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ABSTRACT

Arsenopyrite is widely distributed and weathers readily in the nature, releases As and pollutes the surrounding
environment. Acid rain is acidic in nature as contains sulfur oxides (SOy) and nitrogen oxides (NOy), and is a
typical hazardous material to human. When arsenopyrite encounters acid rain, their interaction effect may
aggregate environmental degradation. In this work, the weathering behavior of arsenopyrite in simulated acid
rain was studied using the electrochemical techniques and surface analysis. Cyclic voltammetry and Raman and
XPS confirmed that FeAsS was oxidized to Fe2+, AsO%’ and S° at the initial phase, then, Fe?* was converted to
Fe3+, S? transformed to SO%’ and ultimately to SO%‘, and AsO%‘ to AsO%’ with the accumulation of H'. Polarization
curve revealed higher temperature or higher acidity of acid rain increased the weathering trend and rate of
arsenopyrite, and electrochemical impedance spectroscopic measurements showed the causes behind this to be
smaller resistance and greater capacitance at the double layer and passivation film. Arsenopyrite weathering rate
and temperature has a relationship: Ink = —3824.8/T + 10.305, via a transition state with activation enthalpy
29.37 kJ mol ! and activation entropy — 167.40 J mol ! K™ 1. This study provides a rapid and quantitative in-situ
electrochemical method for arsenopyrite weathering and an improved understanding of arsenopyrite weathering
in acid rain condition. The results have powerful implications for the remediation and management of As-bearing

sites affected by mining activities in acid rain area.

1. Introduction

Arsenopyrite (FeAsS) is the most abundant and ubiquitous mineral
containing arsenic on the earth (Deng and Gu, 2018). Decomposition of
arsenopyrite due to the oxidation by oxygen present in the air of natural
environment leads to the release of large quantity of arsenite (AsO3),
arsenate (ASO%') and sulfate (SO%’) into the surrounding environment.
These species are responsible for hazardous arsenic pollution as well as
acid mine drainage (AMD), leading to ecosystem disorders and even
affecting the human health (Coussy et al., 2011; Zhang et al., 2020a,
2020b). According to the World Health Organization, uptake of 10 pg
L~! arsenic by the human body will lead to arsenic poisoning. Long-term
human intake/exposure to arsenic-containing foods/environments can
lead to chronic poisoning resulting to abdominal pain, diarrhea, vom-
iting, and even cancer and death. Conservative estimation has given a
figure of about 140 million people who might at risk of arsenic poisoning
(Glodowska et al., 2020; Silva et al., 2020). Additionally, arsenopyrite is
also often associated to chalcopyrite (CuFeS), sphalerite (ZnS), galena
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(PbS) and others, which led to the release of other heavy metal elements
including Pb and Cu apart from As due to oxidation and thus intensifying
the environmental hazards (Lizaro et al., 1997). It has been proved that
electrochemical process is responsible for the release of arsenic from
arsenopyrite. Liu et al. (2020) used electrochemical analytical methods
to confirm that arsenopyrite released arsenic through electrochemical
reaction in acidic iron free 9 K medium. Walker et al. (2006) demon-
strated that the release of arsenic was in the forms of arsenate and
arsenite, and sulfur was released as sulfate when arsenopyrite was
oxidized by dissolved oxygen. Some works have proven that the
oxidation of arsenopyrite is strongly controlled by the concentration of
dissolved Fe(III), especially at acidic pH (Yu et al., 2007).

Acid rain or acidic deposition includes wet deposition (rain, snow
and fog) and dry deposition (acid gases and particles) (Moldovan et al.,
2014). The excessive presence of sulfur oxides (SOy) and nitrogen oxides
(NOy) in the atmosphere caused by carbon combustion, industrial
development, motor vehicle emissions and others sources dissolve into
rainwater and get further converted into sulfuric acid and nitric acid,
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and thus aggravates the formation of acid rain (Li et al., 2018; Wang
et al., 2000). Acid rain has been one of the serious air pollution and has
attracted worldwide attention. Acid rain results in forest decline, soil
acidification, buildings damage and increases the solubility and migra-
tion of heavy metal contaminant and the acidity of surface water and
groundwater, and even causes ecological disturbance and further
endanger human health (Cui et al., 2014a, 2014b; Larssen et al., 2000).
Various studies have revealed rapid increase of the areas eroded by acid
rain and the acidity of precipitation (Zhang et al., 2017), therefore, it is
very important to understand the effect of acid rain or other global
climate change on environmental pollution (Nordstrom, 2009).

As arsenopyrite is characterized with semiconductor property,
arsenopyrite weathering is bound to occur when encounter with acid
rain, and thereby releasing arsenic and changing the acidity of the
rainfall. The previous studies (Hammond et al., 2020; Silva et al., 2020)
have confirmed that rainfall caused migration of the arsenopyrite tail-
ings to a wider range under the rain erosion, resulting in serious envi-
ronmental issue. In nature, arsenopyrite weathering is an
electrochemical process. Many researchers have used electrochemical
techniques to study the oxidation of arsenopyrite under different elec-
trolytes (Lin and Zheng, 1996; Kostina and Chernyak, 1979a, 1979b),
different acidities (Deng et al., 2018; Lazaro et al., 1997) or basicities
(Hiskey and Sanchez, 1987; Sanchez and Hiskey, 1988), even presence
of microorganism (Liu et al., 2020; Zeman et al., 1995). To the best of
our knowledge, there is no report concerning arsenopyrite weathering in
acid rain from electrochemical view. Therefore, in this study, different
electrochemical and surface analysis measurements were conducted to
investigate the weathering behavior of arsenopyrite in simulated acid
rain (SAR) solutions at different temperatures and acidities, with the
following purposes: (1) to understand arsenopyrite weathering trend
under different acid rain conditions; (2) to quantitatively obtain arse-
nopyrite weathering rate, especially the release rate of arsenic; (3) to
specify the inorganic arsenic speciation during the transformation pro-
cess of arsenopyrite weathering, and (4) ultimately reveal arsenopyrite
weathering mechanism, and provide theoretical basis for the remedia-
tion and management of As-bearing sites in acid rain area affected by
mining activities.

2. Materials and methods
2.1. Arsenopyrite specimens and simulated acid rain preparation

The arsenopyrite samples collected in this experiment came from the
Carlin-type gold deposit in Guangxi Province, South China. X-ray
diffraction (Empyrean, Panaco of Netherlands) indicated that the min-
erals were pure and homogeneous (Fig. S1). Electron microprobe (JXA-
8230, JEOL) was used to further analyze the elemental composition of
the minerals and showed that it was mainly consisting of 46.10% As,
33.58% Fe, and 19.23% S (wt%) (Table S1), indicating that the samples
used in this experiment were close to the theoretical arsenopyrite
composition.

On one hand, pure arsenopyrite samples were used for the electrode
preparation. Specifically, the sample was firstly cut into cube with a
dimension of about 0.7 x 0.7 x 0.9 cm3, then, placed in a fabricated
mold. Next, a copper wire was connected to the upper surface using
silver-loaded conductor and finally sealed with epoxy resin to expose
only the lower surface in contact with the electrolyte to work as the
working electrode. The detailed and specific electrode fabrication
method was shown by MunOz et al. (1998). On the other hand, rest of
the samples were crushed, selected, and grounded into powder of about
200 meshes (~74 um) for the immersion experiments.

The SAR solutions were prepared based on the monitoring data of
Dongchuan Environmental Monitoring Station (An, 2015). The chemical
composition was: 0.0138 g L™ CaS0O4, 0.0048 g L™ (NH4)2S04, 0.0049
g L1 MgS04, 0.0034 g L™! NaNOs, 0.0004 g L~} NH4CI, 0.0005 g L}
NaCl and 0.0015 g L~! KF. The SO%’:NO@ = 3.39:1(molar ratio), and
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hence H,SO4 + HNO3 (molar ratio, 3.39:1) and NaOH solutions were
used to obtain pH 3.6, pH 4.6, and pH 5.6.

2.2. Electrochemical measurements

An electrochemical workstation (PARSTAT 2273) combined with a
computer was used to conduct all the electrochemical experiments using
a traditional three-electrode system including working electrode (arse-
nopyrite electrode), auxiliary electrode (platinum electrode) and refer-
ence electrode (saturated calomel electrode (SCE)). They were
immersed in about 30 mL solution to adjust different experimental
temperatures via a constant temperature water bath. All the potentials
reported in this study are relative to the SCE (0.245 V versus standard
hydrogen electrode at 25 °C).

The electrochemical measurements mainly include open circuit po-
tential (OCP), cyclic voltammetry (CV), polarization curve and electro-
chemical impedance spectroscopy (EIS). Before each electrochemical
test, the OCP was measured to reach a quasi-steady state (< 2 mV per 5
min and keep 400 s) to ensure the stability and reproducibility. The CV
measurement was performed form OCP to 0.7 V (vs. SCE), and then
reversed to 1.0 V, finally back to OCP at 10 mV s~ rate. For polarization
curve it was scanned from - 0.25 V to + 0.25 V (vs. OCP) at 10 mV s71
rate. The EIS was carried out at OCP in the frequency region of 10>-10°
Hz with amplitude of 10 mV. ZSimpWin and PowerSuit softwares were
used to fit the impedance and polarization data. To ensure reproduc-
ibility, at least three experiments were performed and the average re-
sults are reported in this study.

2.3. Batch soaking experiments and characterization

Arsenopyrite powder samples having mesh size of about 200 (~74
um), were used for Raman and X-ray photoelectron spectroscopy (XPS)
analysis. The samples were divided into seven different groups. One was
pristine sample without any treatment, while the other six were soaked
in different solutions: (1) 5 °C, pH 4.6; (2) 15 °C, pH 4.6; (3) 25 °C, pH
4.6; (4) 35 °C, pH 4.6; (5) 25 °C, pH 3.6; (6) 25 °C, pH 5.6. In an
Erlenmeyer flask having 100 mL volume, 0.5 g powder and 50 mL
corresponding solution were added and weathered for two months
under different conditions. After two months, one pristine sample and
six eroded samples taken out from six different weathering conditions
were characterized by Raman and XPS. Raman spectra was measured by
a British Renishaw instrument at 50 mW (5%) laser power, 30 s laser
time and 514 nm wavelength in order to prevent damage of the sample
surface by laser. XPS (ESCALAB 250XI) was used to characterize the
chemical states of As, S and Fe in the samples. The Avantage 5.948 and
XPSPEAK41 software were used to fit and analyze the related chemical
states distributions and elemental contents (at%) data corrected by the
Cls peak at 284.8 eV. As 3d and S 2p spectra were fitted by doublets with
the same full width at half maximum and intensity ratios of 3:2 and 2:1
and spin-orbit splitting of 0.69 eV and 1.18 eV, respectively. Fe 2p
spectra was fitted by the theoretical core p level multiplet structures for
free transition metal ions (GS multiplets) (Gupta and Sen, 1974, 1975).

3. Results and discussion

3.1. Electrochemical analysis: effect of temperature and acidity on
arsenopyrite weathering tendency

3.1.1. Open circuit potential

Open circuit potential refers to the potential of the working electrode
relative to the reference electrode in the absence of any applied potential
or current, and its value reflects the steadiness of the working electrode.
Fig. 1(a) shows temperature dependent OCP of arsenopyrite in SAR
solution. With time, all the potentials showed slight change to reach a
quasi-steady state in about 30 min implying the formation of a sponta-
neous passivation film to cover the surface of arsenopyrite. All the OCP
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Fig. 1. Variations in the potential with time for the arsenopyrite electrode in simulated acid rain solutions at different temperatures (a) and different pHs (b).

were found to decrease with increasing temperature. Fig. 1(b) shows the
OCP values of arsenopyrite in SAR solution having different acidities,
with the results indicating increased OCP of arsenopyrite at higher
acidities, which was consistent with the report of Moslemi et al. (2011)
showing higher mineral electrochemical activity for higher acidity.

As a thermodynamic parameter, the OCP value reflects the weath-
ering trend of arsenopyrite. A more negative OCP value means greater
corrosion tendency, i.e., more vulnerability towards erosion, with the
reverse being also true. It is worth noting that a higher weathering
tendency does not mean a faster weathering rate, for weathering rate is a
kinetics parameter, and the weathering rate will discuss at the following
polarization measurement. The OCP results (Table 1) showed that both
increasing temperature and pH tend to increase the weathering ten-
dency of arsenopyrite and the reason behind may be ineffective for-
mation of passivation film on the electrode surface at higher
temperature and the formation of Fe oxyhydroxide coating should be
more easily at higher pH (Wang et al., 2018).

3.1.2. Cyclic Voltammetry

Cyclic voltammetry (CV) provides information about the redox re-
action and various potential-dependent processes taking place at the
interface (Heinze, 1984), hence, was used to study the weathering
process of arsenopyrite under various AMD conditions.

Fig. 2 presents the CV diagrams of the weathering of arsenopyrite in
SAR solutions at different temperatures and acidities. All the curves had
similar redox peaks, indicating similar electrochemical oxidation
mechanism of arsenopyrite. Furthermore, temperature and solution pH
dependent change of the weathering current suggested that the weath-
ering rate of arsenopyrite was affected by temperature (Corkhill and
Vaughan, 2009; Walker et al., 2006; Wang et al., 2021; Yu et al., 2007),
as many previous studies have demonstrated. Meanwhile, unbalanced
and discrepant anode and cathode currents indicated the irreversible
nature of the electrode reactions. When scanned from the OCPt0 0.7 V, a
faint and narrow anodic peak Al appeared at approximate 200 mV
resulting from the oxidation of arsenopyrite as per reaction (1) (Lazaro
et al., 1997). Appearance of another sharply oxidized peak A2 at
600-700 mV was attributed to further oxidation of the substances pro-
duced by Al, as per reaction (2)-(4) (Deng and Gu, 2018; Zhang et al.,

Table 1
Open circuit potential of arsenopyrite weathering at different acid rain
conditions.

pH 4.6, different temperatures (°C) 25 °C, different pHs

5 15 25 35 5.6 4.6 3.6

OCP (mV) 116 88.5 59.9 39.7 30.2 59.9 110.8
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Fig. 2. CV curves for the arsenopyrite electrode in simulated acid rain solutions
at different conditions (scan rate 10 mV s™?).

2020a, 2020b).

Al: FeAsS + 3H,0 — AsO3 + Fe?t + 8" 4 6HT + 5¢” €}
A2: Fe*t 5 Fe¥t + ¢ 2)
S% + 4H,0 — 8H' + SOF + 6¢” 3)
AsO3 + H,0 — AsO3 + 2H" + 2¢ 4

When the potential was scanned in the negative direction, three
cathodic peaks were detected successively at ~400 mV (C1) (Tu et al.,
2017), ~ 150 mV (C2) (Almeida and Giannetti, 2003), and ~650 mV
(C3) (Tu et al., 2017), which were due to the reduction of oxides formed
in Al and A2.

Cl: Fe*™ + ¢ - Fe?* (5)
C2: AsOF + 2H' + 2¢” —» AsO3 + H,0 6)
C3: 8% + 2H' + 2¢” > H,S )

Finally, when the potential was scanned back to OCP, another
oxidation peak (A3) appeared at ~— 100 mV, which was attributed to
the oxidation of HsS from reaction C3 (Liu et al., 2011Db).

A3: HpS — 80 4+ 2H 4 2¢” (8)
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3.1.3. Polarization

Polarization curve provides information on the arsenopyrite weath-
ering potential (E.,;), current density (i.or) and weathering rate (k), and
hence can be used to study the thermodynamics and kinetics of the
arsenopyrite weathering process. The polarization curves of arsenopy-
rite in SAR solutions at different temperatures and acidities are shown in
Fig. 3. The polarization curves of arsenopyrite display similar E-i profiles
under varying temperatures or acidities, implying identical electro-
chemical mechanism and redox reaction of arsenopyrite, which coin-
cided well with the results of above CV. At higher temperature (Fig. 3a),
the E-i profiles shifted to the lower right along the X- and Y-axis,
meaning higher temperature resulted in more negative Ecor and greater
icorr- Conversely, larger pH value (Fig. 3b) led to the movement of the E-i
profiles towards the lower left, indicating a more negative Ecoy and
smaller i with decreased acidity. Using the Tafel extrapolation theory
(Bard and Faulkner, 2001), we can further obtain the weathering rate (k)
by extrapolating the values of E.,, and i,y by using the Faraday
equation:

_ Micorr

nF ©

Where, k (mg em 2 hh represents weathering rate, M (g mol’l), n
(dimensionless) and F (C mol™1) represent atomic weight, valence state
of the element and Faraday constant (96,485 C mol_l), respectively.
The detailed polarization parameters obtained are listed in Table 2.

The polarization results showed lower temperature or acidity of acid
rain results in more positive corrosion potential, implying more ther-
modynamics stability of arsenopyrite. Meanwhile, higher temperature
or acidity causes higher corrosion rate, namely, faster As(III) releasing
rate of arsenopyrite. For example, under different temperature condi-
tions, the value of k¢asry) was 2.80E-4 mg cm 2h ! at5 °Cwhen the pH
was 4.6, implying 24.49 g As(III) at an area of 1 m? of FeAsS would be
released into the surrounding environment per year. The value was
increased to 40.00 g per year when the temperature was increased to
15 °C with 63.2% being the promoting efficiency. As for different acidity
conditions, at pH 5.6 the value of ks was 6.34E-4 mg em2 h?
which suggested yearly release of 55.50 g As(III) per 1 m? area of FeAsS
into the surrounding environment, and at pH 4.6 the consequent value
was increased to 67.75 g with promoting efficiency of 22.1%.

3.1.4. Electrochemical impedance spectroscopy study

EIS is one of the powerful methods to study the electrochemical
process of the electrode/electrolyte interface and widely adopted to
study the diffusion and Faraday process of mineral electrodes (Lasia,
2014). The EIS results of arsenopyrite in SAR solutions at different
temperatures and acidities are presented in the form of corresponding
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Nyquist and Bode plots and are displayed in Fig. 4. There were two
capacitor loops in all the Nyquist plots at low and high frequency regions
and were corresponding to the presence of two time-constants in the
Bode plots. The loop at low frequency region was due to the charge
transfer resistance associated with the double layer of the electro-
de/solution interface, while the passive film resistance related to the
pseudo-capacitance impedance was responsible for the loop at high
frequency. The likely reasons behind the deviations of the loops from
ideal semicircle are the variation in the frequency deviation along with
the inhomogeneity of the passivation film (Cordoba-Torres et al., 2012).
Fig. 4c shows the equivalent electrical circuit (EEC) to simulate the
interfacial process between arsenopyrite/solution, where R, R; and R¢
represent the solution ohmic resistance, passive film and charge trans-
fers resistance, respectively. As the loops deviated from ideal semicircle,
constant phase element CPEg and CPEf were used to replace the ideal
double layer and passive film capacitance (Cordoba-Torres et al., 2012).

Where, the impedance of CPE is Zcpg = given by Macdonald

(1985), and Zcpg is the impedance of the constant phase element
(Q em?),  is the angular frequency of the AC voltage (rad sh, Yy is the
magnitude of admittance of CPE @ 'em2 s™), and n is the exponential
term. The values of the different elements in the equivalent circuit are
shown in Table 3.

With increasing temperature from 5 °C to 15 °C, the charge transfer
resistance R; for weathering of arsenopyrite decreased from 2.56E5 to
1.72E5, which decreased further to reach 6.63E4 and 3.20E4 at 25 °C
and 35 °C, respectively. Meanwhile, increase of temperature from 5 °C
to 35 °C with an interval of 10 °C, resulted in the decrease of arseno-
pyrite weathering passivation film resistance R¢ from 5.80E4 to 4.67E4,
2.34E4 and finally to 2.31E4, successively. Along with the decreased
resistances, there were corresponding increase of the capacitances of the
double layer and passive film. The results showed that higher temper-
ature resulted in a smaller resistance and bigger capacitance at the
double layer and passive film, that is, accelerated ions transfer at the
double layer and passive film, which were the reasons that higher
temperature promoted the weathering of arsenopyrite.

With increasing pH of the solution from 3.6 to 4.6, and finally to 5.6,
the Ry for arsenopyrite weathering suffered a decrease from 2.56E4 to
2.34E4, and finally to 1.50E4 Q cm?, respectively, while there was in-
crease of the CPE; from 2.41E-5-5.13E-5, and to 8.82E-5Q cm?
Meanwhile, R rose from 2.61E4 to 6.63E4, and to 7.15E4 Q cm?, with
the CPE; dropping from 1.57E-3 to 5.44E-4, and to 1.39E-4 Q cm?,
indicating the decrease of R and increase of Ry increasing acidity. A
smaller value of R; suggests charge easily transfer at the double layer,
meaning higher acidity promotes arsenopyrite weathering; Meanwhile,
larger value of R¢ suggests thicker passivation film, meaning higher
acidity inhibits arsenopyrite weathering. Comparing the values of Ry and
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Fig. 3. Polarization curves of arsenopyrite in simulated acid rain solutions at different temperatures (a) and different pHs (b).
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Table 2
Tafel parameters of arsenopyrite weathering at different acid rain conditions.
pH Temperature (°C) Ecorr (mV) icorr (WA cm %) k (asqny (mg em 2 h™)
Different temperatures 4.64.64.64.6 5 86.2 0.30 2.80E-4
15 10.8 0.49 4.57E-4
25 -30.0 0.83 7.73E-4
35 -84.4 1.11 1.03E-3
Different pHs 5.6 25 -98.7 0.68 6.34E-4
4.6 25 -30.0 0.83 7.73E-4
3.6 25 80.7 1.20 1.12E-3

E ot corrosion potential; icopy: corrosion current density; k: corrosion rate.
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Fig. 4. Nyquist (a, b) and Bode plots (a’, b’) and equivalent circuits (c) for arsenopyrite in simulated acid rain solutions at different temperatures and different pHs,
where o, [] and x represent the experimental values and — represents simulated values.
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Table 3
Equivalent circuit model parameters of arsenopyrite weathering at different acid rain conditions.
pH Temperature (°C) CPE;, Yo (Sem™2s™) n R¢ (Q cm?) CPEy, Yo (S cm™2s™) n R (Q cm?) 7
Different temperatures 4.6 5 4.70E-5 0.800 5.80E4 4.86E-5 0.480 2.56E5 3.55E-4
4.6 15 4.93E-5 0.771 4.67E4 2.96E-4 0.668 1.72E5 8.47E-4
4.6 25 5.13E-5 0.769 2.34E4 5.44E-4 0.607 6.63E4 1.54E-4
4.6 35 5.35E-5 0.773 2.31E4 7.86E-4 0.541 3.20E4 6.41E-5
Different pHs 5.6 25 8.82E-5 0.806 1.50E4 1.39E-4 0.732 7.15E4 1.20E-4
4.6 25 5.13E-5 0.769 2.34E4 5.44E-4 0.607 6.63E4 1.54E-4
3.6 25 2.41E-5 0.745 2.56E4 1.57E-3 0.905 2.61E4 3.24E-3

Ry: passive film resistance; Ry: charge transfer resistance; n: dimensionless number; CPEy): constant phase element of double layer; CPEs: constant phase element of

passive film

Ry at a same acidity, the value of R; is always greater than that of Ry,
suggesting that R; is the controlling factor of the arsenopyrite weath-
ering, that is, higher acidity promotes arsenopyrite weathering though
produce more passivation film. The reason is when increases the con-
centration of H' ions, it is advantage of O, reduced to H,O (Reaction
(10)), and thus promotes ansenopyrite weathering in turn and produce
more S° and As(III) (Reaction (1)).

0+ 4H"+ 4¢” - H,0 10)

3.2. Arsenopyrite weathering activation thermodynamic parameters

Activation energy (E,) refers to the energy required for a molecule to
transform from a normal state to an excited state from where the
chemical reactions easily occur. Generally, smaller activation energy
implies easy transformation of the molecule into the activated state
which suggests more likely occurrence of the weathering reaction.
Activation enthalpy (AH*) is an important thermodynamic parameter
representing the energy absorbed or released by the system. When
AH* > 0, the process is endothermic implying increase of weathering
rate with increasing temperature. When AH* < 0, the process is an
exothermic one. The essence of entropy (AS*) is the “inner chaos” of a
system; AS* > 0 representing the entropy increase indicating that the
molecule is progressing from the ground state to the activated state, i.e.,
is a process from order to disorder; AS* < O represents the process of
reducing chaos. (Atkins, 2002).

Arrhenius equation (Arrhenius, 1889) established the relationship
between reaction rate and temperature, and can be used for calculate the
activation energy.

EL\
lnk:—ﬁ—&-lnA 11

Here: k is the corrosion rate, mg ecm ™2 hL; E, is the activation en-
ergy, kJ mol ! ; R is the universal gas constant, 8.314 J mol ! K’l; Tis
the absolute temperature, K; and A is a pre-exponential factor. Based on
the above polarization results (Table 2), the relationship between Ink
and 1/T for arsenopyrite in SAR is shown in Fig. 5(a), and the obtained

2.0
[@
~a | Ink = -3824.8/T + 10.305
w7 R>=0.9914
528 f
8
E32 |
36 - -
0.0032 0.0033 0.0034 0.0035 0.0036
VT (KY)

In(k/7) (mg-em2-h"'/K)

relationship was Ink = —3824.8/T + 10.305, R? = 0.9914. From the
relationship, the activation energy for the weathering of arsenopyrite
was obtained to be 31.80 kJ mol L. Badawy et al. (2000) pointed out
ready interaction for activation energy less than 40 kJ mol~! and thus
the obtained activation energy suggested easy weathering of arsenopy-
rite in SAR. Furthermore, the value of E, > 20kJmol™! further
confirmed that the oxidative dissolution of arsenopyrite was controlled
by the surface reaction control from the view of dissolution kinetics
(Lasaga, 1998).

According to the transition state theory, the activation enthalpy
(AH*) and activation entropy (AS*) of arsenopyrite weathering, can be
calculated from Eq. (12) (Hegazy et al., 2012):

5 — (R AS*
() = () + (%))
where, k is the corrosion rate, mg cm~2 h™%; T is the absolute temper-
ature, K; Np is Avogadro’s number, 6.02E23 mol~!; h is the Planck’s
constant, 6.626E-34 J s; R is the universal gas constant, 8.314 J mol !
K. In this work, the linear relationship between In(k/T) and 1/T was In
(k/T) = —3532.21/T + 3.6253 (R% = 0.9897) (Fig. 5b), from which the
obtained values of AH* and AS* for the weathering of arsenopyrite were
29.37 kJ mol ! and — 167.40 J mol~! K1, respectively. The value of
AH* > 0 indicating the endothermic nature of the weathering process of
arsenopyrite and reflected heating is conducive to the weathering of
arsenopyrite (Refaey et al., 2004), corresponding to the previous elec-
trochemical results. AS* < 0 suggested that the activated process was
associated rather than dissociated in the rate-determining-step, that is,
the disorder has been reduced from the reactant to transition state/-
activated complex (Benabdellah et al., 2006).

AH*
RT

12

3.3. Characterizations

3.3.1. Mineral chemical structural analysis

Raman spectroscopic analysis provides the chemical structural in-
formation of the mineral and identifies the characteristic peaks of the
original and eroded arsenopyrite (Neil et al., 2014). The Raman spectra
of arsenopyrite in SAR solutions at different temperatures and acidities

7.6
(®)
-8.0 In(k/T) = -3532.2/T +3.6253
R>=0.9897
8.4
¢ Exp
g ——Fitted
92 : - :
0.0032 0.0033 0.0034 0.0035 0.0036
IS

Fig. 5. The relationship between Ink versus 1/T (a) and Ink/T versus 1/T (b) for arsenopyrite in simulated acid rain solutions.
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are presented in Fig. S2. For the pristine arsenopyrite, five Raman peaks
are observed at 135, 171, 274, 334, and 404 cm_l, respectively, and are
consistent with the characteristic peaks of arsenopyrite (Filippi et al.,
2015; McGuire et al., 2001a). After being weathered for two months,
appearance of four additional peaks at 151, 217, 471 and 845 cm ™! was
observed in the arsenopyrite sample. The peaks appearing at 151, 217,
and 471 cm™! were attributed to the elemental sulfur (S%) (Murciego
et al., 2019; Xia et al., 2010), while the peak occurring at 845 em ! was
ascribed to arsenate (AsOﬁ') (v3, asymmetric stretching mode) as from
the previous literature reports (Filippi et al., 2015; Frost et al., 2012).
The Raman spectroscopy confirmed the products S° and AsO3. AsO3
and Fe>* easily combine to precipitate FeAsO, (scorodite) for its low
solubility (log Ksp(FeAsO4) = 5.7 x 1072 (Dean, 1999)). The produc-
tion of FeAsOy and S° are adhered on the arsenopyrite surface, acting as
a passivation film and inhibit the arsenopyrite weathering, which is in
confirmation with the previous study (Corkhill and Vaughan, 2009).
According to Fernandez et al. (1996a) oxidation of arsenopyrite can only
take place when the ions diffuse through the surface passivation layer.
McGuire et al. (2001b) observed that formation of passivation film in
patches rather than a ‘blanket-overlayer’ allowed oxidation to continue
on the surface. According to Mikhlin et al. (2006) decomposition of the
passivation layer under high over-potential accelerates the progress of
oxidation, corresponding to the promotion of the weathering of arse-
nopyrite by higher temperature and acidity. The Raman peak positions

(a) As 3d
Pristine
peak 1, 1': As(-I)-S
peak 2, 2" : As(I)-O
peak 3, 3" : As(1I1)-O

(b) As 3d

Exp
— Fitted

L

5°C, pH 4.6

peak 1, 1': As(-1)-S
peak 2,2': As(1)-O
peak 3, 3': As(11)-O
peak 4, 4': As(V)-O
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of FeAsS, S° and AsO3 are summarized in Table S2.

3.3.2. Surface elemental composition analysis

XPS provides the chemical state of mineral surface elements (Mikhlin
et al., 2006), and hence was used to investigate the change of chemical
state and contents (at%) of the elements As, S, and Fe in arsenopyrite
before and after being weathered in SAR.

Fig. 6 displayed the As 3d(5/2) spectra for the pristine and eroded
arsenopyrite. For the pristine arsenopyrite specimen, there were three
double peaks appearing at approximately 41.6, 43.6 and 44.9 eV, cor-
responding to As(-I)-S (70.2%), As(I)-O (13.1%) and As(III)-O (16.7%),
respectively, and thus mainly existing as As(-I)-O. The eroded arsenic
species displayed four double peaks at approximately 41.6, 43.6, 44.9
and 45.7 eV, which were attributed to As(-I)-O, As(I)-O, As(II)-O and As
(V)-0, respectively (Corkhill et al., 2008; Mikhlin et al., 2006), and thus
mainly existing as As(III)-O and As(V)-O. This reveal the oxidation of As
in FeAsS through double-electron transfer steps during the weathering
process, as per the transform sequence (13). Moreover, gradual increase
of temperature from 5 °C to 35 °C at the pH 4.6 led to the increase of As
(V)-O content from 29.0% to 42.8%. As(V)-O also increased from 30.0%
to 42.9%, when the pH was reduced from 5.6 to 3.6 leading to increased
acidity (Table S3). The results imply that increasing temperature or
acidity promote the oxidation of arsenic species.

As = AsT = AT = AT (13)

(c) As 3d

15°C, pH 4.6

48 47 46 45 44 43 42 41 40

L L L L s
49 48 47 46 45

49 39 49 48 47 46 45 44 43 42 41 40 39 45 44 43 42 40 39
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(d)As3d 7% 25°C,pH 4.6 () As 3d 35°C, pH 4.6 () As 3d 25°C, pl1 5.6
,,//
7 ///,// \a\ ﬁ
<2 NN /;’/\
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49 48 47 46 45 44 43 42 41 40 39 49 48 47 46 45 44 43 42 41 40 39 49 48 47 46 45 44 43 42 41 40 39

Binding Energy (eV)
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Binding Energy (eV)
F
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Binding Energy (eV)

Binding Energy (eV)

. 6. XPS spectra for As 3d (a-g) in the pristine and eroded surfaces of arsenopyrite.



X. Feng et al.

(@)S2p (b)S2p 5°C,pH4.6
Pristine R
e peak 1,1': S
peak 1, 1' .S 5 peak 2, 2'
peak 2,2': (zz;sS) peak 3,3':
peak 3,3': S e

Exp

peak 4,4":

peak 5, 5': SO >

Journal of Hazardous Materials 420 (2021) 126612

(©)S2p
15°C, pH 4.6

174 172 170 168 166 164 162 160 158 L . L ! . ; . L - 174 172 170 168 166 164 162 160 1]58
Binding Energy (eV) 174 172 170 ) 168 166 164 162 160 158 Binding Energy (V)
Binding Energy (eV)
(d)S2p (e)S2p (HS2p
25°C, pH 4.6 35°C, pH1 4.6 25°C, pH 5.6
N
e <
L . . . . . . e T15 oV L . . . L . . — L L L L L L h
174 172 170 168 166 164 162 160 158 174 172 170 168 166 164 162 160 158 174 172 170 168 166 164 162 160 158

Binding Energy (eV)

174 172 170 168 166 164 162 160 158
Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Fig. 7. XPS spectra for S 2p(a-g) in the pristine and eroded surfaces of arsenopyrite.

Fig. 7 display the S 2p(s/2) spectra of the pristine and eroded arse-
nopyrite. There are five double peaks at 161.7, 162.7, 163.9, 166 and
168.6 eV, and can be ascribed to S, (AsS)%, SO, SO%’ and SO%’, respec-
tively (Nesbitt et al., 1995; Zhang et al., 2020a, 2020b). The pristine
sample mainly contains sulfur as s (11.5%), (AsS)z’ (80.5%) and s
(8.0%), with (AsS)* being the major component, while the eroded
samples show two additional SO% and SOZ components in comparison
to the pristine sample. With increasing temperature and acidity, there is
gradual increase in the content of SO with simultaneous decrease of the
content of (AsS)z' (Table S4). The results revealed that the S component
of FeAsS was gradually oxidized to S°, SO% and finally transforming to
SO7 during the weathering process.

Fig. 8 display the Fe 2p(3/2) spectra of pristine and eroded arseno-
pyrite. The pristine iron species consisted of Fe(I)-AsS (706.7, 707.5 and
708.5 eV), Fe(Il)-AsS (709.1, 710.1, 711.1 and 712.1 eV) and a small
fraction of Fe(III)-O (711.3, 712.3, 713.3 and 714.3 eV) according to GS
multiplets (Corkhill et al., 2008; Liu et al., 2020), while Fe(II)-AsS is the
major ingredient accounting for 56.65%. The eroded iron species con-
tained extra peaks at 714.6, 715.6 and 716.6 eV, and can be assigned to
Fe(Il)-SO formed by the oxidation of arsenopyrite with its content
increasing with temperature and acidity (Table S5). The results indicate
that higher temperature or acidity accelerates the conversion of ferrous
(Fe*1) to ferric (Fe3+), for higher temperature or lower pH advantage of
the reduce of oxygen (Reaction (10)) and promotes the oxidized of Fe2t
in turn (Reaction (2)). Furthermore, the generated Fe®! as an oxidant
will further promote the weathering of arsenopyrite, as per reaction (14)

(Yu et al., 2007).
FeAsS + 7H,0 + 11Fe*t - AsO3 + 12Fe?* + SO + 14H™ a4

In summary, the chemical states of all the elements in pristine
arsenopyrite mainly correspond to low valence having lower binding
energy, whereas the eroded arsenopyrite mainly correspond to high
oxidation-state components related to higher binding energy regions.
The content of high-valence elements showed increasing trend with the
increase of temperature and acidity and reached over 83.3% (AsO3 and
AsOY), 56.4% (S°, SO% and SO3) and 89.5% (Fe") at pH 4.6 and 35 °C.
All these results confirmed that higher temperature or acidity was
favorable for the weathering of arsenopyrite.

3.4. Summarization of the weathering mechanism of Arsenopyrite

The weathering mechanism of arsenopyrite in acid rain is summa-
rized in Fig. 9 based on the combined results from the electrochemical
measurements and surface analysis. Arsenopyrite weathering is an
electrochemical oxidation process, which is consisting of three steps:
anodic oxidation, electron transfer and cathode reduction. In anodic
oxidation, FeAsS is firstly oxidized to low-valence Fe2+, Asog' and SO,
followed by the release of H' ions, causing AMD pollution. Fe?* is
gradually converted to high-valence Fe*. S0 is transformed to the in-
termediate product SO%’ and ultimately to SO?{, meanwhile, AsO%’ was
oxidized to AsO3". Fe>Tand AsOF may further combine to form FeAsO4
because of its very low solubility. The FeAsO4 and S° can easily adsorbed
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Fig. 8. XPS spectra for Fe 2p (a-g) in the pristine and eroded surfaces of arsenopyrite.

(AMD)

Anode X R :
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FeAsS Oxidation i

As(V)—> H,AsO, (Arsenic pollution)
Fe(Il) >Fe(ll)—> FeAsO,

0,+4H'+ 4¢" Reduction 2,0
Cathode

Fig. 9. Scheme of the weathering mechanism of arsenopyrite in simulated acid
rain solutions.

on the surface of arsenopyrite and inhibit the weathering of arsenopy-
rite. In the cathode, dissolved oxygen is reduced.

4. Environmental implications

During erosion of arsenopyrite in acid rain, release of arsenic and H"
ions takes place leading to the pollution of surrounding environment.
Environmental temperature and the acidity of acid rain have great effect
on the weathering process. Higher temperature or higher acidity will
increase the weathering tendency of arsenopyrite according to the re-
sults of open current potential and corrosion potential measurements.

The accumulations of arsenopyrite weathering products like Fe3* and
H™ will cause further deterioration of the surrounding environment. In
the mine area, when governments are concerned with acid rain control,
attention should also be put to arsenopyrite mineral and arsenopyrite
tailings’ exploitation and transportation at the mining area, to avoid
arsenopyrite weathering in acid rain resulting in serious environmental
issues.

5. Conclusions

Electrochemical techniques and surface analysis techniques were
used to study the weathering behaviors of arsenopyrite in simulated acid
rain solution. At the initial stage, oxidation of FeAsS to Fe?*, AsO3 and
S0 takes place, followed by the conversion of Fe?* to Fe3*, S° to SO% and
ultimately to SO?{, and Asog' to AsO?{. Higher temperature or acidity of
AMD increased the weathering trend of arsenopyrite, and also acceler-
ated the arsenopyrite weathering rate causing smaller resistance and
greater capacitance at the double layer and passivation film, with the
rate constant approximately being 10~ mol m 2 s™1. The relationship
between the arsenopyrite weathering rate and temperature was
Ink = —3824.8/T + 10.305, with the thermodynamic parameters of
AH* and AS* found to be 29.37 kJ mol ! and — 167.40 J mol K’l,
respectively. This study provides a theoretical basis for rapid and
quantitative assessment of arsenopyrite pollution by means of in-situ
electrochemical technology. We also showed the significance in
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assessing the risks of arsenopyrite in the acid rain area towards the
surrounding area.
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