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Abstract
Arsenopyrite (FeAsS) is one of the sulfide minerals of seafloor massive sulfide deposits. The presence of sodium chloride and 
high-temperature and high-pressure (HTHP) geological conditions seriously affect the process of arsenopyrite weathering. 
However, electrochemical oxidative dissolution has never been considered in the context of seafloors, though it has already 
been shown to increase dissolution significantly in terrestrial deposits. In this work, in situ electrochemical techniques and 
surface analysis were used to investigate the behaviors of oxidative arsenopyrite dissolution in different concentrations of 
NaCl at temperatures ranging from 280 to 360 °C and pressures ranging from 12.0 to 20.0 MPa. In the initial stage, arse-
nopyrite was oxidized to  S0, As(III), and Fe(II). The  S0 and As(III) were ultimately converted into  SO4

2− and  AsO4
3− and 

entered the solution. The Fe(II) was converted into α-FeOOH, γ-FeOOH, and  Fe2O3 as a passivation film. The presence of 
 Cl− ions promoted the oxidative dissolution of arsenopyrite without changing its oxidation mechanism. Higher temperatures 
or greater pressures promoted the oxidative dissolution of arsenopyrite by enhancing charge migration and ion diffusion. 
Under the experimental HTHP conditions, the oxidative arsenopyrite dissolution rate constant was 8.0 ×  10–5 mol∙m−2∙s−1. 
This work expands the understanding of the geochemical cycles of Fe, As and S and provides an experimental basis for the 
formation of secondary minerals from arsenopyrite weathering under the hydrothermal solution conditions of the seafloor.
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Introduction

Arsenopyrite is an abundant arsenic-bearing mineral found 
on and below the Earth’s surface. Its solubility in hydrother-
mal fluids affects the geochemical cycles of arsenic, sulfur 
and iron and acts as an important constraint on the circu-
lation of other related elements at the surface, on the sea 
floor, and within the Earth’s interior. From the viewpoint of 
thermodynamics, arsenopyrite easily oxidizes and decom-
poses in acidic and basic media (Osseo-Asare et al. 1984; 
Papangelakis and Demopoulos 1990a). In contrast, from the 
viewpoint of kinetics, arsenopyrite is an inert mineral resist-
ant to oxidization (Papangelakis and Demopoulos 1990b). 
Many studies have shown that the oxidative dissolution of 
arsenopyrite is affected not only by its own properties and 
structure but also by different environmental factors. Oxidiz-
ing agents such as oxygen (Wang et al. 2018; Walker et al. 
2006), high-valence metal ions (Neil and Jun 2016), and 
high-valence acid atomic groups (Lin et al. 2018) tend to 
gain electrons during the oxidization of arsenopyrite, thus 
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promoting its dissolution. The pH of the solution is one of 
the most important parameters controlling the oxidation of 
arsenopyrite because  H+ and  OH− participate in such reac-
tions. Generally, acidic conditions promote arsenopyrite 
oxidation, while neutral and basic conditions inhibit arse-
nopyrite oxidation by forming Fe oxides on the arsenopy-
rite surface (Yu et al. 2004b, 2007; McKibben et al. 2008). 
Temperature changes the charge transfer rate of oxidizing 
ions  (Fe3+ ions) and thus seriously affects the oxidation rate 
of arsenopyrite (Yu et al. 2004a) and the product specia-
tion. Fernandez et al. (1996b) pointed out that the product 
speciation of arsenopyrite in a pH 2 chloride solution was 
dependent on temperature and potential but not on the arse-
nopyrite composition.

Arsenopyrite is a diamagnetic semiconductor owing 
to its electronic structure (or chemical bonding) (Pearce 
et al. 2006; Li et al. 2015). In the presence of electrolytes, 
the oxidative dissolution of arsenopyrite is considered an 
electrochemical process in nature. Regarding arsenopyrite 
oxidation in acidic conditions, Richardson and Vaughan 
(1989) confirmed the enrichment of iron and arsenic on the 
surface in an  H2SO4 solution. However, several research-
ers (Buckley and Walker 1988; Nesbitt and Muir 1998; 
Mikhlin et al. 2006) observed the depletion of Fe and As 
from the passivation film and the absence of S from the 
surface. Under acidic conditions, a metal-deficient sulfide 
layer is generally observed at the initial stage of arseno-
pyrite oxidation, and the results showed that stoichiomet-
ric, sulfur-deficient and arsenic-deficient arsenopyrite 
have practically the same oxidation rate (Fernandez et al. 
1996a). Lazaro et al. (1997) and Li et al. (2006) revealed 
that arsenopyrite first decomposes to  As2S2, which covers 
the electrode and delays the dissolution of arsenopyrite. 
Subsequently,  As2S2 is oxidized to  H3AsO3,  H3AsO3 is 
oxidized to  H3AsO4, and  Fe2+ is oxidized to  Fe3+ with 
increasing potential. With the development of synchro-
tron radiation technology, Mikhlin and Tomashevich 
(2005) demonstrated the oxidization of arsenopyrite to an 
As-  (As3+,  As5+, and  As1−) and Fe-rich (Fe(II)–(As–S), 
Fe(III)–(As–S)) integument with a subjacent S-enriched 
layer  (S2

2−,  S2− and  S2
2−), and their results were consist-

ent with the report by Nesbitt et al. (1995). Arsenopyrite 
oxidation in basic solution at room temperature and atmos-
pheric pressure is generally recognized as a two-step reac-
tion. However, a consensus on the products of the initial 
step has not been reached. Sanchez and Hiskey (1991) 
investigated the electrochemical oxidation of arsenopyrite 
within a pH range from 8.0 to 12.0 in the absence and 
presence of cyanide (0.01 M). They observed the initial 
step products of Fe(OH)3,  H2AsO3

− and S°, which were 
converted into  HAsO4

− and  SO4
2− in the second step. At 

pH values of 8.1–12.0 and cyanide concentrations from 
 10–4 to  10–2 M, Sanchez and Hiskey (1998) revealed the 

initial formation of FeOOH,  SO4
2− and  H2AsO3

−, after 
which  H2AsO3

− was further oxidized to  HAsO4
−. Nicol 

and Guresin (2003) reported that in the presence of fer-
rate (VI) and oxygen in basic solution, the oxidation of 
arsenopyrite first produced Fe(OH)3,  AsO3

3− and  SO4
2−, 

and then the  AsO3
3− transformed into  AsO4

3−.
Chlorine is one of the most abundant elements on Earth 

and is widely found on the surface and in the interior. The 
presence of chloride ions affects arsenopyrite oxidation via 
the formation of iron(II) chloride complexes (Heinrich and 
Seward 1990) and iron(III) chloride complexes (Stefáns-
son et al. 2019). Moreover, chloride ions have a strong 
penetrating ability and can penetrate the surface film, thus 
promoting the dissolution of arsenopyrite (Zheng et al. 
2020a). Neil et al. (2014) studied arsenic mobilization 
from arsenopyrite oxidation at managed aquifer recharge 
sites in the presence of NaCl. The results revealed that 
arsenopyrite was oxidized to iron(III) (hydr)oxide precipi-
tates and caused α-Fe2O3 formation, which decreased the 
available surface area for arsenic attenuation. In geological 
areas, chloride ions affect the formation of secondary min-
erals, the enrichment of precious metals and the formation 
of arsenopyrite inclusions. Mikhlin et al. (2006) studied 
the surfaces of natural auriferous arsenopyrite samples 
and confirmed that chloride ions affect gold deposition. 
Groznova et al. (2006) investigated the mineralogy and 
pressure–temperature formation conditions of the Dzhimi-
don Pb–Zn deposit in the Sadon ore district and confirmed 
the important effects of chloride ions on sulfide deposits.

Limited by experimental techniques and means, the 
oxidative dissolution behavior of arsenopyrite under 
high-pressure hydrothermal conditions, such as deep-sea 
hydrothermal environments, has rarely been investigated 
from the perspective of electrochemical reactions. The 
few existing studies have only focused on the target com-
ponents of arsenopyrite dissolved in high-temperature 
pressure vessels after quenching (Pokrovski et al. 2002; 
Tyukova and Voroshin 2004) or deduced the metallogenic 
environment of arsenopyrite and its secondary minerals 
from the inclusions (Parthasarathy et al. 2016). In this 
work, the oxidative dissolution behavior of arsenopyrite 
in 0–0.40 mol·L−1 sodium chloride solution at high tem-
perature (280–360 °C) and high pressure (12.0–20.0 MPa) 
was investigated using in situ electrochemical techniques 
and surface analysis. We aimed to quantitatively obtain 
the thermodynamic and kinetic parameters of arsenopyrite 
oxidation and reveal the oxidation mechanism of arseno-
pyrite under high-temperature and high-pressure (HTHP) 
conditions. The experimental results will expand the 
understanding of the geochemical cycles of Fe, As and S 
and provide the experimental basis for the element release 
and the formation of secondary minerals from arsenopyrite 
oxidative dissolution under HTHP conditions.
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Experimental

Arsenopyrite specimens and electrode preparation

Arsenopyrite specimens were collected from the Jinya gold 
deposit in Fengshan of the Guangxi Zhuang Autonomous 
Region, China. The arsenopyrite specimens were first 
crushed to 60–80 mesh particles. Subsequently, arsenopy-
rite particles were artificially selected under a microscope. 
The scanning electron microscopy (SEM) and backscattered 
electron results showed the absence of chemical zoning and 
heterogeneity in the particles. The composition of arseno-
pyrite (Wt.%) was determined through quantitative EPMA 
analysis as follows: 33.580% Fe, 46.101% As, and 19.238% 
S (Table S1). The arsenopyrite particles were ground to 
200-mesh in ethanol, dried under vacuum, and compressed 
into a 6 mm in diameter and 8 mm in length cylinder under 
1.0 MPa. Thereafter, the cylinder was wrapped with silver 
foil for air insulation and then placed inside a boron nitride 
and pyrophyllite mold. The boron nitride and pyrophyllite 
acted as the pressure-transmitting medium. A stainless-steel 
sheet was used for heating, and a K-type thermocouple was 
used for temperature control. Finally, the cylinder sample 
was subjected to hot-pressure sintering using a six-axis 
multi-anvil press. The hot-pressure sintering state was main-
tained at a temperature of 500 °C and pressure of 1.0 GPa for 
2 h, with heating and cooling rates of 10 °C/min and 3 °C/
min, respectively. EPMA, XRD, and Raman spectroscopy 
were used to analyze the obtained arsenopyrite samples, and 
the tests confirmed that the samples were pure, correspond-
ing to the molecular formula  Fe1.00As1.02S1.03. Furthermore, 
a numerically controlled machine tool was used to cut the 
samples into circular truncated cones to suit the autoclave 
stopper. The operations of the arsenopyrite hot-pressure sin-
tering equipment according to the manufacturer are detailed 
by Zheng et al. (2020b).

HTHP interaction and electrochemical 
measurements

A self-designed autoclave made of titanium alloy was used 
to investigate the electrochemical oxidation of arsenopy-
rite under HTHP conditions. A resistance furnace was 
used as a heater, and the temperature was moderated with a 
temperature controller (± 0.5 °C) through a thermocouple 
placed near the experimental arsenopyrite specimen. The 
pressure of the inner autoclave was sensitized for detection 
using a pressure sensor, and a pressure pump was installed 
for adjustments.

A PARSTAT 2273 (Princeton Applied Research) elec-
trochemical workstation and three-electrode configuration 

were adopted for the electrochemical experiments. The 
working electrode was a massive hot-pressure-sintered 
arsenopyrite sample. A homemade platinum electrode was 
used as the counter electrode; to make this electrode, plati-
num was sintered onto an alumina ceramic, and the elec-
trons were conducted by a platinum wire through the cen-
tral axis of the alumina ceramic. The reference electrode 
was an external pressure balanced Ag/AgCl electrode. The 
electrolyte was 0.1 M KCl, and Eq. (1) is used to calibrate 
the electrode potential (Macdonald et al. 1979). During 
the experiments, pyrophyllite taper sleeves were used to 
seal and insulate the counter and working electrodes from 
the autoclave. A schematic diagram of the installation 
of the hydrothermal reaction device and assembly of the 
three electrodes is presented in Fig. S1. The device was 
described in detail by Lin et al. (2017). Prior to the elec-
trochemical tests, 2500-grit silicon carbide abrasive paper 
was used to obtain a flat, clean surface:

where ESHE is the potential of the saturated hydrogen elec-
trode (SHE), V; Eobs is the potential of the experimental 
observation, V; and T is the absolute temperature of the 
experiment, K. In this work, all the potentials mentioned 
were normalized with respect to the SHE using the formula 
above, unless stated otherwise.

The open-circuit potential (OCP) was measured, and 
the electrochemical experiments started only when the 
OCP reached a quasi-steady state, where the quasi-steady 
is defined as a change of less than 2.0 mV per 5 min. The 
electrode potential was allowed to stabilize for 20 min before 
commencement of the measurements. The polarization curve 
was drawn to determine the weathering dynamics of oxida-
tive arsenopyrite dissolution from -250 to + 250 mV (vs. 
open current potential, OCP) at a scan rate of 10 mV·s−1. 
Electrochemical impedance spectroscopy (EIS) was con-
ducted to obtain information on the interface and structure 
of arsenopyrite oxidation at frequencies ranging from 0.001 
to 10,000 Hz with an amplitude of 10 mV (vs. OCP).

Surface characterization measurements

The polished arsenopyrite specimens (cuboid with 
0.5 cm × 0.5 cm × 0.2 cm) were soaked in solutions of dif-
ferent concentrations of NaCl and maintained for 2 h at the 
target temperature and pressure. After cooling to room tem-
perature, the specimens were removed for further micro-
scopic examination of morphology changes and analysis of 
the microstructure of the atomic and molecular functional 
groups. First, X-ray photoelectron spectroscopy (XPS) 

(1)

E
SHE

=E
obs

+ 0.2866 − 0.001(T − 298.15)

+ 1.745 × 10
−7(T − 298.15)

2
− 3.03 × 10

−9(T − 298.15)
3
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analysis was performed (PHI Quantera SXM) using the Al 
K α line (energy: 1486.6 eV) as the excitation source, a tar-
get voltage of 15 kV, power of 25 W, vacuum degree of 1.33 
μPA, data processing and photoelectron peak analysis using 
multipeak 8.0, peak fitting using the Avantage 5.948 curve 
fitting program, and the adventitious C 1 s contamination 
peak (284.8 eV) for calibration. Then, SEM (JSM-6460LV) 
and energy-dispersive spectrometry (EDS) measurements 
were taken for further surface morphology study and ele-
mental analysis. Finally, Raman spectroscopy (Invia, Ren-
ishaw 2000, England) was performed at a wavelength of 
514 nm and a collection time of 10 s with a laser power of 50 
mW to prevent the destruction of the arsenopyrite samples.

Results

Electrochemical measurements

Open‑circuit potential (OCP) study

The open-circuit potential (OCP) reflects the rest potential 
state of the material. The OCP indicates the tendency to cor-
rode; this is a conductive material with a stronger negative 
potential that always tends towards corrosion. Generally, fac-
tors affecting the OCP include the electrolyte composition 
and concentration, temperature, and pressure. In the actual 
geological environment, these factors are reflected by the 
composition and salinity of the solution surrounding the 
mineral, environmental temperature, and pore pressure of 

the mineral. The OCPs of arsenopyrite in sodium chloride 
solution at different concentrations, temperatures, and pres-
sures are shown in Fig. 1 and Table 1.

In solutions with different concentrations of NaCl 
at 320 °C and 12.0 MPa, the OCP of arsenopyrite first 
increased and then reached a quasi-steady state at approxi-
mately 40 min, indicating the spontaneous formation of a 
passive film, as shown in reaction (2) (Deng and Gu 2018). 
The steady-state OCPs were approximately − 17.3, − 178.1, 
− 210.2, and − 239.5 mV, respectively. The results revealed 
that the presence of NaCl strongly affected the OCP of 
arsenopyrite, and a higher NaCl concentration caused the 
OCP to be more negative because the chloride ions released 
by the ionization of NaCl through reaction (3) underwent 
complexation with ferrous ions to form iron chloride com-
pounds (reaction (4)). The formation of chloride complexes 
exhausted the supply of iron ions in the solution, disturbing 
the balance of minerals and metal ions. To become balanced 
again, the mineral required strong oxidation to produce more 
ferrous ions, further shifting the OCP towards more nega-
tive values:

(2)

FeAsS(s) + 3H2O(l) → AsO3−
3
(aq)

+ Fe2+(aq) + S0(s) + 6H+(aq) + 5e−

(3)NaCl(s) ↔ Na+(aq) + Cl−(aq)

(4)Fe2+(aq) + 2Cl−(aq) → FeCl2(s)

Fig. 1  Time-potential relationships of arsenopyrite electrode, where a different concentrations NaCl solution, b different temperatures and c dif-
ferent pressures

Table 1  Open-circuit potential of arsenopyrite at different conditions

Different concentrations (mol·L−1)
(320 °C, 12.0 MPa)

Different temperatures (°C)
(0.20 mol·L−1, 18.5 MPa)

Different pressures (MPa)
(320 °C, 0.10 mol·L−1)

0 0.10 0.20 0.40 240 280 320 360 12.0 16.0 20.0

OCP (mV) − 17.3 − 178.1 − 210.2 − 239.5 − 26.9 − 162.0 − 210.2 − 244.7 − 178.4 − 192.7 − 199.9
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When arsenopyrite was oxidized in NaCl solution under 
different temperatures or different pressures, both OCP val-
ues tended towards negative values with increasing temper-
ature or pressure. These results revealed that arsenopyrite 
easily corroded under HTHP conditions.

Polarization curves study

The polarization curve is an effective means of studying 
the oxidative behavior of arsenopyrite from the perspectives 
of kinetics and thermodynamics. The polarization curves 
of arsenopyrite in NaCl solution at HTHP are shown in 
Fig. 2a–c.

When the electrolytes contained different concentrations 
of NaCl at 320 °C and 12.0 MPa, the arsenopyrite polariza-
tion curves exhibited similar polarization profiles (Fig. 2a), 
suggesting that they had the same oxidative mechanism. In 
the presence of NaCl, the polarization curve shifted dramati-
cally along the positive of the X-axis and the negative of the 
Y-axis, and the same shift continued with increasing con-
centrations of NaCl. All these phenomena suggest that the 
increase in NaCl concentration increased the corrosion cur-
rent density (icorr) and shifted the corrosion potential (Ecorr) 
towards more negative values. The quantitative electrochem-
ical parameters Ecorr and icorr were calculated according to 
the Tafel extrapolation (Bard and Faulkner 2001) and are 
listed in Table 2. The results showed a larger icorr value with 
higher NaCl concentrations, suggesting that NaCl promotes 
the oxidative dissolution of arsenopyrite because higher 

concentrations of NaCl led to more severe destruction of 
the passivation film, resulting in the significant oxidization 
of arsenopyrite.

Figure 2b and c presents the polarization curves of arse-
nopyrite oxidation at different temperatures and pressures, 
respectively. The results revealed similar polarization pro-
files, indicating similar electrochemical interaction mecha-
nisms. Furthermore, higher temperatures or greater pres-
sures caused the polarization curves to shift to the positive 
side of the X-axis and the negative side of the Y-axis, mean-
ing that icorr increased and Ecorr shifted towards negative val-
ues. The reasons for this behavior are as follows: high tem-
peratures accelerate the transfer of charge through electric 
double layer, while high pressures compress the thickness of 
electric double layer and decrease the distance from mineral 
surface to the outer Helmholtz plane. The detailed explain 
will be further elucidation at the following EIS study.

EIS study

EIS is used to investigate the fundamental processes of dif-
fusion and Faradaic reactions at electrodes (Lasia 2002). 
Figure 3 shows the Nyquist and Bode plots for arsenopyrite 
in solutions with different concentrations of NaCl at 320 °C 
and 12.0 MPa. The Bode curves revealed three time con-
stants, and the Nyquist curves further confirmed two capaci-
tive loops and a diffusion tail. The loop at high frequencies 
originated from the pseudo-capacitance impedance for pas-
sive behavior and the passivation resistance Rf. The loop at 

Fig. 2  Polarization curve of arsenopyrite electrode, where a different concentrations NaCl solution, b different temperatures and c different pres-
sures

Table 2  Tafel parameter of arsenopyrite

Different concentrations (mol·L−1)
(320 °C, 12.0 MPa)

Different temperatures (°C)
(0.20 mol·L−1, 18.5 MPa)

Different pressures (MPa)
(320 °C, 0.10 mol·L−1)

0 0.10 0.20 0.40 240 280 320 360 12.0 16.0 20.0

Ecorr (mV) − 51.3 − 203.2 − 245.8 − 282.4 − 113.4 − 162.8 − 243.5 − 281.6 − 203.2 − 208.8 − 223.4
icorr (µA·cm−2) 10.8 39.8 101.3 126.1 128.8 177.8 302.0 371.5 39.8 41.7 44.6
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medium frequencies is associated with the charge transfer 
resistance (Rt) between the electrode surface and the outer 
Helmholtz plane of the electrical double layer. The loop at 
low frequencies is a Warburg diffusion component, which 
corresponds to the diffusion process of liquid-phase ions. 
Figure S2 illustrates the electrochemical equivalent circuit 
(EEC) that stimulated the electrochemical oxidation of arse-
nopyrite, wherein Rs is the solution ohmic resistance, Rt is 
the charge transfer resistance, Rf is the passive film resist-
ance, and CPEdl and CPEf are the constant phase elements 
for substituting charge transfer capacitance (Cdl) at the dou-
ble layer and passive film capacitance (Cf) at the passivation 
layer, respectively. W is the Warburg impedance. Macdonald 
(1985) expressed the impedance of the CPE as Eq. (5):

Here, ZCPE is the impedance of the CPE (Ω·cm2), ω is 
the angular frequency of the AC voltage (rad  s−1), Y0 is the 
magnitude of admittance of the CPE (S·cm−2·s–n), and n is a 
dimensionless value reflecting the extent of deviation of the 
interface from an ideal capacitor (n = 1). The detailed imped-
ance parameters are summarized in Table 3. In the pres-
ence of NaCl, the values of both charge transfer resistance 
Rt and passive film resistance Rf dramatically decreased. 
In addition, the Warburg diffusion impedance dramatically 
increased. The results show that the presence of NaCl greatly 
promoted the electrochemical oxidization of arsenopyrite. 
As the concentration of NaCl continuously increased, the 

(5)ZCPE =
1

Y0(j�)
n

values of Rt and Rf both slightly decreased, and Warburg dif-
fusion steadily increased, indicating that charge transfer and 
mass transfer became easier in the double layer and passiva-
tion film. These results indicate that higher concentration of 
NaCl accelerated oxidative arsenopyrite dissolution.

Figures S3 and S4 present the Nyquist and Bode plots 
of arsenopyrite at different temperatures and different pres-
sures, respectively. All these plots also show three time 
constants, including two capacitive loops and a diffusion 
tail, meaning that arsenopyrite had the same electrochemi-
cal oxidization mechanism as those in different concentra-
tions of NaCl. The EEC shown in Fig. S2 was used to draw 
the plots, and the model parameters are listed in Table 3. 
As the temperature or pressure continuously increased, the 
value of the charge transfer resistance Rt and the passive film 
resistance Rf both steadily decreased, while Warburg diffu-
sion steadily increased. These results revealed that higher 
temperatures or pressures also promote charge transfer and 
ion diffusion at the double layer and inhibit the formation of 
the passivation film.

Surface characterization

XPS

The chemical states and corresponding contents of As and 
S were determined using XPS, and the spectra of the pris-
tine and eroded arsenopyrite in different concentrations of 
NaCl solution are shown in Fig. 4. Five and six doublet 
peaks were used to fit the As 3d and S 2p spectra, respec-
tively. The main peak of each doublet was limited to the 

Fig. 3  Nyquist (a–d) and Bode (a′–d′) plots of curve of arsenopyrite electrode before and after eroded in different concentrations of sodium 
chloride at 320 °C and 12.0 MPa, where °,, □ and × represent the experimental values and ─ represents the simulated values
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side with the lower binding energy. Tables S2 and S3 list 
the fitting results. In the XPS spectrum of pristine arsenopy-
rite, the main component of the surface arsenic species was 
As(− I)–S (41.13 eV), which accounted for 53.33%, and the 
main components of the sulfur species were  S2− (161.47 eV) 
and (AsS)2− (162.18 eV), which accounted for 27.14% and 
48.56%, respectively. In the XPS spectra of eroded arseno-
pyrite in different concentrations of NaCl, the results showed 
that with an increase in NaCl concentration, the peak inten-
sity of As(V)–O and the content of high oxidation state arse-
nic (As(III)–O and As(V)–O) gradually increased. In addi-
tion, the intensity of the (AsS)2− peak gradually decreased, 
while the intensity of the peak of  SO4

2− increased from 
30.90% to 50.61% as the NaCl concentration was increased 
from 0 to 0.40 mol·L−1. The As 3d and S 2p XPS spectra 
both implied that increasing the concentration of NaCl can 
promote the oxidation of arsenopyrite.

Figures S5 and S6 show the As 3d and S 2p XPS spectra 
of arsenopyrite were oxidized at different temperatures and 
different pressures, respectively. The fitted results (Tables 
S1 and S2) show that the peak intensities of As(V)–O and 
 SO4

2− in the high oxidation states of arsenic and sulfur 
gradually increased with increasing temperature or pressure. 
The XPS results revealed that higher NaCl concentrations, 
temperatures, and pressures are all conducive to oxidative 
arsenopyrite dissolution.

SEM and EDS

SEM observations and EDS analysis were adopted to deter-
mine the surface morphology and elemental analysis of arse-
nopyrite oxidation under HTHP conditions.

Figure 5 shows the SEM surface morphology and EDS 
images of arsenopyrite oxidation in different concentrations 
of NaCl solution under HTHP conditions. The surface of 
the pristine arsenopyrite was smooth and flat, with only a 
few small scratches from sanding. The eroded arsenopyrite 
showed the accumulation of many corrosion products or 
corrosion pits on their surfaces. In the absence of NaCl, the 
surface of the arsenopyrite was covered with many acicular 
oxides and some sheet oxides, which were connected and 
stacked tightly, almost covering the surface of the arsenopy-
rite. In the 0.10 mol·L−1 NaCl solution, many acicular oxides 
also appeared on the surface of the arsenopyrite, but the 
distribution of these acicular oxides was loose and discon-
tinuous, and the density was poor. Furthermore, corrosion 
pits and holes developed on the surface, and further EDS 
measurements revealed that oxides were not distributed in 
the pits and holes. In the 0.20 mol·L−1 NaCl solution, the 
arsenopyrite surface developed small cracks and pores, and 
it became rugged. The acicular oxides disappeared, and the 
number of sheet oxides decreased. In the 0.40 mol·L−1 NaCl 
solution, larger corrosion pits developed, and small cracks Ta
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and holes appeared in the pits, which confirmed the higher 
degree of corrosion. The EDS results listed in Table 4 show 
that pristine arsenopyrite was composed of only S, As and 
Fe, and the ratio of Fe:As:S (atomic %) was close to 1:1:1. 
After corrosion, O was observed on the arsenopyrite surface, 
and the oxygen content of the corroded products tended to 
decrease with increasing NaCl concentration. As the concen-
tration of  Cl− was increased, the corrosion products on the 
surface of arsenopyrite were more likely to be destroyed by 
the chloride ions, releasing oxides into the solution.

Figure S7 shows SEM and EDS images of arsenopy-
rite oxidation in sodium chloride solution at different 

temperatures. At 240 and 280 °C, the surface of the cor-
roded arsenopyrite was covered by many acicular oxides and 
a small amount of sheet material, which was continuous and 
compact and almost entirely covered the surface of arseno-
pyrite. When the temperature was increased to 320 °C and 
360 °C, the surface of arsenopyrite experienced significant 
corrosion and developed obvious corrosion pits. Elemental 
analysis (Table S4) showed that the products contained O, 
and as the temperature was increased from 240 °C to 360 °C, 
the percent O tended to decrease, while the contents of S and 
As tended to increase.

Fig. 4  XPS spectra for As 3d (a–e) and S 2p (a′–e′) of arsenopyrite before and after eroded in different concentrations of NaCl solution (320 °C, 
12.0 MPa)

Fig. 5  SEM (a–e) and EDS (a′–e′) images of arsenopyrite before and after eroded in different concentrations of NaCl solution (320  °C, 
12.0 MPa)

Table 4  The element composition (Atomic %) analysis results of product film of arsenopyrite corrosion under different concentrations of NaCl

Element 0 mol·L−1 0.10 mol·L−1 0.20 mol·L−1 0.40 mol·L−1 Pristine

Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot 9 Spot 10 Spot 11 Spot 12 Spot 13

O 33.7 39.5 30.4 22.3 28.9 20.4 19.1 12.3 15.6 7.7 8.0 8.2 –
S 17.4 15.8 20.0 24.1 23.2 25.0 26.6 25.5 26.8 24.0 28.0 28.8 35.6
Fe 33.2 27.6 29.5 30.5 27.4 30.9 30.4 25.3 32.1 37.0 35.1 34.6 32.6
As 15.6 17.1 20.1 23.1 20.5 23.7 24.0 36.8 25.4 31.3 28.9 28.4 31.9
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Figure S8 shows the SEM and EDS images of arsenopy-
rite oxidation at different pressures. When the pressure was 
increased from 12.0 MPa to 16.0 MPa, many acicular oxides 
and a small amount of sheet material with obvious corrosion 
pits appeared on the surface. The elemental composition 
results listed in Table S5 shows that arsenopyrite was oxi-
dized; however, the elemental composition of the surface 
products changed little with increasing pressure.

Higher concentrations of NaCl, higher temperatures, 
and higher pressures all resulted in a significant decrease 
in the concentration of S and As in the corroded arsenopy-
rite compared to those in pristine arsenopyrite, suggesting 
that the above conditions accelerate oxidative arsenopyrite 
dissolution. In the corroded arsenopyrite, the amount of Fe 
decreased only slightly, possibly because S and As were con-
verted into soluble ions or ionic components of the solution 
during corrosion, whereas Fe may have formed an iron oxide 
(or iron hydroxide) and remained attached to the surface of 
the arsenopyrite.

Raman spectroscopy

The Raman spectra of pristine and corroded arsenopyrite 
specimens under different HTHP conditions are shown in 
Fig. 6. The Raman spectra had identical Raman peaks. In the 
spectrum of the pristine arsenopyrite specimen, two obvi-
ous peaks appeared at 212 and 274  cm−1, which are typical 
characteristic Raman peaks of arsenopyrite (Mernagh and 
Trudu 1993). After corrosion under HTHP conditions, 6 new 
Raman peaks appeared at 389, 470–475, 586, 650, 1065, 
and 1310  cm−1. The Raman peaks at 389, 586 and 650  cm−1 
were assigned to α-FeOOH (Bersani et al. 1999; Das and 
Hendry 2011; Shim and Duffy 2002). The Raman peaks at 
650 and 1065  cm−1 reflect the characteristics of γ-FeOOH 
species (Bersani et al. 1999; Das and Hendry 2011; de Faria 
et al. 1997; Shim and Duffy 2002). The peak at 1310  cm−1 
resulted from the α-Fe2O3 species (Bersani et al. 1999; De 

Faria et al. 1997; Shim and Duffy 2002), and the peak at 
470–475  cm−1 was assigned to the polysulfide species (Lara 
et al. 2016; Mycroft et al. 1990; Parker et al. 2008; Toniazzo 
et al. 1999). The Raman peak positions of the S, As, and Fe 
species are summarized in Table 5. 

Discussion

Mechanism of the electrochemical oxidation 
and dissolution of arsenopyrite

Through the results of both the electrochemical measure-
ments and surface analyses, a reasonable oxidative mecha-
nistic route for arsenopyrite was derived, as presented in 
Fig. 7. The results are corresponding with the results of 
natural arsenopyrite geochemical evolution in Enguiales, 
Aveyron, France (Courtin-nomade et al. 2010). At near 
neutral pH, the formation of elemental sulfur rings from 
altered arsenopyrite is observed along with the release of 
Fe and As, which subsequently form more or less crystalline 
iron arsenate. Other arsenopyrite grains show a complete 
pseudomorph by elemental sulfur and poorly crystalline iron 
arsenate  [Fe3(AsO4)2∙xH2O] distributed around, which may 
be subsequently transformed to As-rich goethite.

During the electrochemical process, arsenopyrite serves 
as the anode and is oxidized to  Fe2+,  AsO3

3−, and  S0 accord-
ing to reaction (2). Oxygen serves as the oxidizing agent, and 
the reduction reaction is a cathodic reaction (6):

The anodic product,  AsO3
3−, likely transforms into 

 AsO4
3− via dissolution as shown in reaction (7) (Deng and 

Gu 2018):

(6)O2(g) + 2H2O(l) + 4e− → 4OH−(aq)

(7)
AsO3−

3
(aq) + H2O(l) → AsO3−

4
(aq) + 2H+(aq) + 2e−

Fig. 6  Raman images of the pristine and eroded arsenopyrite, where a different concentrations NaCl solution, b different temperatures and c dif-
ferent pressures
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The precursor to the anodic product  S0 is believed to be 
polysulfide  Sn

2− (Steudel 1996), and the transformation pro-
cesses can be expressed as reactions (8) to (10). First, FeAsS 
decomposed to  Fe2+, (AsS)2− and  S2−, and then  S2− underwent 
dimerization to  S2

2− species, which may form on S-terminated 
surfaces and can be regarded as a further reconstruction of 
 Sn

2− (Harmer et al. 2004).  Sn
2− then transforms into elemental 

S, which is considered an intermediate and metastable reaction 
product and, given time, should oxidize into sulfates follow-
ing reaction (11) (Fernandez et al. 1995; Sanchez and Hiskey 
1991; Nesbitt et al. 1995):

(8)2S2−(aq) → S2−
2
(aq) + 2e−

(9)nS2−
2
(aq) → 2S2−

n
(aq) + (2n − 4)e−

(10)S2−
9
(aq) + H+(aq) ↔ HS−

9
(aq) ↔ HS−(aq) + S8(s)

In the absence of  Cl−, the  Fe2+ ions of the anodic products 
combine with  OH− and form Fe(OH)2, which is then oxidized 
into Fe(OH)3 by  O2 and finally transforms into γ-FeOOH fol-
lowing reactions (12) to (14) (Ramya et al. 2018; Zhang et al. 
2011):

In the Raman spectra, α-FeOOH and α-Fe2O3 peaks were 
observed, indicating that some γ-FeOOH transformed into 
α-FeOOH and α-Fe2O3. According to several studies (Kwon 

(11)2S0(s) + 4H2O(l) → SO2−
4
(aq) + 8H+(aq) + 8e−

(12)Fe2+(aq) + 2OH−(aq) → Fe(OH)2(s)

(13)4Fe(OH)2(s) + O2(g) + 2H2O(l) → 4Fe(OH)3(s)

(14)Fe(OH)3(s) → � − FeOOH(s) + H2O(l)

Table 5  Summary of Raman peak position of sulfur, arsenic, and iron species

Species Raman shift  (cm−1) References

FeAsS 203, 244, 296, 334, 369, 404 Lara et al. (2016); McGuire et al. (2001)
212, 274, 388, 481, 527, 582 Mernagh and Trudu (1993)
212, 274 This work

α-FeOOH 301–318, 389, 580–586, 650, 1305–1320 Bersani et al. (1999); Das and Hendry (2011); Shim and Duffy (2002)
389, 586, 650 This work

γ-FeOOH 217–223, 255–270, 383, 528, 650, 1065–1165 Bersani et al. (1999); Das and Hendry (2011); De Faria et al. (1997); Shim and 
Duffy (2002)

650, 1065 This work
α-Fe2O3 1310 Bersani et al. (1999); De Faria et al. (1997); Shim and Duffy (2002)

1310 This work
Polysulfides 418, 443–475 Lara et al. (2016); Mycroft et al. (1990); Parker et al. (2008); Toniazzo et al. 

(1999)
470–475 This work

Fig. 7  Electrochemical mecha-
nism of arsenopyrite oxidative 
dissolution at high temperature 
and high pressure
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et al. 2007; Majzlan et al. 2007; Nie et al. 2009), this trans-
formation is due to the conversion of FeOOH into  Fe2O3 
through the following processes:

Notably, the above transformation from γ-Fe2O3 to 
α-Fe2O3 is not possible under thermodynamic conditions. 
FeOOH is more thermodynamically stable than γ-Fe2O3, 
and α-Fe2O3 cannot be formed in situ (Zhang et al. 2011). 
However, when exposed to a dry atmosphere, the formation 
of α-Fe2O3 is feasible through a dehydration reaction, and 
the reaction proceeds via α-FeOOH or γ-Fe2O3 (Zhang et al. 
2011, 2009; Nie et al. 2009). The ex situ Raman analysis 
confirmed the formation of α-Fe2O3.

Zhang et al. (2011) confirmed that in the presence of  Cl−, 
the  Fe2+ ions of the anodic products would directly oxidize 
to FeOOH without involving Fe(OH)2 or Fe(OH)3. During 
this process,  Cl− ions can accelerate arsenopyrite oxidization 
by promoting anodic dissolution, acting as a catalyst. This 
result is consistent with the results of the electrochemical 
tests:

In addition, many researchers (Simard 2001; Boucherit 
and Hugot-Le Goff 1992; Refait and Genin 1993) believe 
that a thin, unstable, colloidal hydroxyl salt layer called 
“green rust” forms prior to the transformation of  Fe2+ into 
γ-FeOOH. Green rust, 3Fe(OH)2·Fe(OH)2Cl·nH2O, forms 
under the action of oxygen and chloride:

Generally, green rust is not stable and undergoes further 
transformation to γ-FeOOH (lepidocrocite) via reaction (19) 
(Ramya et al. 2018; Boucherit et al. 1992; Zhang et al. 2011) 
and may even transform to γ-Fe2O3 and α-Fe2O3 via reac-
tions (15) and (16):

(15)

8� − FeOOH(s) → 4� − Fe
2
O

3(s)

+ 4H
2
O(l) → 4� − Fe

2
O

3(s) + 4H
2
O(l)

(16)
2� − FeOOH(s) → 2� − FeOOH(s) → � − Fe2O3(s) + H2O(l)

(17)

4FeCl2(s) + 8OH−(aq) + O2(g)

→ 4FeOOH(s) + 8Cl−(aq) + 2H2O(l)

(18)

7Fe(OH)2(s) + Fe2+(aq) + 2Cl−(aq) + 1∕2O2(g)

+ (2n + 1)H2O(l) → 2
[

3Fe(OH)2 ⋅ Fe(OH)2Cl ⋅ nH2O
]

(s)

(19)

3Fe(OH)2 ⋅ Fe(OH)2Cl ⋅ nH2
O →

[

Fe
(

H
2
O
)

x

]

Cl
2

→ � − FeOOH, FeOCl + H
2
O → � − FeOOH

Geological significance

Thermodynamic stability of arsenopyrite at HTHP

Arsenopyrite is widely distributed in Nature, and it is sus-
ceptible to corrosion by oxygen and aqueous solutions. 
Temperature and pressure, important external factors that 
affect oxidation reactions, are bound to have an important 
influence on the oxidation metamorphism of arsenopyrite 
in Nature. Limited by experimental means, the thermody-
namic stability of arsenopyrite in HTHP environments, such 
as submarine hydrothermal environments, has rarely been 
investigated. As mentioned above, the open-circuit poten-
tial of arsenopyrite without an external current accurately 
reflect the thermodynamic stability of the system in which it 
is located. In other words, the more negative the open-circuit 
potential is, the lower the stability of arsenopyrite and the 
greater the oxidation tendency.

Previous studies have shown that the dissolution and 
precipitation of massive sulfides under HTHP hydrother-
mal conditions cannot be separated from the action of the 
NaCl medium system (Wang et al. 2017; Toner et al. 2008). 
The OCP at different concentrations of NaCl and under 
HTHP conditions confirmed the following observations: (1) 
at the same high temperatures and pressures, arsenopyrite 
is more unstable in an environment with a higher concen-
tration of sodium chloride (salinity); (2) in a system with 
constant salinity and pressure, arsenopyrite becomes more 
unstable with increasing temperature; and (3) in a system 
with constant salinity and temperature, the thermodynamic 
stability of arsenopyrite decreases with increasing pressure. 
Furthermore, arsenopyrite transforms into haematite under 
high temperature and pressure, indicating that haematite is 
more thermodynamically stable. The results of this study 
have important significance for modern submarine hydro-
thermal mineralization.

Oxidative dissolution rate: effect of NaCl concentration, 
temperature and pressure

During the dissolution of arsenopyrite, Fe and As are 
released and transformed. The NaCl concentration, tem-
perature, and pressure are important factors affecting the 
dissolution rate of arsenopyrite.

The oxidative dissolution rate is one of the important 
dynamic parameters of arsenopyrite oxidation, and it can 
be calculated using the Faraday equation (Eom 2013) based 
on the corrosion current density icorr:

(20)v =
Micorr

nF
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where v is the dissolution rate, g·m−2·h−1, icorr is the cor-
rosion current density, µA·cm−2, M is the atomic weight, 
g·mol, n is the valence state, and F is the Faraday constant, 
96,485 C·mol.

When arsenopyrite was oxidized in a 0.2  mol·L−1 
NaCl solution (18.5 MPa), at 240 °C, the icorr value was 
128.8 µA·cm−2, corresponding to an activated dissolu-
tion rate of 6.675 ×  10–6 mol·m−2·S−1. This result implies 
that 1.175 ×  104  g Fe(II) would be released per square 
meter in 1 year. At 280  °C, the icorr value increased to 
177.8 µA·cm−2, and the activated dissolution rate was 
9.214 ×  10–6 mol·m−2·S−1, reflecting an increased release of 
1.623 ×  104 g Fe(II) per year. When the temperature was con-
tinuously increased to 320 and 360 °C, the icorr values were 
1.565 ×  10–5 and 1.925 ×  10–5 mol·m−2·S−1, respectively. The 
relationship between icorr and T is shown in Fig. S9a, which 
reveals that the icorr of arsenopyrite and 1/T have a nega-
tive linear relationship between 240 °C and 360 °C; that is, 
icorr = -687,621/T + 1452.1, and the coefficient of determi-
nation (R2) is 0.9634. Moreover, this result confirmed that 
increasing the temperature accelerates arsenopyrite oxida-
tion. The relationships between temperature (1/T) and cor-
rosion rate (k) are shown in Fig. S9b. The result shows that 
they have a linear relationship: k = − 0.0356/T + 8.0 ×  10–5. 
Although some studies have reported the dissolution rate 
constant of arsenopyrite at ambient temperature or no more 
than 100 °C and ambient pressure, the dissolution rate con-
stant of arsenopyrite under HTHP conditions has not been 
reported thus far. Through kinetic experiments conducted 
in a mixed flow reactor, Yu et al. (2004b) studied arseno-
pyrite oxidation in pH l.8  Fe2(SO4)3 solutions at concen-
trations of l ×  l0−2 to l ×  l0−5 mol·kg−1 and temperatures 
between 15 and 45 °C. The results confirmed that the rate 
of arsenopyrite oxidation increased with increasing dis-
solved  Fe2(SO4)3 and higher temperatures, with an oxida-
tion rate of  10–6 mol∙m−2∙s−1. Walker et al. (2006) used a 
mixed flow reactor system to study the rate of arsenopyrite 
oxidation by DO and its mechanism at 25 °C and circum-
neutral pH. The results revealed that in circumneutral envi-
ronments (pH 6.3–6.7), the rate of arsenopyrite oxidation 
was  110–10.14±0.03 mol∙m−2∙s−1, and the slow reduction of 
water at anodic sites on the arsenopyrite surface was the 
rate-determining step. McKibben et al. (2008) investigated 

the irreversible inorganic aqueous oxidation of arsenopyrite 
by dissolved  O2,  Fe3+, and  NO3

− at pH 2–4.5 and 10–40 °C 
with an ionic strength of 0.01 M. The specific rate constants 
(molal) for arsenopyrite oxidation by dissolved  Fe3+ (pH 2) 
and  O2 (pH 2–4.5) were  10–5 and  10–6.11, respectively. The 
dissolution rates of arsenopyrite under different conditions 
are summarized in Table 6.

With different NaCl concentrations at 320  °C and 
12.0  MPa, the relationship of the corrosion density 
of arsenopyrite and the concentration of NaCl was 
icorr = 297.49CNaCl + 17.44, and the coefficient of determi-
nation (R2) was 0.9634 (Fig. S9(c)). This result suggests 
that a higher concentration of NaCl prompts arsenopyrite 
dissolution.

With increasing pressure from 12.0 to 20.0  MPa at 
0.10 mol·L−1 NaCl and 320 °C, the relationship between 
corrosion density and pressure was icorr = 0.6P + 32.433, and 
the coefficient of determination (R2) was 0.9857 (Fig. S9(d)). 
The result reveals that increased pressure is beneficial for 
the dissolution of arsenopyrite. This result is significant for 
arsenopyrite pressure leaching in hydrometallurgy.

Conclusions

The electrochemical oxidation behaviors of arsenopyrite in 
pure water and solutions with different concentrations of 
NaCl (0–0.40 mol·L−1) were studied using in situ electro-
chemical techniques and surface analysis at temperatures 
from 240 to 360 °C and pressures from 12.0 to 20.0 MPa.

The OCP of arsenopyrite was found to shift towards nega-
tive values with increasing NaCl concentration, temperature, 
and pressure, suggesting that the thermodynamic stability of 
arsenopyrite weakens and arsenopyrite becomes more sus-
ceptible to oxidation under HTHP conditions. According to 
the polarization curves, higher NaCl concentrations prompt 
arsenopyrite dissolution, and the relationship between the 
corrosion density of arsenopyrite and NaCl concentration 
can be expressed as icorr = 297.49CNaCl + 17.44. Higher tem-
peratures prompt arsenopyrite oxidation, and the tempera-
ture (1/T) and corrosion rate (k) have a linear relationship: 
k = − 0.0356/T + 8.0 ×  10–5 within the temperature range of 
240–360 °C; this result has not been reported in the previous 

Table 6  Summary of the 
dissolution rates of arsenopyrite 
in different conditions

No Solution conditions Rate constants 
(mol∙m−2∙s−1)

References

1 15 ~ 45 °C, pH 1.8, 0.01 mol·L−1  Fe2(SO4)3 10–6 Yu et al. (2004b)
2 25 °C, pH 6.3 ~ 6.7, 0.3 ~ 17 mg·L−1  O2 10–10.14±0.03 Walker et al. (2006)
3 10 ~ 40 °C, pH 2.0, 1.0 mol·L−1  Fe3+ 10–5 McKibben et al. (2008)
4 10 ~ 40 °C, pH 2.0 ~ 4.5, 1.0 atm  O2 10–6.11 McKibben et al. (2008)
5 240 ~ 360 °C, 18.5 MPa, 0.20 mol·L−1 NaCl 8.0 ×  10–5 This work
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literature. Higher pressure accelerates the rate of arsenopy-
rite oxidation, and the relationship between corrosion den-
sity and pressure can be expressed as icorr = 0.6P + 32.433. 
The Raman and XPS results showed that arsenopyrite was 
oxidized to  S0, As(III), and Fe(II) and ultimately trans-
formed to  SO4

2−,  AsO4
3−, α-FeOOH, γ-FeOOH, and  Fe2O3 

under HTHP conditions.
These findings provide insight into the process of arseno-

pyrite oxidation under HTHP conditions. They may be used 
to predict the stability and dissolution of arsenopyrite under 
HTHP conditions, which would provide deeper insight into 
the geochemical circulation of Fe, As and S under hydro-
thermal conditions.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 022- 01929-2.
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