation of realgar by DO includes
the initial oxidation of realgar to H3AsO3 and subsequent oxidation
of H3AsO5 to H3AsO4 under acidic conditions (Lazaro et al., 1997).
The total reaction can be summarized as Eq. (1) (Lengke and
Tempel, 2003):

As4S4 + 110, + 10H,0 — 4H3As0, + 4502~ + 8H* (1)

The intermediate products and reaction rate vary with environ-
mental conditions (Lengke and Tempel, 2005). For example, S(—II)
may be oxidized to S,03~, SO3~ or SO, and As(Il) may be oxidized
to As(Ill) or As(V) (Wu et al., 2017). These studies are mostly about
the products and corresponding kinetics of realgar oxidation and
attribute As release to the direct oxidation by DO; however, the
formation processes of ROS in the process are largely ignored
(Lengke and Tempel, 2003; Renock and Becker, 2010; Wu et al.,
2017). Generally, sulfide minerals are easily oxidized after contact-
ing with H,0 and air in tailings, which may be accompanied by the
production of reactive oxygen species (ROS). As reported, the
decomposition of H,O at sulfur-defect sites on the surface of
arsenopyrite and pyrite leads to the production of H,O, and ‘OH,
thereby promoting the oxidation of these iron sulfide minerals
and subsequent As release (Hong et al., 2021; Qiu et al., 2018;
Zhang et al., 2016). In the remediation of As pollution in realgar
tailings with FeSO,4, microwave radiation can result in the genera-
tion of more "OH and O3 by promoting the oxidation of FeSO,4 by
oxygen, which accelerates realgar oxidation (Zhao et al., 2020).
However, the possible formation mechanism of ROS and its effect
on As release during the oxidation of realgar by DO remain elusive.

The mining processes of sulfide minerals are generally accom-
panied by soil acidification and acid mine drainage production
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(Kerr et al., 2018; Kong et al., 2020; Zhang et al., 2016). Chemical
neutralization is a widely used remediation method, and the com-
mon neutralizers include lime, limestone, sodium hydroxide and
magnesium oxide (Naidu et al., 2019). Some previous studies have
revealed that an increase in pH can promote As release from real-
gar tailings (Pordevic et al., 2019; Lengke and Tempel, 2003;
Lengke and Tempel, 2005), indicating that simple chemical neu-
tralization may not be very effective in stabilizing realgar tailings.
Clarifying the role of ROS in realgar oxidation at different pH values
can facilitate the understanding of As pollution and remediation in
realgar tailings.

Besides DO and pH, solar radiation also significantly affects the
oxidation process of realgar in the environment (Wu et al., 2017).
As one of the most important climatic factors, sunlight inevitably
affects the migration and transformation of pollutants associated
with semiconductor minerals in mine waters, sediments and soils
(Doane, 2017; Liu et al., 2021a; Liu et al., 2022a; Lu et al., 2019).
Sunlight can induce the transformation of realgar solid to parareal-
gar in the air (Kyono et al., 2005; Naumov et al., 2010; Trentelman
et al., 1996). Most sulfide minerals are semiconductors with certain
photochemical properties (Doane, 2017; Kong et al., 2018). The
reaction of hole (hj;)/ electron (eg,) and H,O/DO may lead to ROS
("OH and O3 ) formation on sunlit sulfide minerals, which con-
tributes much to the mineral oxidation and As release (Hong
et al, 2018; Hong et al., 2020; Hong et al., 2022). The O3 produced
on light-excited stibnite (Sb,S3) can significantly promote Sb
release (Hu et al., 2015), and the similar process was also found
in the oxidation of amorphous arsenic sulfide (As,Ss) exposed to
visible light (Lu et al., 2019). Realgar has different crystal structure
and chemical composition from the amorphous arsenic sulfide
(Lengke and Tempel, 2003), which may lead to significant differ-
ences in their photochemical process of As release. However, there
has been little research on the influence of solar radiation on As
release from realgar in tailings.

The present study systematically explored the oxidation and As
release processes of realgar under darkness and light radiation, and
the influence of DO and pH on the reaction process was also stud-
ied. X-ray diffractometer (XRD), X-ray photoelectron spectroscopy
(XPS) and field emission scanning electron microscopy (FESEM)
were applied to analyze the changes in crystal structure and the
valence of As and S during realgar oxidation. The content of dis-
solved S species was also determined to study the oxidation of S.
The possible ROS and their roles in As release were qualitatively
and quantitatively detected by electron paramagnetic resonance
(EPR) spectroscopy and the addition of scavengers in the reaction
system.

2. Materials and methods
2.1. Realgar collection and characterization

Natural realgar ore was collected from the realgar mine located
in Luodian County, Qiannan Buyei and Miao Autonomous Prefec-
ture, Guizhou Province, China. The realgar ore was ground through
a 200-mesh sieve. In order to study the effect of surface As(IIl) on
realgar oxidation and ROS formation, the realgar powder was trea-
ted with HCI solution (1.0 mol/L) for 12 h with the introduction of
N, (99.99%), and then rinsed with deoxidized deionized water and
acetone until the supernatant conductivity was < 20 uS/cm. The
obtained realgar powder was stored in a vacuum bag without light
after vacuum drying.

The realgar powder was dissolved by microwave digestion for
the determination of chemical composition. Realgar (0.1 g) was
added to the mixed solution of hydrofluoric acid (2 mL), concen-
trated hydrochloric acid (6 mL) and concentrated nitric acid
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(2 mL). The mixed solution was placed in a CEM Mars 6 microwave
digester (190 °C, 40 min) after being left at room temperature for
1 h. The relative content (wt.%) of As, S, Fe, Co, Cd and Ni was
68.02%, 30.61%, 0.12%, 0.17%, 0.01% and 0.16%, respectively, as
obtained through the determination of their concentration in the
digested solution with an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Agilent 5110). The molar ratio
of As to S was 1:1.05, and the purity of realgar was 98.6%.

2.2. Photochemical reaction of realgar

Most UV (ultraviolet)-A (315-400 nm) and visible light in solar
radiation can reach the Earth’s surface after penetrating the atmo-
sphere (Liu et al., 2021a). Therefore, the UV LED lamps with the
maximum light intensity at 395 nm were employed to simulate
sunlight radiation in the laboratory to evaluate its effect on realgar
oxidation and As release. The photochemical oxidation experiment
of realgar was carried out in a 500-mL quartz bottle with five
necks. Two UV LED lamps (220 mm x 185 mm) and a magnetic
stirrer were respectively placed on the left, rear and bottom side
of the quartz bottle (Fig. S1). The wavelength distribution of the
LED lamp has been described in our previous report (Liu et al.,
2022b). The light intensity was determined to be 17.0 mW/cm?
within the band of 375-475 nm at the center of the quartz bottle.
During the reaction under darkness, light was avoided by turning
off the light sources and wrapping the reaction system with alu-
minum foil. The temperature difference between the reaction
under darkness and UV radiation was less than 3 °C (Fig. S1).

Realgar powder (0.15 g) and deionized water (300 mL) were
added into the quartz bottle, and the uniform realgar suspension
(0.5 g/L) was obtained by ultrasound for 10 min. NaOH/HCI solu-
tion (0.05-1.0 mol/L) was used to adjust the initial pH of the sus-
pension to 5.0. The reaction lasted for 6 h. At 0, 10, 30, 60, 120,
180, 240, 300 and 360 min, suspensions at a volume of 10 mL were
taken out and passed through microporous (0.22 wm) membrane
to collect the supernatant, and the remaining solids were stored
in a vacuum bag without light after washing with deoxidized
deionized water and vacuum drying.

The experiments were respectively conducted under oxic and
anoxic conditions with the continuous introduction of air and N,
(99.99%). The initial concentration of dissolved oxygen ([DO]) in
the suspension was 0.7 and 6.4 mg/L with the introduction of N,
and air, respectively. The effect of pH was investigated at pH 2.0
and 8.0. The experiment under atmospheric conditions was also
performed outdoors to reveal the influence of actual solar radiation
on realgar oxidation and As release at 10:00-16:00 on April 10,
2022. The light intensities within bands of 320-400 nm and 400-
1000 nm were 2.5 and 57.0 mW/cm?, respectively, at 12:00. Each
experiment was performed in triplicate.

2.3. Analysis methods

The [DO] and pH were monitored by a DO detector (Inesa, JPB-
607A) and a pH detector (Mettler Toledo FE28), respectively. The
redox potential (Eh) of the reaction was determined in a two-
electrode system on a CHI 660E workstation. A platinum foil and
a saturated calomel electrode (SCE) were used as working and ref-
erence electrode, respectively. The molybdenum blue method has
been widely validated and used to determine the concentration
of inorganic As including As(Ill) and As(V) in aqueous solutions
(Hu et al, 2012; Lenoble, 2003; Najafi and Hashemi, 2019;
Oscarson et al., 1980). A UV-vis spectrophotometer (Mapada UV-
1800) was applied to determine As(V) concentration ([As(V)]) in
solutions with the molybdenum blue method at 880 nm
(Oscarson et al., 1980; Qiu et al., 2017). The [As(T)] (total As con-
centration) in solutions was measured after oxidation of dissolved
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As(I1I) to As(V) with potassium iodate, and the As(III) concentration
([As(II)]) in solutions was obtained by subtracting the [As(V)] from
[As(T)] (Oscarson et al., 1980; Qiu et al., 2017). The detection limits
were 0.1 and 0.3 pmol/L for [As(V)] and [As(T)], respectively, as
obtained through eleven repeated measurements of reagent blank.
As(T) release ratio represents the ratio of As(T) dissolved in solu-
tion to that (4539.5 pmol/L) in the pristine realgar. The concentra-
tions of S,03~ ([S2037]), SO3~ ([SO%7]) and SO3~ ([SOZ]) were
analyzed on an ion chromatograph (Dionex ICS-1100) using an
AS22 chromatographic column with the mixture of NaHCO;
(1.4 mmol/L) and NaCOs (4.5 mmol/L) as the eluent (Hong et al.,
2018). During the analysis of dissolved sulfide concentration
([S*7]), the solution was immediately added to zinc acetate solu-
tion to precipitate S>~ from polysulfide, H,S and HS™ species, and
then the ZnS was determined with the methylene blue method
on a UV-vis spectrophotometer (Mapada UV-1800) at 650 nm
(Wang et al., 2022). The detection limit was 2.2 pmol/L, as obtained
through eleven repeated measurements of reagent blank. The pos-
sible ROS and S vacancy were detected by EPR (Bruker A300). Dur-
ing the determination of *OH, reaction suspension (1 mL) was taken
out and mixed with 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
10 pL) in a centrifuge tube, and then the solution was immediately
transferred to a quartz capillary. The EPR signal was recorded by a
Bruker A300 spectrometer at room temperature. Methanol was
used as the solvent during the determination of O3, and the detec-
tion of S vacancy was performed under darkness. Superoxide dis-
mutase (SOD, 50 mg/L), peroxidase (POD, 150 mg/L) and sodium
benzoate (BA, 10 mmol/L) were respectively added to the reaction
system as the scavenger of O3, H,0, and "OH (Kong et al., 2015; Liu
et al, 2018; Shu et al, 2019). The determination of p-
hydroxybenzoic acid was conducted on an Agilent 1200 high per-
formance liquid chromatography at 255 nm, and the concentration
of cumulative [‘OH] was 5.87 times of p-hydroxybenzoic acid
(Hong et al., 2018). The instant H,0, concentration ([H,0,]) was
obtained on the UV-vis spectrophotometer at 551 nm through a
N,N-diethyl-p-phenylenediamine method (Hong et al., 2021).

A Shimadzu 6100 XRD (Cu Ko) was employed to characterize
the crystalline phase of realgar at scan rate of 1°/min, operation
current of 30 mA and voltage of 40 kV. The band structure of real-
gar was analyzed through XPS valence band (VB) spectra, Mott-
Schottky plot and UV-vis diffuse reflectance spectra (DRS) (Xu
et al,, 2021). Mott-Schottky characterization was conducted in
0.5 mol/L Na,SO4 solution using a three-electrode system on a
CHI 660E workstation at a frequency of 1000 Hz. The working elec-
trode was prepared by coating the mixture of 90 wt.% realgar and
10 wt.% polyvinylidene fluoride (adhesive) on an ITO conducting
glass with a dimension of 1 cm x 2 cm. A SCE and a platinum foil
were used as reference and counter electrode, respectively. The
detailed calculation method of the band structure is shown in
the supplementary information (supplementary text). A UV-vis
spectrophotometer (Purkinje T9) was applied to record the diffuse
reflectance spectra (DRS) with BaSO,4 as the reference and a scan
interval of 1 nm from 400 to 800 nm. The species of As, S and O
were determined by XPS (VG Multilab2000, Al Ka, 1486 eV) with
charge correction at 284.8 eV. During the fitting of XPS spectra,
the As 3d(s/2) spectra were fitted with three double peaks of As
(IN), As(Ill) and As(V). The double peak interval was 0.7 eV, and
the peak area of the companion peak was two-thirds that of the
main peak (Zhao et al., 2020). The S 2p(3/2) spectra were fitted with
three double peaks of sulfide (5*7), polysulfide (S3~) and elemental
sulfur (S°). The double peak interval was 1.2 eV, and the peak area
of the companion peak was half that of the main peak (Fan et al,,
2018; Hong et al., 2021). Three peaks of 0?>~, —OH and H,0 were
included in the fitting of O 1s spectra (Liu et al., 2021a). The uncer-
tainties were obtained by three times of fitting with varying back-
ground positions (Ilton et al., 2016). The micromorphology and
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element distribution of the samples were analyzed by FESEM (Tes-
can MIRA4) equipped with an energy dispersive X-ray (EDX)
spectrometer.

3. Results
3.1. Realgar oxidation and As release

The effects of UV radiation from sunlight on realgar oxidation
and As release were investigated at initial pH 5.0 and under oxic
conditions (Fig. 1). Under darkness, the As released into the solu-
tion was mainly As(III), and the [As(Ill)] increased with reaction,
reaching 161.8 pmol/L after 6 h; besides, the [As(T)] was
190.6 pmol/L with an As(T) release ratio of 4.2%. Under UV radia-
tion, As(III) was also the main dissolved As species. Compared with
that under darkness, the final [As(V)] decreased from 28.8 to
15.5 pmol/L, accompanied by increases in final [As(III)] and [As
(T)]. At 6 h, the [As(T)] and [As(Ill)] reached 770.3 and
754.8 pumol/L, respectively, with the As(T) release ratio increasing
to 17.0%. SO%~ was not detected under both darkness and UV radi-
ation, while [S,037] and [SO37] gradually increased and [S*7]
increased first and then decreased with reaction time, with S,03~
being the dominant species of dissolved S. At 6 h, the [S*7],
[S,037] and [SO3~] were 3.3, 55.8 and 47.3 umol/L under darkness,
and 10.3, 231.3 and 129.0 pmol/L under UV radiation, respectively.
The above results indicated that UV radiation can significantly pro-
mote realgar oxidation and the subsequent release of As.

3.2. ROS production from realgar oxidation

The ROS in the above reaction system were qualitatively ana-
lyzed by EPR spectra (Fig. 2a and b). DMPO-'OH signal was detected
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at the initial stage as well as at 10 min under darkness and UV radi-
ation, whose intensity was higher under UV radiation. DMPO-03"
signal was not detected at the initial stage and at 10 min under
darkness, but detected at 10 min under UV radiation (Liu et al.,
2022b; Lu et al., 2019), indicating the formation of more "OH and
05 under UV radiation. Fig. 2c and d present the instant [H,0,]
and cumulative [‘OH]. Under darkness, the instant [H,0,] increased
with reaction time, reaching 6.7 pmol/L at 6 h; while the instant
[H,0,] under UV radiation was lower than that under darkness,
and first increased and then decreased with reaction time, with a
maximum of 1.7 pmol/L at 15 min. The cumulative ['OH] increased
with reaction time, and reached 6.7 and 3.7 pmol/L at 6 h under
darkness and UV radiation, respectively. Further, BA, SOD and
POD were introduced to the suspension to capture "OH, O3 and
H,0,, respectively (Fig. 2e and f). Under darkness, the addition of
SOD caused a slight decrease in the [As(T)], while the addition of
BA and POD significantly inhibited As release. After 6 h of reaction,
the presence of BA, SOD and POD reduced the [As(T)] from
190.6 pmol/L to 132.5, 158.3 and 114.1 pmol/L, respectively. Under
UV radiation, BA and SOD also inhibited As release, while POD
exhibited little effect on the [As(T)]. After 6 h of reaction, BA and
SOD decreased the [As(T)] from 770.3 pmol/L to 574.9 and
642.1 umol/L, respectively.

3.3. Crystalline phase changes of realgar

The crystalline phase of the solid products was characterized
with XRD after reaction (Fig. 3a). Only the diffraction peaks of real-
gar (PDF, 41-1494) were found in the XRD pattern of the initial
sample, which was consistent with the previous report (Wang
et al., 2022). The diffraction peak of elemental S (PDF, 34-0941)
occurred under darkness. Pararealgar (PDF, 33-0127) and elemen-
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tal S were formed under UV radiation. The species of As, S and O
were further characterized by XPS (Fig. 3b-d), and the fitting
results are shown in Table 1. In the As 3dsy) spectra, 42.7, 44.2
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and 45.6 eV correspond to the binding energy of the main peak
for As(Il), As(Ill) and As(V), respectively (Zhao et al., 2020). In the
S 2p(s2) spectra, 162.2, 163.0, 164.0 and 168.4 eV represent the
binding energy of the main peak for S2-, 27, S° and SO3™, respec-
tively (Fan et al., 2018; Hong et al., 2021). No SO3~ peak was found
in the XPS spectra, which was consistent with the previous
research about the oxidation of pure realgar and As,Ss by DO
(Fan et al,, 2018; Lu et al., 2019). This phenomenon may be
ascribed to the weak adsorption ability of realgar for SO5~. The
isothermal adsorption of realgar for SO7~ was not conducted due
to the obvious oxidation of realgar even at low [DO]. Therefore,
only S$?, S5~ and S° were included in the fitting of S 2p(3/2) spectra.
In the O 1s spectra, 529.5, 531.0 and 532.2 eV are ascribed to the
binding energy of 0>~, —OH and H,O0, respectively (Liu et al.,
2021a). The presence of As(Ill), S2~ and 0%~ indicated the oxidation
of a small part of initial realgar. After reaction, the increase in the
relative content of As(III), As(V), S3-, S°, 02~ and —OH and decrease
in that of As(ll), >~ and H,0 indicated the oxidation of realgar
under darkness, which was further promoted by UV radiation.

3.4. Micromorphology changes of realgar

Changes in the micromorphology and chemical composition of
realgar were analyzed by FESEM-EDX (Fig. 4). A flake-like micro-
morphology was observed with a few irregular crystal particles
on the surface of initial realgar. The relative contents (at.%) of As,
S and O were 48.2%, 45.5% and 6.3%, respectively. The molar ratio
of As to S was 1.06, which was in agreement with the result of
chemical analysis (1.05). As, S and O were evenly distributed on
realgar surface, and no obvious difference was observed among
the As, S and O maps after reaction under darkness and UV radia-
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Table 1
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Relative contents of As, S and O species obtained from the fitting of XPS spectra of realgar before and after reaction under darkness and UV radiation at initial pH 5.0 and oxic
condition. Uncertainties were obtained by three times of fitting with varying background positions.

Species Binding energy (eV) Full width at half Relative content (at.%)
aximum (FWHM) o
Initial Dark uv
As As(11) 42.7 1.5 92.7+1.0 721+ 0.8 60.5 £ 0.7
434 15
As(IIl) 44.2 1.3 73+1.0 22802 31.6:03
44.9 1.3
As(V) 45.6 1.2 0 5.1+06 7.9+ 1.0
46.3 1.2
S s2- 162.2 1.2 855+ 04 76.9 £ 2.1 68.7 £ 0.9
163.4 1.2
sz 163.0 1.1 145+ 04 223+28 27.0 £ 1.1
164.2 1.1
s° 164.0 1.0 0 0.7+ 06 4302
165.2 1.0
0 0% 529.5 15 0.4 +0.1 12103 88+0.5
—OH 531.0 15 0 9.7 +0.4 114+ 0.3
H,0 532.2 2.0 99.6 £ 0.1 89.1£03 79.8 £ 0.5
UV radiation were higher and lower than those under darkness,
UV As Element  wt.% at.% ivel
As iR 155 respectively.
s 27.8 44.8
—_ S o 2.0 67 )
,‘-.é’ oAl j@ 5 Total 100.0  100.0 3.6. Influence of pH on As release and ROS production
=] v o o) . . :
o |Park E'e,;":"t ‘;’gé‘ 2% The effect of pH on realgar oxidation and As release was inves-
[ . ° . . . .
8 CS) 22782 49303 tigated at pH 2.0 and 8.0 (Fig. 7). As(Ill) was still the primary form
> Total 1000 100.0 of dissolved As at different initial pH values. The dominant species
@ of dissolved S was SO3~ at pH 2.0, while S,035~ at pH 5.0 and 8.0.
D Jinitial \gg‘Vao ii{y; With increasing pH from 2.0 to 8.0, [As(T)], [As(III)], [As(V)],
£ 8o 15'5 [S*>7], [S20%7] and [SO%7] increased under darkness and UV radia-
13600 13630 tion. Fig. 8 shows the instant [H,0,] and cumulative [‘OH] in the
reaction at different initial pH values. Under darkness and UV radi-
: : : : : : : : 5 ation, the maximum instant [H,0,] and cumulative [‘OH] increased
1 2 3 4 5 6 7 8 9 10

Energy (keV)

Fig. 4. FESEM images and EDX analysis of initial realgar and realgar after reaction
under darkness and UV radiation at initial pH 5.0 and oxic condition.

tion (Fig. S2). Under darkness, more irregular crystal particles were
observed, and the relative contents of As, S and O became 47.7%,
43.3% and 9.0%, respectively. Under UV radiation, the flake struc-
ture was broken, resulting in the appearance of more irregular
crystal particles, and the relative contents of As, S and O were
48.5%, 44.8% and 6.7%, respectively. These results further indicated
the occurrence of more obvious weathering of realgar under UV
radiation.

3.5. Influence of dissolved oxygen on As release and ROS production

The oxidation of sulfide minerals and formation of ROS are sig-
nificantly affected by DO (Hong et al., 2021; Lengke and Tempel,
2003). The reactions were performed under anoxic conditions to
examine the influence of DO on realgar oxidation and As release
(Fig. 5). As shown in Fig. S3, the [DO] in the reaction under oxic
conditions was higher than that under anoxic conditions. Dissolved
As mainly existed as As(Ill) under anoxic conditions. Dissolved S
species mainly existed as SO7~ under anoxic conditions, which
was different from the dominant S species of S,05~ under oxic con-
ditions. Under anoxic conditions, lower [As(T)], [As(III)], [As(V)],
[S20%7] and [SO3~| were detected. Fig. 6 shows the instant [H,0,]
and cumulative [‘OH] in the above reaction processes. Under dark-
ness and UV radiation, the maximum instant [H,0,] and cumula-
tive ['OH] were lower under anoxic conditions than those under
oxic conditions. The cumulative [*OH] and instant [H,O,] under
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with increasing pH. The cumulative ['OH] and instant [H,0,] under
UV radiation also were higher and lower than those under dark-
ness, respectively.

4. Discussion
4.1. Mechanism of realgar oxidation and As release under darkness

Under darkness, ROS contributed much to realgar oxidation and
As release. 'OH and H,0, were detected under darkness, and the As
(T) release ratio decreased by 30.5%, 16.9% and 40.1% in the pres-
ence of BA, SOD and POD, respectively (Fig. 2), demonstrating that
the ROS play an important role in realgar oxidation.

The loss of a S from S3~ may lead to the production of Fe(Ill) and
sulfur-defect sites on pyrite (Borda et al., 2001). In anoxic environ-
ments, Fe(Ill) at sulfur-defect sites induces the decomposition of
adsorbed H,O into "OH, and the combination of "OH itself results
in the generation of H,0, (Zhang et al., 2016). In this work, the
oxidative release of As and these ROS were detected in realgar sus-
pension under anoxic conditions (Figs. 5 and 6). It can be specu-
lated that ‘OH and H,0, might be formed through Egs. (2) and (3):

AS(I),ycancy + H20 — AS(ID)ycaney + OH + H 2)

vacancy

2'0H — H,0, 3)

The XPS spectra indicated the presence of As(Ill)-S in initial
realgar. In addition, realgar exhibited a strong EPR signal with a
g-value of 2.003, indicating the presence of S vacancy (Fig. S4)
(Bai et al., 2022; Wang et al., 2021a). After treatment with HCl
solution (1.0 mol/L) for 12 h, the relative content of As(III)
decreased from 7.3% to 1.7%, and the corresponding [H,0,], [‘OH]
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Fig. 6. Instant [H,0,] (a) and cumulative [‘OH] (b) in realgar suspension (0.5 g/L)
under darkness and UV radiation at initial pH 5.0 and anoxic condition.

and [As(T)] also significantly decreased (Fig. S5). With the contin-
uous introduction of N, (99.99%), the initial [DO] was 0.7 mg/L,
and [DO] decreased during the reaction, indicating the continuous
consummation of DO. ROS may also be generated from the interac-
tion between DO and As(II) on realgar (As(Il)reaigar)- The electronic
configuration of As(Iealgar ([Ar]3d'%4s?4p') is unstable, and it is
easy to reach the stable configuration of As(Ill);eaigar by releasing
an electron (Lengke and Tempel, 2003). Therefore, H,O, may be
generated from Eq. (4):

288 (1) gar + Oz + 2H — 2A8(I) 0 + H20

(4)

This process is similar to the production of ROS on pyrite in the
oxidation of Fe(Il) on pyrite by DO (Kong et al., 2015; Liu et al.,
2021a; Zhang et al., 2016). Although the reaction between As(Il)e-
aigar and O, may also lead to the generation of O3 (Kong et al.,
2015; Liu et al., 2021a), no obvious signal of DMPO-0O3 was
observed under darkness. Moreover, there was no obvious

realgar
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decrease in [As(T)] after the addition of SOD to the system. There-
fore, H,O decomposition at the sulfur-defect sites and the interac-
tion between As(II)reaigar and DO on realgar lead to the production
of ROS and oxidation of realgar under darkness.

4.2. Mechanism of realgar oxidation and As release under UV radiation

UV light significantly promoted realgar oxidation and As
release. It is widely known that light can induce the transformation
of realgar solid to pararealgar solid in air, which is accompanied by
the formation of As;03 and elemental S. The reaction processes are
shown as Egs. (5) and (6) (Kyono et al., 2005; Naumov et al., 2010;
Trentelman et al., 1996):

5As4S4(realgar) + 30, + hv — 4As4Ss + 2As,0; (5)

(6)

In this work, it can be speculated that the photochemical trans-
formation and As release processes of realgar in aqueous solution
may occur as Eq. (7):

8As4Ss — 8As,S4(pararealgar) + Sg

10As4S4(realgar) + 60, + 12H,0 + hv

— 8As4S4(pararealgar) + Sg + 8H3;AsO; (7)

Although elemental S is a common product during the oxidation
of realgar under darkness (Wang et al., 2022), the occurrence of the
above reactions can be confirmed by the simultaneous existence of
pararealgar and elemental S in the solid products (Fig. 3a). No As4Ss
was found in the XRD patterns, which was likely due to its low
chemical stability and crystallinity (Kyono et al., 2005).

Arsenic sulfides are usually semiconductor minerals. Previous
studies have demonstrated that light-excited amorphous As,Ss3
and orpiment can generate hy,—eg, pairs (Lu et al., 2019). The hyy,
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Fig. 7. Dissolved [As] and [S] in realgar suspension (0.5 g/L) under darkness (a-f) and UV radiation (g-1) at initial pH 2.0 and 8.0 and oxic condition.

can react with H,O to form "OH, and the eg, can reduce DO to form
057, which greatly contribute to the oxidative dissolution and As
release of sulfide minerals (Lu et al., 2019). These processes were
also found in our previous study about the photochemical oxida-
tion of As-bearing iron sulfide minerals (Hong et al., 2018; Hong
et al., 2020; Liu et al., 2021a). The band gap (Eg) of realgar was
2.07 eV, as measured through the relationship between the excita-
tion wavelength (/4 = 600 nm) and Eg of semiconductor (Eg = 1240/
1) (Fig. 9a) (Guo et al., 2018). The conduction band (CB) and VB

potential can be calculated to be —0.38 V and 1.69 V (vs normal
hydrogen electrode (NHE)) according to the Eg, XPS VB spectrum
and Mott-Schottky plot (Fig. 9b and c, Table S1). The CB potential
of realgar is lower than the reduction potential of O, to O3
(—0.33 V vs NHE) and the VB potential is lower than the oxidation
potential of H,O to "OH (2.38 V vs NHE) (Xu et al., 2021). Therefore,
the eg, can reduce O, to O3 and the hJ;, cannot oxidize H,0 to *OH
on realgar surface under light radiation (Fig. 9d). The higher [‘OH]
and lower [H,0,] under UV radiation than that under darkness can
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be attributed to the light-induced decomposition of H,0, to *OH
(Hong et al., 2018). After the addition of BA and SOD to the reaction
system, the [As(T)] decreased only by 25.4% and 16.6%, respectively
(Fig. 2), suggesting that light-induced transformation of realgar to
pararealgar instead of the formation of ROS contributes much to
realgar oxidation and As release under UV radiation.

4.3. Speciation of released As during realgar oxidation

Although ROS can oxidize As(IIl) to As(V) (Liu et al., 2021a; Zeng
et al.,, 2021), the [As(III)] was much higher than [As(V)] under dark-
ness and UV radiation, which was further indicated by the experi-
ment conducted for 48 h under anoxic conditions. After 48 h of
reaction, [As(IIl)] and [As(V)] were 411.2 and 71.0 pmol/L under
darkness, and 1574.8 and 30.7 pmol/L under UV radiation,
respectively.

Under darkness, the formation of more As(Ill) than As(V) was
also observed during the ROS-promoted oxidative dissolution of
single As-bearing pyrite and arsenopyrite under anoxic conditions
(Hong et al., 2018; Hong et al.,, 2020; Zhang et al., 2017). During
these reactions, ROS were mainly generated on the mineral surface
(Hong et al., 2018; Hong et al., 2020; Zhang et al., 2017). Similarly,
our results indicated that the realgar oxidation and the subsequent
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As release were also mainly attributed to the generation of H,0,
and 'OH on realgar surface. At pH < 9, As mainly exists as
uncharged H3AsOs (Liu et al., 2021b). As reported, H,0, is difficult
to oxidize undissociated As(Ill) to As(V) (Wang et al., 2021b). In
addition, the lifetime of radicals is very short (10712107 s) in
solutions, and thus the reaction of radicals associated with mineral
surface mainly occur at or close to the formation site (Xu et al.,
2013). Therefore, ROS may preferentially oxidize As(Il) on realgar
surface instead of As(IIl) in the solution, which led to the formation
of more As(IIl) in solution.

Despite that the As(T) release ratio significantly increased under
UV and solar radiation, the [As(V)] was lower than that under dark-
ness. The rapid transformation of realgar to pararealgar under light
radiation was mainly accompanied by the release of As(IIl); while
the formation of ROS contributed more to realgar oxidation and As
release under darkness, which can promote the oxidation of a part
of As(Ill) to As(V) (Liu et al., 2021a; Zeng et al., 2021). The differ-
ences in the oxidation mechanism led to the lower [As(V)] under
UV radiation than that under darkness.

4.4. Influencing factors of As release

More As was released under oxic conditions than under anoxic
conditions. DO was consumed in the reaction process (Fig. S3).
Realgar oxidation and As release were mainly promoted by ROS,
and more H,0, and ‘OH were generated under oxic conditions
under darkness (Figs. 2 and 6). Under UV radiation, the transforma-
tion of realgar to pararealgar and ROS generated on the light-
excited realgar together enhanced As release. The transformation
of realgar to pararealgar depends on the [DO] (Eq. (7)), and a higher
[DO] would lead to a faster transformation rate. In addition, during
the formation of ROS through hy,—eg, pairs on light-excited real-
gar, the higher [DO] could directly promote the formation of more
O3 (Liu et al., 2021a). Therefore, As release rate was higher under
oxic conditions. Under both darkness and UV radiation, dissolved S
mainly existed as SO3~ under anoxic conditions, while as S,03~
under oxic conditions (Figs. 1 and 5). ROS, which have obviously
stronger oxidation activities than DO, acted as the dominant oxi-
dant to mainly oxidize S*>~ to SOZ~ under anoxic conditions
(Hong et al., 2021). DO can oxidize a part of S?~ first to S,03~
and then to SOZ~ at mineral surface (Kleinjan et al., 2005), which
can explain the increase in the proportion of SO~ under anoxic
conditions compared with under oxic conditions.

The rate of realgar oxidation and As(T) release was accelerated
with increasing pH from 2.0 to 8.0. Under darkness, an increase in
pH can accelerate the decomposition of H,O to ROS at the sulfur-
defect sites (Eq. (2)), thereby promoting the release of As. Under
UV radiation, the transformation of realgar to pararealgar and fur-
ther oxidation of As(III) to As(V) or elemental S to oxysulfide anions
were accompanied by the formation of H* (Eq. (7) and Fig. S6)
(Lengke and Tempel, 2003; Zhao et al., 2017), and an increase in
pH was conducive to the transformation of realgar to pararealgar.
In addition, although no As,Ss was observed in the XRD patterns
(Fig. S7), the precipitation of amorphous As,S3 may also contribute
to the lower [As(T)] in solution at a low pH, which exists as a very
common precipitate under high arsenic, sulfide and proton activi-
ties (Ferguson and Gavis, 1972; Ostermeyer et al., 2021). The
higher Eh could not cause the oxidation of more realgar at pH
2.0 (Fig. S8), which was also found in the previous work (Lengke
and Tempel, 2003; Lengke and Tempel, 2005). This phenomenon
can be explained by the fact that pH and DO are more important
factors affecting realgar oxidation compared with Eh (Lengke and
Tempel, 2005). The increase in ROS content was also conducive
to the formation of SO%~. Dissolved S mainly existed as SO3~ at
pH 2.0, while as S,05~ at pH 5.0 and 8.0, which may be ascribed
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to the decomposition of 5,03 to S, SO, and H,0 at pH 2.0 (Kong
et al., 2020).

4.5. Environmental significance

Under darkness, realgar can induce ROS formation in the system
with low [DO]. The shallow groundwater system is a typical envi-
ronment generally with [DO] lower than 5.0 mg/L (Burow et al.,
2010; Thayalakumaran et al., 2008). Species of As in aquifer sedi-
ments and pore waters are a key factor determining the potential
toxicity of dissolved As (O'Day et al., 2004). The microbial-
mediated reduction of As-bearing iron oxides is generally known
as an important factor causing As pollution in groundwaters
(Kirk et al., 2010; Li et al., 2022; Podgorski and Berg, 2020). Numer-
ous studies have shown that realgar is also one of the important
As-bearing sulfide minerals in anoxic shallow aquifer sediments
and As-rich wetlands, and its formation is accompanied by As con-
centration attenuation in these environments (Drahota et al., 2017;
Gallegos et al., 2008; Knappova et al., 2019; O’Day et al., 2004).
However, realgar also may be oxidized and dissolved when [DO]
increases due to seasonal water table level fluctuations (Wang
et al., 2022). The results of the present study indicate that decom-
position of H,O at sulfur-defect sites of realgar to form ROS in the
presence of [DO] may result in As pollution in groundwaters. In the
soil and water around the mine, oxidation of As-bearing minerals is
an important source of As pollution (Liu et al., 2021a; Tang et al,,
2017). During the mining and smelting of precious metals such
as gold, silver and lead, the associated realgar is easy to be exposed
to air and H,O0 in tailings (Bullen et al., 2003). Our results confirm
that the existence of DO accelerates the formation of ROS under
oxic conditions, and then promotes realgar oxidative dissolution
and As release.

Although the potential toxic impact of mining dust and
wastewater have been known, many abandoned realgar-bearing
tailings and slags are still exposed to solar radiation and air with-
out cover due to a lack of appropriate management (Pordevic et al.,
2019; Kerr et al., 2018; Li et al., 2020; Wang et al., 2019). A number
of studies have shown that sunlight significantly affects the physic-
ochemical properties of semiconductor minerals in the environ-
ment, especially sulfide minerals and oxide minerals (Hu et al.,
2015; Kong et al., 2018). Under solar radiation, the ROS produced
on these excited semiconductor minerals through hy,—eg, pairs
can significantly affect the species and migration of toxic elements
(Hong et al., 2021; Kong et al., 2015; Liu et al., 2022a; Lu et al,,
2019). Recently, a study showed that in the streams around Shi-
men realgar mining area in Hunan Province, China, the As concen-
tration in summer was significantly higher than that in winter,
which was mainly ascribed to the effect of microbial activity and
temperature (Li et al., 2020). The results of this work indicate that
the seasonal variation of As pollution could also be related to more
sunlight exposure of realgar in summer. Previous studies have
demonstrated that the formation of ‘OH and O3 on light-excited
amorphous arsenic sulfide (As,S3) in sludge is a key reason for As
release (Lu et al., 2019), which significantly differs from the As
release mechanism of realgar. Light-induced oxidation of realgar
to pararealgar in the presence of DO was proved to be the main
reason for the accelerated release of As. Although the UV light
intensity in UV lamp was about 6.8-fold that in sunlight, the As
release ratio in sunlit system (18.1%) was close to that in the sys-
tem under UV radiation (17.0%) and about 4.3-fold that in the sys-
tem under darkness (Fig. S9), which can be ascribed to the high
intensity of visible light in solar radiation. These results further
demonstrated that solar radiation may be an important environ-
mental factor causing As pollution in waters and soils around real-
gar mining areas. However, in complicated and variable realistic
tailings environment, some other minerals including pyrite,
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arsenopyrite, orpiment and stibnite commonly coexist with real-
gar. These minerals exhibit photochemical properties or adsorp-
tion/(catalytic) oxidation ability for As, and thereby may
significantly affect realgar oxidation and As migration (Pordevic
et al., 2019; Hong et al., 2021; Kerr et al., 2018). Therefore, further
investigations about the effect of solar radiation on realgar oxida-
tion are needed in realistic tailings.

The oxidation of sulfide minerals can lead to the generation of
acid mine drainage (AMD) with low pH to 2.0 (Kerr et al., 2018;
Kong et al., 2020; Zhang et al., 2016). During the treatment of
AMD with simple chemical neutralization, the increase in pH can
cause the formation of more ROS on realgar, which is the essential
reason for the enhanced realgar oxidative dissolution and As
release in neutral and weakly alkaline environments (Fig. 7). Real-
gar is a sulfide mineral without stoichiometric iron, and the
released As species is mainly As(III). Iron oxides have a high affinity
for As(V) (Dixit and Hering, 2003). Iron-bearing amendments
including ferrous salts and zero valent iron can produce ROS in
their oxidation by DO and promote the further oxidation of As
(1) to As(V) (Wang et al., 2019; Zhao et al., 2020). Therefore, the
application of these iron-bearing amendments can decrease As
mobility and toxicity in the contaminated area of realgar tailings.

5. Conclusions

The exposure of realgar to DO and solar radiation promotes its
oxidation and As release. The released As species in solutions
mainly existed as As(IIl), particularly under solar radiation. Under
darkness, the decomposition of H,O at the sulfur-defect sites and
the oxidation of As(II) by DO on realgar surface led to the formation
of ‘OH and H,0,, resulting in the oxidative dissolution of realgar
and As release. Under solar radiation, the reaction between O,
and eg, caused the production of more O3, while the accelerated
realgar oxidation and As release rate were mainly attributed to
the light-induced oxidation of realgar to pararealgar in the pres-
ence of DO. The higher DO concentration and pH led to the increase
in realgar oxidation and As release. Therefore, in addition to DO,
solar radiation may also be an important environmental factor
causing As pollution in waters and soils in realgar mining areas.
The present work improves the understanding of realgar oxidation
and As release in groundwaters and surface mining environments
of realgar tailings.
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