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Abstract  Fe(III) has been proved to be a more effective 
oxidant than dissolved oxygen at ambient temperature, how-
ever, the role of Fe(III) in pyrite acidic pressure oxidation 
was rarely discussed so far. In this paper, in-situ electro-
chemical investigation was performed using a flow-through 
autoclave system in acidic pressure oxidation environment. 
The results illustrated that increasing Fe(III) concentra-
tions led to raising in redox potential of the solution, and 
decreased passivation of pyrite caused by deposition of ele-
mental sulfur. Reduction of Fe(III) at pyrite surface was a 
fast reaction with low activation energy, it was only slightly 
promoted by rising temperatures. While, the oxidation rate 
of pyrite at all investigated Fe(III) concentrations increased 
obviously with rising temperatures, the anodic reaction was 
the rate-limiting step in the overall reaction. Activation 
energy of pyrite oxidation decreased from 47.74 to 28.79 kJ/
mol when Fe(III) concentration was increased from 0.05 to 
0.50 g/L, showing that the reaction kinetics were limited by 
the rate of electrochemical reaction at low Fe(III) concentra-
tions, while, it gradually turned to be diffusion control with 
increasing Fe(III) concentrations.

Keywords  Pyrite · Pressure oxidation · Fe(III) · In-situ 
electrochemistry · Hydrothermal experiment

1  Introduction

Pyrite, a significant refractory gold-bearing ore, contains 
finely dispersed microscopic and ultramicroscopic gold par-
ticles within its lattice structure (Yang et al. 2023; Deng and 
Gu 2022; Xu et al. 2022; Zhuo et al. 2018; Sundarrajan et al. 
2017; Rabieh et al. 2016; Hazarika et al. 2013; Groudev 
et al. 1998). As a host mineral, pyrite posed challenges to the 
efficient extraction of gold through conventional cyanidation 
methods, necessitating appropriate pretreatment methods to 
break the crystal lattice of pyrite. The acidic pressure oxida-
tion method has been proposed and continuously improved 
as an effective pretreatment technique to enhance the gold 
extraction rate. Specifically, pyrite was pressure oxidized in 
sulfuric acid solution at high temperatures (above 180 °C) 
and high oxygen partial pressure as pretreatment before cya-
nidation (Ng et al. 2022; Yu et al. 2017; Long and Dixon 
2004). In 1985, the Homestake Company’s McLaughlin gold 
mine in the United States became the first to commercially 
treat arsenic-bearing sulfur ore using pressure oxidation, 
marking a significant milestone in applying this method 
(Argall 1986).

Papangelakis and Demopoulos (1991) studied the pres-
sure oxidation kinetics of narrow-sized pyrite particulates 
in the temperature range of 140–180 °C and pressure range 
5–20 atm. They proposed that the pressure oxidation of 
pyrite usually follows the two competitive reactions, as 
shown in Eqs. (1) and (2). There were three main reactions 
occurring inside the autoclave under acidic pressure oxida-
tion conditions [Eqs. (1), (3), and (4)]. When the tempera-
ture increased, Eq. (1) became predominant, and the gener-
ated Fe(II) was subsequently oxidized to Fe(III) by dissolved 
oxygen, as described in Eq. (4). It could be observed that 
there was a continuous cycle between Fe(II) and Fe(III) in 
the oxidation process of pyrite as long as oxygen was present 
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in sufficient quantities. The oxidation reactions using Fe(III) 
as oxidant were shown in Eqs. (3) and (5). It was worth not-
ing that elemental sulfur was produced as a byproduct dur-
ing the oxidation of pyrite, which would prevent the further 
oxidation of pyrite (Long and Dixon 2007).

Many researchers have studied the influence of Fe(III) on 
pyrite oxidation behavior below 100 ℃ so far. The results 
demonstrated that Fe(III) was a more effective oxidant than 
dissolved oxygen. Especially in the solution with a lower pH 
value, the rate of pyrite oxidation caused by Fe(III) was two 
orders of magnitude larger than that caused by O2 (Xu et al. 
2016, 2023; Nicol et al. 2018; Huai et al. 2018, 2019; Li 
et al. 2016, 2017; Zhong 2015). Moses et al. (1987) observed 
that the decreased oxidation rate of pyrite in the saturated 
Fe(III) solution was due to the depletion of Fe(III), the quan-
tity of water-soluble Fe(III) supplied to pyrite by Fe(III)-
oxyhydroxide was insufficient. It was also proved that the 
consumption rate of Fe(III) was very fast, especially at the 
elevated temperatures (Liu et al. 2023). And it was under-
stood that the solubility of ferrous sulphate decreased at high 
temperatures (Kobylin et al. 2011; Cheng and Demopoulos 
2004). Therefore, it was difficult to maintain an appropri-
ate constant concentration of Fe(III) throughout the reac-
tion process to study the kinetic behavior of pyrite acidic 
pressure oxidation. To our knowledge, very little work on 
the effect of Fe(III) on pyrite oxidation under acidic high 
temperature and pressure has been reported. Probably due to 
the limitations of the closed autoclave, the concentration of 
Fe(III) couldn’t be maintained constant. The present investi-
gation utilized a homemade flow-through autoclave to over-
come the limitations of closed autoclaves. The concentration 
of Fe(III) could remain constant throughout the experiment.

In addition, previous research has indicated that pyrite 
acidic pressure oxidation is a complex electrochemi-
cal process controlled by the surface reaction rate (Liu 
et al. 2019; Bouffard et al. 2006; Williamson and Rim-
stidt 1994). Therefore, the research on the kinetic behav-
ior of pyrite during acidic pressure oxidation could be 
more accurately reflected by using in-situ electrochemical 

(1)2FeS2 + 2H2O + 7O2(aq) → 2Fe2+ + 4SO2−
4

+ 4H+

(2)FeS2 + 2O2 → Fe2+ + SO2−
4

+ S0(l)

(3)FeS2 + 8H2O + 14Fe3+ → 15Fe2+ + 2SO2−
4

+ 16H+

(4)4Fe2+ + O2(aq) + 4H+
→ 4Fe3+ + 2H2O

(5)FeS2 + 8Fe3+ + 4H2O → 9Fe2+ + 8H+ + SO2−
4

+ S0(l)

technology (Cui et al. 2018). In this work, we had innova-
tively built a flow type high-pressure hydrothermal in-situ 
electrochemical measurement device, the effects of Fe(III) 
on kinetics of pyrite acidic pressure oxidation were carried 
out by in situ electrochemical technology with this system 
over the temperature range from 160 to 220 °C. The in-situ 
electrochemical measurements including OCP, EIS, poten-
tiodynamic polarization, and linear polarization curves 
were used. The results revealed the effects of Fe(III) on 
the oxidation rate, the passivation phenomenon and the 
rate-determining step of the oxidation reaction of pyrite.

2 � Experimental

2.1 � Flow‑through autoclave system for in‑situ 
electrochemical measurements

As illustrated in Fig. 1a, experiments were carried out 
using a flow-through autoclave system. Two high-pressure 
liquid chromatography (HPLC) pumps were employed to 
deliver the experimental and reference solutions respec-
tively. The operating pressure was set to 5 MPa using a 
back pressure valve, and a pressure sensor was employed 
to monitor the pressure of the system. The mixed solu-
tion was collected in the waste tank through the cooler. 
An electrochemical workstation (Princeton 2263A) was 
employed for conducting electrochemical analyses.

Figure 1b illustrates the internal piping and electrode 
system in the flow-through autoclave. The experimental 
solution was introduced into the autoclave, coming into 
contact with the pyrite electrode. Subsequently, it con-
verged with the reference solution before being collec-
tively discharged from the autoclave. The thermocouple 
was positioned at 1–2 mm from the reaction chamber to 
ensure accurate control of the temperature within the reac-
tion environment. As shown in Fig. 1c, the pyrite elec-
trode (working area 0.28 cm2), which was obtained by 
cutting large monocrystalline pyrite into a cone frustum, 
was inserted into the tapered bore at the ceramic electrode 
base, a PTFE taper sleeve was used to seal the electrode as 
described in another work of our group (Lin et al. 2017c). 
The counter electrode was a porous platinum ring sin-
tered onto the ceramic electrode base, the electric signal 
of the counter electrode was delivered by a platinum wire 
inside the ceramic electrode base. The reference electrode 
employed was an external Ag/AgCl electrode. A sapphire 
glass was placed directly above the pyrite electrode as an 
optical observation window (Chen et al. 2020). The sap-
phire glass and the ceramic electrode base were sealed via 
PTFE O-rings.
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2.2 � Experimental materials

The pyrite samples came from Zhaoyuan, Shandong Prov-
ince, China. Its crystal structure was confirmed by X-ray 
diffraction. Electron probe analysis showed that the Fe 
and S contents (in wt%) of the samples were respectively 
46.17% and 52.71%, the primary impurity present was 
SiO2 (1.06%). Additionally, the main trace elements in 
the samples were copper (274 ppm), nickel (196 ppm), and 
cobalt (63.9 ppm). Solutions were prepared using ultrapure 
water and analytical-grade chemical reagents, which 
included a 0.3 M sulfuric acid as the experimental solution 
and a 0.01 M KCl as the reference solution. Specifically, 
Fe(III) was introduced into the sulfuric acid solution in 
the form of ferric sulfate, and the Fe(III) concentrations 
were 0.05, 0.10, 0.20, and 0.50 g/L. Under all experimen-
tal conditions, no iron precipitation was found in the auto-
clave through a high-temperature camera. It was worth 
emphasizing that the experimental solution needed to be 
injected into the autoclave first, the reference solution was 
subsequently pumped only after confirming that the exper-
imental solution had flowed into the waste tank. Regarding 
the pump speeds, the delivery rate for the experimental 
solution was set to 1.0 mL/min, while the delivery rate for 
the reference solution was set to 0.5 mL/min. In this study, 
all mentioned potentials were standardized concerning the 

saturated hydrogen electrode (SHE) using the following 
formula (Macdonald et al. 1979):

2.3 � Electrochemical measurements

The working electrode was polished with silicon carbide 
(SiC) sandpaper ranging from 1000 to 7000 mesh. Follow-
ing polishing, it was rinsed with distilled water and alcohol. 
Before injection, the sulfuric acid solution was deoxygen-
ated by purging with argon (99.99%) to eliminate dissolved 
oxygen. Electrochemical measurements were performed 
using Princeton 2263A electrochemical station and Pow-
ersuite software. Regarding OCP measurements, stability 
was defined as a potential variation within ±2 mV over 
120 s. The EIS scanning frequency range was configured 
from 10 kHz to 10 mHz, and EIS data were analyzed using 
Zsimpwin software (version 3.6). Then, linear polarization 
curves were generated by scanning in the forward direction 
from − 25 mV versus OCP to 25 mV versus OCP at a scan 
rate of 0.166 mV/s. Potentiodynamic polarization plots were 
measured by scanning in the forward direction from − 250 

(6)
ΔESHE =ΔEobs + 286.6 − ΔT + 1.745 × 10−4

ΔT2 − 3.03 × 10−6ΔT3(mV)

Fig. 1   Schematic diagram of a high-pressure hydrothermal experimental system with in-situ electrochemical test and b cross section of the 
autoclave and c longitudinal section of the autoclave. Experimental solution pump (1), pressure sensor (2), furnace (3), autoclave (4), cooler (5), 
back pressure valve (6), waste tank (7), platinum wire (8), silver wire (9), external reference electrode (10), reference solution pump (11), experi-
mental solution (12), mixed solution (13), reference solution (14), thermocouple (15), sapphire window (16), PTFE O-ring seal (17), pyrite elec-
trode (18), PTFE taper sleeve (19), porous platinum film (20), ceramic base (21)
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mV versus OCP to 750 mV versus OCP at a scan rate of 
0.166 mV/s. After each polarization curve measurement, 
the working electrode was removed and polished to ensure 
a smooth surface, thereby guaranteeing consistent testing 
conditions.

3 � Results and discussion

3.1 � Open circuit potential analyses

3.1.1 � Fe(III) concentration

OCP represented the equilibrium potential of the electrode 
in an electrochemical system once it reached stability. 
Figure 2a illustrated the OCP of pyrite in 0.3 M sulfuric 
acid solution with 0.05, 0.10, 0.20, and 0.50 g/L Fe(III) at 
220 °C, 5 MPa. When these Fe(III) were introduced, the 
following OCP values were measured: −178, −174, −160, 
and −93 mV, respectively.

The above findings illustrated a clear trend in which 
increasing Fe (III) concentrations resulted in a progressively 
positive shift in the OCP. This observation aligned with the 
findings reported by Sato (1960) and Ahmed (1978), indi-
cating a positive correlation between the OCP of pyrite and 
the concentration of Fe(III) in the solution. The measured 
OCP was a mixed potential, which was the coupling of the 
cathodic reaction with the anodic reaction. The cathodic 
reaction in the experiments was a reduction of Fe(III):

(7)Fe3+ + e− → Fe2+

As the concentration of Fe(III) increased, according to the 
Nernst equation, the equilibrium potential of the cathodic 
reaction rose, according to the mixed potential theory, the 
mixed potential increased accordingly.

3.1.2 � Temperature

Figure 2b showed the OCP of the pyrite electrode in 0.3 M 
sulfuric acid solution with 0.50 g/L Fe(III) at 160–220 °C, 
5 MPa. The following OCP values were measured at these 
temperatures were 158, 67, 30, and −93 mV, respectively. 
It was observed from Fig. 2b that as temperature increased, 
OCP values developed more negatively.

OCP acted as an indicator of the corrosion tendency of 
pyrite. As temperature increased, pyrite and other reactants 
received an increasing energy supply, making pyrite more 
susceptible to oxidation (Lin et al. 2017b).

3.2 � EIS measurements

3.2.1 � Fe(III) concentration

EIS was employed to investigate the impact of experi-
mental conditions on the surface state of pyrite electrode. 
Figure 3a illustrated a Nyquist diagram of pyrite in 0.3 M 
sulfuric acid solution with 0.05, 0.10, 0.20, and 0.50 g/L 
Fe(III) at 220 °C, 5 MPa. The obtained Nyquist plots dis-
played a flattened semicircle within the experimental fre-
quency range. Furthermore, it was observed that the size 
of the semicircle diminished with higher concentrations 
of added Fe(III). Figure 3b displayed the Bode-Z diagram 
for varying concentrations of Fe(III) at 220 °C. The plot 

Fig. 2   OCP measurements for pyrite in 0.3  M sulfuric acid solution with a 0.05, 0.10, 0.20, and 0.50  g/L Fe(III) at 220  °C, 5  MPa and b 
0.50 g/L Fe(III) at 160–220 °C, 5 MPa
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included two capacitor circuits, indicating two time con-
stants, one appeared in the high-frequency region around 
1000  Hz, and another appeared in the low-frequency 
region below 4 Hz. The high-frequency capacitor circuit 

represented the formation of an elemental sulfur layer on 
the surface of pyrite, which served as a passive film. Con-
versely, the low-frequency capacitor circuit corresponded 
to an electric double layer (Liu et  al. 2018; Lin et  al. 
2017a; Deng et al. 2022). Figure 3c exhibited the Bode-
modulus diagram for varying concentrations of Fe(III) at 
220 °C. The |Z| value associated with a low Fe(III) con-
centration rapidly increased in the low-frequency region. 
In contrast, the |Z| value associated with a high Fe(III) 
concentration exhibited a slower increase.

Figure 4 illustrates an equivalent circuit used to fit the 
experimental results. This circuit was utilized to charac-
terize the surface state of pyrite in sulfuric acid contain-
ing Fe(III) under high-temperature and high-pressure 
conditions (Cui et al. 2018). The circuit was denoted as 
Rs(Q1[Rpore(Q2Rct)]). Within this circuit, Rs represented the 
solution resistance, Q1 represented the capacitance of the 
passivation layer, while Rpore represented the resistance 
of the solution within the pore. Q2 represented the elec-
tric double-layer capacitance, while Rct represented the 
resistance associated with the charge transfer step. Based 

Fig. 3   a Nyquist, b Bode-Z and c Bode-modulus plots of pyrite in sulfuric acid with 0.05, 0.10, 0.20, and 0.50 g/L Fe(III) at 220 °C, 5 MPa

Fig. 4   Equivalent circuit for pyrite in 0.3 M sulfuric acid solution

Table 1   Equivalent circuit 
model parameters for pyrite in 
0.3 M sulfuric acid with 0.05, 
0.10, 0.20, and 0.50 g/L Fe(III) 
at 220 °C, 5 MPa

CFe(III) (g/L) Rs (Ω cm2) Q1-Yo 10–4 
(S Sn cm−2)

Q1-n Rct (Ω cm2) Q2-Yo 10–4 
(S Sn cm−2)

Q2-n Rpore (Ω cm2)

0.05 8.75 17.79 0.57 189 4.14 0.79 3113
0.10 9.62 18.38 0.53 63 2.20 0.90 364
0.20 9.69 13.51 0.57 52 1.89 0.90 268
0.50 9.73 13.96 0.56 23 5.60 0.80 236
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on the data presented in Table 1, the values of Rct were 
determined as 189, 63, 52, and 23 Ω cm2, respectively, at 
Fe(III) concentrations of 0.05, 0.10, 0.20, and 0.50 g/L. 
The values of Rpore were determined as 3113, 364, 268, 
and 236 Ω cm2, respectively.

At the same Fe(III) concentration, the values of Rct and 
Rpore obtained from equivalent circuit fitting differed by at 
least five times, and in some cases, the difference reached 
one order of magnitude. This might indicate that the charge 
transfer rate of electrochemical reaction on the electrode sur-
face was relatively fast, while the diffusion rate of reactants 
and products through the pores of a liquid sulfur layer was 
slow. As the Fe(III) concentration increased, Rpore values 
decreased by one order of magnitude. The sharp decrease 
in Rpore could be attributed to the following two reasons. 
Firstly, the equilibrium potential of Fe(III)/Fe(II) represented 
the redox potential of the solution, increased Fe(III) concen-
tration led to a rise in the redox potential, and it had been 
provided that sulfur yield in the oxidation product decreased 
with rising solution redox potential (Flatt and Woods 1995; 
Chandra and Gerson 2011; Sun et al. 2022). Thus, when 
Fe(III) concentration was increased, less elemental sulfur 
was produced in the pyrite oxidation reaction. Secondly, the 
elemental sulfur deposited on the pyrite surface could also 
be oxidized by Fe(III) as the following equation:

Increased Fe(III) concentration would accelerate the 
consumption of the elemental sulfur layer. This observation 

(8)6Fe3+ + S + 4H2O → 6Fe2+ + SO2−
4

+ 8H+

aligned with the findings reported by Liu et al. (2011). Rct 
exhibited the same decreasing trend with increased Fe(III) 
concentration, indicating that the charge transfer step was 
accelerated with the expanding supply of the oxidant.

3.2.2 � Temperature

Figure 5 shows the EIS of the pyrite electrode in 0.3 M sulfu-
ric acid solution with 0.50 g/L Fe(III) at 160–220 °C, 5 MPa. 
In Fig. 5a, the change in the radius of the Nyquist plots was 
relatively tiny with temperature, and there was almost no 
difference between the Nyquist plots at 200 °C and 220 °C. 
In Fig. 5b, two-time constants were still observed, with the 
high-frequency time constant around 3000 Hz and the low-
frequency time constant falling within the 3–100 Hz range. 
Notably, the low-frequency time constant shifted to the left 
as the temperature increased. In Fig. 5c, the distribution of 
|Z| in the low-frequency region fell between 250 and 350 Ω 
cm2. The fitting results in Table 2 revealed that Rpore values 
were at least one order of magnitude higher than Rct at each 
temperature. When the temperature was increased from 160 
to 220 °C, Rct showed a minor decrease from 27 to 22 Ω cm2, 
Rpore decreased from 522 to 236 Ω cm2. The decrease in Rpore 
could be attributed to the fact that rising temperature accel-
erated the diffusion of liquid sulfur from the pyrite surface 
into the solution, and the sulfur film thickness on the pyrite 
surface was decreased, accompanied by expansion of pore 
diameter within the sulfur film.

The liquid sulfur layer on the pyrite surface, was a cru-
cial factor influencing the acidic pressure oxidation kinetics 

Fig. 5   a Nyquist, b Bode-Z and c Bode-modulus plots of pyrite in sulfuric acid with 0.50 g/L Fe(III) at 160–220 °C, 5 MPa
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of pyrite. It was in a dynamic balance, on the one hand, 
elemental sulfur was continuously generated and accumu-
lated onto the pyrite surface. On the other hand, the liquid 
sulfur layer was also consumed constantly, either oxidized 
by Fe(III) or diffused into the solution. Both Fe(III) concen-
tration and temperature had varying degrees of impact on the 
liquid sulfur layer. Higher concentration of Fe(III) promoted 
the decomposition of the passivation layer, at the same time, 
reduced the yield of sulfur in pyrite oxidation. The increase 
in temperature accelerated the diffusion rate of elemental 
sulfur into the solution.

3.3 � Potentiodynamic curve analysis

3.3.1 � Fe(III) concentration

Figure 6a illustrated the potentiodynamic polarization 
curves of pyrite in 0.3 M sulfuric acid solution with 0.05, 
0.10, 0.20, and 0.50 g/L Fe(III) at 220 °C, 5 MPa. It could 
be seen that the potentiodynamic polarization curves 
moved towards the anodic direction with rising Fe(III) 
concentrations, the cathodic current densities increased 
obviously with rising Fe(III) concentrations, while, the 

anodic current densities were only slightly changed. It 
was worth noting that current platforms appeared in the 
cathodic branches of the potentiodynamic polarization 
curves, and the current density of the platforms increased 
with rising Fe(III) concentrations. It should be pointed 
out that at a Fe(III) concentration of 0.20 g/L, before the 
appearance of the current platform, there was a slight 
raising in cathodic current density, and the reason was 
unknown. The current platforms might represent the lim-
iting diffusion current of the cathodic reaction (Eq. 7). 
Appearance of limiting diffusion current platforms indi-
cated that the charge transfer step of cathodic reaction was 
fast, and the reaction was under diffusion control.

The limiting diffusion current density increased with 
rising Fe(III) concentration, this phenomenon could be 
explained by Eq. (9):

In the formula, n represented the number of electron 
transfers, F represented the Faraday constant, D repre-
sented the diffusion coefficient, Cb represented the Fe(III) 
concentration in the  bulk solution, and l represented 

(9)IL = nFD
Cb

l

Table 2   Equivalent circuit 
model parameters for pyrite 
in 0.3 M sulfuric acid with 
0.50 g/L Fe(III) at 160–220 °C, 
5 MPa

Temp (℃) Rs (Ω cm2) Q1-Yo 10–4 (S 
Sn cm−2)

Q1-n Rct (Ω cm2) Q2-Yo 10–4 (S 
Sn cm−2)

Q2-n Rpore (Ω cm2)

160 9.08 0.49 0.72 27 0.28 0.41 522
180 11.57 6.29 0.55 24 5.44 0.62 386
200 9.34 10.79 0.55 23 4.09 0.78 240
220 9.73 13.96 0.56 22 5.60 0.80 236

Fig. 6   Potentiodynamic polarization measurements for pyrite in 0.3 M sulfuric acid solution with a 0.05, 0.10, 0.20, and 0.50 g/L Fe(III) at 
220 °C, 5 MPa and b 0.50 g/L Fe(III) at 160–220℃, 5 MPa
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the thickness of the stagnant layer. Thus, rising Fe(III) 
concentrations resulted in higher IL.

3.3.2 � Temperature

Figure 6b presented the potentiodynamic polarization curves 
of the pyrite in 0.3 M sulfuric acid solution with 0.50 g/L 
Fe(III) at 160–220 °C, 5 MPa. The potentiodynamic polari-
zation curves moved toward the cathodic direction with ris-
ing temperatures. The anodic current densities were elevated 
significantly at higher temperatures, indicating the anodic 
reaction, that was oxidation of pyrite, was greatly affected 
by temperature. While, the cathodic current densities were 
rarely changed with rising temperatures, the fact revealed 
that the cathodic reaction, reduction of Fe(III), had a very 
small activation energy, it was a fast reaction.

The passivation phenomenon appeared in the anodic 
branches of the potentiodynamic polarization curves, 
which was caused by the accumulation of elemental sulfur 
onto pyrite surface during anodic scanning. At 160 °C, the 
anodic branch entered passivation from 195 mV and ended 
at 259 mV, with a passivation range of 64 mV. At 180 °C, the 
anodic branch entered passivation from 217 mV and ended 
at 267 mV, with a passivation range of 50 mV. At 200 °C, the 
anodic branch entered passivation from 310 mV and ended 
at 342 mV, with a passivation range of 32 mV. At 220 °C, the 
anodic branch entered passivation from 460 mV and ended 
at 477 mV, with a passivation range of 17 mV. It could be 
seen that, with rising temperatures, the passivation potential 
increased, the passivation region was shortened, and the cur-
rent drop during passivation was also weakened. The phe-
nomenon indicated that elemental sulfur accumulated onto 
the pyrite surface decreased with rising temperatures. The 

possible reason was that rising temperature reduced yield of 
elemental sulfur during pyrite oxidation (Long and Dixon 
2004; Bailey and Peters 1976). Specifically, the diffusion 
rate of elemental sulfur into bulk solution was enhanced at 
higher temperatures.

A slight passivation phenomenon was also observed in 
each cathode branch in Fig. 6b. It was speculated that this 
was caused by the hydrogen adsorption phenomenon. Pyrite 
was considered an effective catalyst for hydrogen production 
reaction (Gou et al. 2020). H+ could be reduced into hydro-
gen at pyrite surface, as described in Eq. (10):

Adsorption of hydrogen onto the pyrite surface hindered 
the reduction of Fe(III), leading to a decrease in cathodic 
current density.

3.4 � Linear polarization curve analysis

Linear polarization curves at various temperatures and 
Fe(III) concentrations were shown in Fig. 7. The obser-
vations and conclusions regarding the corrosion potential 
in Fig. 7 aligned with those derived from the OCP data. 
Increased Fe(III) concentration at the same temperature 
resulted in a higher corrosion potential (Liu et al. 2009). 
Conversely, when the Fe(III) concentration remained con-
stant, the corrosion potential decreased with rising temper-
atures. Corrosion current (Icorr), which was related to the 
reaction rate of the pyrite electrode, could be obtained by 
fitting the Linear polarization curve, the results were shown 
in Fig. 8. In Fig. 7a, changes in Fe(III) concentration had 
a noticeable effect on the slope of the polarization curve. 

(10)2H+ + 2e− → H2

Fig. 7   Linear polarization measurements for pyrite in 0.3 M sulfuric acid solution with a 0.05, 0.10, 0.20, and 0.50 g/L Fe(III) at 220 °C, 5 MPa 
and b 0.50 g/L Fe(III) at 160–220 °C, 5 MPa
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Combined with Fig. 8, at a temperature of 220 °C, Icorr 
increased from 43 μA to 159 μA when Fe(III) concentra-
tion was increased from 0.05 to 0.50 g/L. In Fig. 7b, the 
impact of temperature variation on the slope of the polariza-
tion curve was less pronounced. Combined with Fig. 8, Icorr 
increased from 108 μA to 159 μA when the temperature 
changed from 160 to 220 °C.

According to Fig. 8, when the temperature was 160, 180, 
200, and 220 °C, as Fe(III) concentration increased from 
0.05 to 0.50 g/L, Icorr increased by 99, 122, 131, and 116 
μA, respectively.

Fe(III) concentration was a primary factor influencing 
the oxidation rate of pyrite under acidic pressure oxidation 
conditions. The solubility of Fe(III) was associated with the 
acidity of the solution, and lower solution pH resulted in 
higher Fe(III) solubility (Fleuriault et al. 2016; Papangelakis 
et al. 1994; Dutrizac 1987; Scholten et al. 2019). Predictably, 
high sulfuric acid concentrations would benefit the oxida-
tion of pyrite, which was provided in previous studies (Craw 
2006; Descostes et al. 2004).

The oxidation current density of pyrite was determined 
by measuring Linear polarization curves in a 0.3 M sulfu-
ric acid solution over a temperature range of 160–220 °C. 
Fe(III) concentrations were 0.05, 0.10, 0.20, and 0.50 g/L. 
The apparent activation energy was calculated using the 
Arrhenius formula:

then,

(11)I = Aexp

(

−Ea

RT

)

finally,

Figure 9 illustrates the Arrhenius plots for pyrite oxi-
dation in a 0.3  M sulfuric acid solution with varying 
concentrations of Fe(III). Within the temperature range 
of 140–220 °C, the Ea values for Fe(III) concentrations 
of 0.05, 0.10, 0.20, and 0.50 g/L were determined to be 
47.74, 41.89, 35.65, and 28.79 kJ/mol, respectively.

Numerous activation energy values for pyrite oxidation 
have been reported in recent years. Zhong (2015) sug-
gested that the activation energy of the reaction ranges 
from 33 to 92 kJ/mol, implying that the oxidation process 
was primarily governed by chemical or electrochemi-
cal reactions rather than physical or diffusion reactions. 
Varying experimental conditions may influence part of 
the measured activation energy in this experiment. How-
ever, it can be demonstrated that decreasing activation 
energy with an increase in Fe(III) concentration is attrib-
uted to the gradual transition to diffusion control of the 
reaction. Long and Dixon (2004) reported an activation 
energy value of 33.20 kJ/mol in the temperature range of 
170–230 °C. Lin et al. (2017c) discovered that the aver-
age activation energy for pyrite oxidation under 40 MPa 
pressure was 29.80 kJ/mol. Furthermore, Wiersma and 
Rimstidt (1984) calculated the activation energy at dif-
ferent stirring speeds. They observed that at high stirring 
speeds, the activation energy was 92 kJ/mol, while at low 
stirring speeds above 35 °C, it decreased to 25 kJ/mol. 

(12)lnI = lnA −
Ea

RT

(13)Ea = −R
dlnI

d(
1

T
)

Fig. 8   Icorr obtained from Linear polarization data on pyrite in 0.3 M 
sulfuric acid solution with 0.05, 0.10, 0.20, and 0.50  g/L Fe(III) at 
160–220 °C, 5 MPa

Fig. 9   Arrhenius plots for pyrite in 0.3 M sulfuric acid solution with 
0.05, 0.10, 0.20, and 0.50 g/L Fe(III) at 160–220 °C, 5 MPa
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This indicated a change in the reaction mechanism from 
surface chemical control to mass transfer control. Based 
on the calculated activation energy, it could be concluded 
that the primary control mechanism of the reaction shifted 
from chemical reaction control to mass transfer control 
with the increase in Fe(III) concentration.

4 � Conclusions

The effect of Fe(III) on the acidic pressure oxidation 
behavior of pyrite was studied by in-situ electrochemical 
techniques using a flow-through autoclave system in the 
temperature range of 160 to 220 °C, Several conclusions 
can be drawn from the results:

1.	 Higher Fe(III) concentrations accelerated the oxidation 
of pyrite not only because it acted as oxidant in the reac-
tion, higher Fe(III) concentrations also led to increase 
in the redox potential of the solution, which resulted 
in decrease of the passivation phenomenon caused by 
elemental sulfur.

2.	 Reduction of Fe(III) at pyrite surface was a fast reac-
tion with low activation energy, it was only slightly 
promoted by rising temperatures. While, the oxidation 
rate of pyrite at all investigated Fe(III) concentrations 
increased obviously with rising temperatures, indicating 
that the overall reaction was under anode control.

3.	 Activation energy of pyrite oxidation gradually 
decreased from 47.74 to 28.79 kJ/mol when Fe(III) 
concentration was increased from 0.05 to 0.50 g/L. The 
results showed that the reaction kinetics were limited 
by the rate of electrochemical reaction at low Fe(III) 
concentrations, while, it gradually turned to be diffusion 
control with increasing Fe(III) concentrations.
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