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Abstract Pressure oxidation leaching behavior of chalcopyrite in sulfuric acid solution from

110 �C to 150 �C were investigated by in-situ electrochemical methods. Leaching experiments under

saturated vapor pressure conditions were used to simulate the anoxic environment that may be

encountered in industrial applications. Scanning electron microscope and X-ray photoelectron spec-

troscopy were used to characterize the morphology and the chemical status of chalcopyrite surface.

Results show that the copper extraction was increased with the increase of leaching temperature.

Under the optimal leaching conditions under saturated vapor pressure, the copper and iron extrac-

tion are 8.3% and 29.8%, respectively. When the temperature increased from 110 �C to 150 �C, the
self-corrosion potential and electrochemical reaction resistance firstly increased and then decreased.

In contrast, the resistance of the passive film was always increased with the increase of temperature.

The electrochemical study results indicated that the increase in temperature affected the oxidation

of chalcopyrite by altering the kinetics of the cathodic reaction and the anodic passivation. Both the

self-corrosion current density (icorr) and rate constant were affected by the reduction of Fe(III). The

XPS results show that elemental sulfur and H3O(Fe3(SO4)2(OH)6) were the main leaching solid

products. The formation of H3O(Fe3(SO4)2(OH)6) not only caused a decrease in cathodic reaction

kinetics, but also increased the resistance of mass transfer process. Due to the faster release of iron,
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copper-rich sulphides were formed, which mixed with the elemental sulfur and/or H3O(Fe3(SO4)2(-

OH)6) led to coverage of the chalcopyrite surface.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1 X-ray diffraction analysis of chalcopyrite ore.
1. Introduction

As one of the most refractory and abundant minerals, chalcopyrite

accounts for 70% of the world’s copper-bearing reserves (Ahn et al.,

2021; Olubambi and Potgieter, 2009). At present, copper extraction

from chalcopyrite is mainly achieved by conventional pyrometallurgi-

cal technology. These pyrometallurgical processes have their advan-

tages, but they are hard to treat the low-grade ores and avoid the

emission of harmful SO2 (Córdoba et al., 2008). In contrast, hydromet-

allurgical extraction of copper from chalcopyrite has been considered

to be a promising alternative due to its environmental friendliness

and high efficiency, especially when the amount of rich copper ores

is constantly decreasing (Ruiz et al., 2014).

Extensive studies, mainly focused in sulfuric acid media and

hydrochloric acid media, have suggested that the leaching kinetics is

unsatisfactory due to the refractory of chalcopyrite and the formation

of passive layer(s) (Córdoba et al., 2009; Hackl et al., 1995; Xian et al.,

2013). Extensive debates stills exist in the surface passive layer forma-

tion mechanism. Element sulfur (Bai et al., 2021; Dutrizac, 1989), poly-

sulfide (Hackl et al., 1995), and iron hydroxy-oxide (Buckley and

Woods, 1984; Stott et al., 2000) have all been proposed as the main

components of the passive layer with different leaching mechanisms,

based on the products detected on chalcopyrite surfaces. Methods such

as bio-oxidation (Stott et al., 2000), oxidant-oxidation (Carrillo-

Pedroza et al., 2010; Tomas and Milan 1990; Wu et al., 2020) and

pre-treatment (Bafghi et al., 2013; Baláž and Achimovičová, 2006)

have been proposed to improve the leaching kinetics of chalcopyrite.

Despite of preliminary success achieved through these methods, the

leaching efficiency was still unsatisfactory. The copper extraction of

only 5% could be achieved in sulfuric acid solution (Bai et al.,

2021). The activation energy for leaching of chalcopyrite with hydro-

gen peroxide was 19.6 kJ/mol, indicating the diffusion control of sur-

face layer (PetroviĆ et al., 2018). To date, the treatment of chalcopyrite

hydrometallurgical techniques under atmospheric conditions has not

been successfully applied on an industrial scale due to the extremely

slow leaching kinetics (Koleini et al., 2010). Hence, there is a need to

develop an effective and promising strategy for chalcopyrite leaching

and to better understand the leaching mechanism.

Pressure-oxidation leaching of chalcopyrite was widely studied due

to faster leaching kinetics compared to atmospheric-oxidation leach-

ing. Previous studies have shown that pressure-oxidation leaching of

chalcopyrite has great potential to commercialize (Mojtahedi et al.,

2020). Yu et al. investigated the dissolution of chalcopyrite in sulfuric

acid solution from 125 to 175 �C at the oxygen pressure range of 0.52–

2.76 MPa, and they pointed out that the main products were sulfate

together with slightly elemental sulfur (Yu et al., 1973). Vizsolyi

et al. studied leaching residue, and they suggested that elemental sulfur

and hydrolyzed iron were major products of chalcopyrite dissolution in

sulfuric solution at 110 �C (Vizsolyi et al., 1967). Previous studies were

mainly focused on pressure leaching mechanism by conventional leach-

ing tests and ex-situ spectroscopic methods. To our knowledge, only

few studies were available on the pressure leaching mechanism of chal-

copyrite using in-situ electrochemical methods. There is a growing

need to develop in-situ research techniques to study the solid–liquid

interface during chalcopyrite leaching processes. Oxygen partial pres-

sure plays an important role in the oxidation of chalcopyrite. Conse-

quently, the dissolved oxidant in the solution would have a great

impact on the leaching kinetics of chalcopyrite. Given the iron content

of chalcopyrite, it is expected that the produced redox pair Fe(III)/Fe

(II) would have a significant effect on the dissolution of chalcopyrite.
The purpose of this investigation was to understand the pressure

oxidation mechanism from the perspective of electrochemistry by using

in-situ electrochemical methods. Leaching experiments were performed

in sulfuric acid solution in the temperature range of 110 �C to 150 �C,
which was used to simulate the anoxic environment that may be

encountered in industrial applications. The influence of temperature

and applied potential on chalcopyrite dissolution behavior was studied

by in-situ electrochemical characterizations, including cyclic voltam-

metry (CV), open circuit potential (OCP), chronoamperometry, poten-

tiodynamic polarization, and electrochemical impedance spectroscopy

(EIS). Scanning electron microscope (SEM) and X-ray photoelectron

spectroscopy (XPS) were applied to study the microstructure and

chemical status of chalcopyrite surface.

2. Experimental

2.1. Materials

The chalcopyrite used in this study was natural ore from a mine
in Guangxi, China. The elemental composition of rawmaterials

was determined by chemical titration method, showing
32.60 wt% of Cu, 36.60 wt% of S, and 22.63 wt% of Fe. The
chalcopyrite used for leaching experiments was broken by a
jaw crusher and its size fraction was no>75 lm. All the solu-

tions used in this study were made of distilled water and analyt-
ical reagent. The phase composition was determined by the X-
ray diffraction (XRD) analysis, as shown in Fig. 1, suggesting

the ore was composed with a well-crystallized chalcopyrite.

2.2. Experiments

The experimental studies were performed in two parallel steps,
the leaching, and the electrochemical steps.

2.2.1. Leaching experiments

The leaching experiments were carried out in an autoclave with
a controlling pressure accessory with an inert gas (Nitrogen),

http://creativecommons.org/licenses/by-nc-nd/4.0/
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and the diagram of autoclave was shown in Fig. 2(a). The
autoclave containing 500 mL of 1.0 mol/L sulfuric acid solu-
tion with mechanical agitation at the speed of 550 rpm. For

each leaching experiment, 5g of chalcopyrite was leached at
the target temperature. At the end of the leaching experiment,
the leaching system was rapidly cooled in air, and the obtained

slurry was immediately filtered to obtain the pregnant leaching
solution and the leaching residue. The copper concentrations
and iron concentrations of the pregnant leaching solution were

determined by an atomic absorption spectrophotometer
(AA240FS, Agilent Technologies Inc, Santa Clara, CA, USA).

2.2.2. Electrochemical experiments

The electrochemical experiments were carried out in an auto-
clave equipped with three electrodes system, as shown in
Fig. 2. The experiments were performed by an electrochemical

workstation (VersaSTAT. 4) which controlled by versastudio
software. The working electrode (WE) was prepared by sealing
the bulk chalcopyrite in synthetic resin, leaving only one face
with a geometry area of 1 cm2 to contact with the leaching

solution. SEM-EDS analysis confirmed that the composition
of work electrode surface was uniform. A platinum wire was
used as the counter electrode (CE) and an external pressure

balanced Ag/AgCl electrode (Cui et al., 2018; Macdonald
et al., 1979) was used as the reference electrode (RE). For each
electrochemical test, the electrolyte of reference electrode was

refreshed and the reproducibility was ensured by a standard
Ag/AgCl electrode. All potentials used in this study was con-
verted to the saturated hydrogen electrodes (25 �C) according
to the following relationship (Cui et al., 2018; Macdonald
et al., 1979):

DESHE ¼ DEobs þ 286:6� DTþ 1:745� 10�4DT2 � 3:03

� 10�6DT3ðmVÞ ð1Þ
To avoid the formation of secondary minerals during the

heating processes, only half of the electrolyte was pumped into
the autoclave to avoid the contact of the working electrode and

the electrolyte. When the system was heated to the required
temperature, the remained electrolyte was pumped into the
autoclave by a pressure pump. The OCP measurements were

carried out for 1800 s to ensure that a quasi-steady state was
achieved between the working electrode and the electrolyte
before potentiodynamic tests. Potentiodynamic tests were
Fig. 2 The diagram of (a) autoclave and (b) electrochemical experim

balanced Ag=AgCl electrode.
carried out by changing the potential at a potential sweep rate
of 1 mV/s. The CV tests scanned forward direction from OCP
to 1100 mV at a potential sweep rate of 10 mV/s. The poten-

tiostatic polarization measurements were carried out in range
of 411 mV-714 mV at 130 �C. The EIS tests were performed
with the frequency in a range of 50 kHz-0.01 Hz at open circuit

potential, and potentiostatic measurements were carried out at
411 mV, 554 mV, and 714 mV at 130 �C.

3. Results and discussion

3.1. Effect of temperature on copper extraction and iron
extraction

It is well known that oxygen partial pressure plays an impor-

tant role in the pressure oxidation of chalcopyrite (Han
et al., 2017; Mcdonald and Muir, 2007). As consequence, the
available dissolved oxygen in the solution would have a great
impact on the leaching kinetics of chalcopyrite. The results

from previous thermodynamic analysis on chalcopyrite disso-
lution mechanisms suggested that non-oxidative dissolution
was also a possible dissolution route for chalcopyrite leaching

(Lu et al., 2016). Given the iron content of chalcopyrite, it is
expected that the produced redox pair Fe(III)/Fe(II) would
play an important role in the dissolution process (Gui et al.,

2021).
To investigate leaching kinetics of chalcopyrite and simu-

late the anoxic environment that may be encountered in indus-

trial applications, tests were carried out at different
temperatures of 110 �C, 120 �C, 130 �C, 140 �C and 150 �C
with saturated vapor pressure, and the leaching results are
shown in Fig. 3. As seen in Fig. 3(a-b), the copper extraction

and iron extraction increased with the elongation of leaching
time at the first 40 min and then kept nearly stable after that.
When the leaching temperature was 110 �C, a final copper

extraction of 4.5% was achieved, while the final iron extraction
was close to 16.4%. Increasing the temperature from 110 �C to
150 �C had a positive effect on copper extraction, and a final

copper extraction of 8.3% could be obtained at 150 �C. The
obtained results show that the extraction of iron was always
higher than that of copper, which suggests the preferential
release of iron. The results from previous studies on oxidation

of chalcopyrite suggested that the dissolution of chalcopyrite
ent system, and the schematic illustration of (c) external pressure



Fig. 3 Effect of temperature on (a) copper extraction and (b) iron extraction (H2SO4 concentration: 1.0 mol/L, stirring speed: 550 rpm);

(c) the effect of temperature and solution pH on the precipitation and stability of various iron precipitates from ferric sulphate solutions.

Fig. 4 CV for the chalcopyrite electrode in 1.0 mol/L sulfuric

acid at a scanning rate of 10 mV/s.
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tended to form intermediate (e.g. Cu1-xS, Cu5FeS4 and Cu1-
xFe1-yS2) (Han et al., 2017; Lu et al., 2016). The iron extraction
was decreased from 29.8% to 17.5% when the leaching tem-

perature increased from 130 �C to 150 �C. Fig. 2(c) shows
the effect of temperature and solution pH on the precipitation
and stability of various iron precipitates from ferric sulphate
solutions (Claassena et al., 2002). As seen in Fig. 3(c), ferric

iron maintains its solubility only at a low pH and temperature.
The stability of H3O(Fe3(SO4)2(OH)6) increased with the
increase of temperature at the study solution pH. In other

words, H3O(Fe3(SO4)2(OH)6) was the predominant iron pre-
cipitate at the temperature of 150 �C, and the formation of it
decreased the iron concentration in the electrolyte.

3.2. Electrochemical studies of chalcopyrite pressure leaching

3.2.1. Cyclic voltammetry study

Cyclic voltammetry (CV) was used to study the pressure leach-
ing mechanism of chalcopyrite. CV measurements were carried
out in 1.0 mol/L sulfuric acid solution at 130 �C, and three

cycles between �180 mV and 1100 mV were obtained by
sweeping the electrode potential from OCP to 1100 mV at a
potential sweep rate of 10 mV/s. Fig. 4 shows the multi-

cyclic voltammogram of the chalcopyrite electrode. Three ano-
dic peaks (A1, A2 and A3) and two cathodic peaks (C1 and C2)
were observed. According to previous studies, those peaks A1
at the potential of 600 mV were related to the formation of the
Cu1-xFe1-yS2 (y > x) surface layer via Reactions (2) (Hackl
et al., 1995; Liu et al., 2017). As the potential further increased,

as shown in Reaction (3), the previous formed surface layer
Cu1-xFe1-yS2 (y > x) transformed to Cu1-x-zS2 (peak A2) (Liu
et al., 2017). When the applied potential was further increased
from 900 mV to 1100 mV, the dramatically increasing of ano-
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dic current density suggests that chalcopyrite was entered an
active dissolution status (peak A3) at this potential region
(Ghahremaninezhad et al., 2013; Yin et al., 1995). Peak A3

was completely disappeared in the following cycles, suggesting
the passivated state of electrode after the first cycle. The disap-
pearance of peak A3 is consistent with the results reported by

Ghahremaninezhad et al. (Ghahremaninezhad et al., 2013),
which suggested that the accumulation of leaching product
led to coverage of the chalcopyrite surface, and the dissolution

process was controlled by mass transfer through the surface
layer. Two reduction peaks between �180 mV and 0 mV
(C1: 0 mV and C2: �100 mV) were observed during inverse
scanning. Cui et al. demonstrated that the most probable reac-

tion of peak C1 was the reduction of H+ according to Reac-
tion (4) (Cui et al., 2018). The C2 peak may the related to
the reduction of the products produced during the cathodic

excursion.

CuFeS2 + 4H2O ! Cu1�xFe1�yS2 + xCu2þ+yFe3þ

+zSO4
2�+8zHþ+(2x + 3y + 6z)e�

ð2Þ

Cu1�xFe1�yS2 ! Cu1�xS2 + zCu2þ+(1-y)Fe2þ+2(z + 1-y)e�

ð3Þ

2Hþ+2e�!H2 ð4Þ
Fig. 5 Time-potential relationships (a) and potentiodynamic curves (

theory.
3.2.2. Open circuit potential and potentiodynamic study

In order to investigate the effect of temperature on the electro-

chemical oxidation behavior of chalcopyrite, open circuit
potential (OCP) tests were carried out at the same conditions
as the leaching experiment, and the results are shown in

Fig. 5(a).The OCP values were affected by the leaching tem-
perature, and the steady state OCP were approximately
218 mV, 305 mV and 258 mV, respectively.

Fig. 5(b) shows the potentiodynamic curves of the chal-
copyrite at different temperature. The potentiodynamic curves
obtained had a similar E-i profile, suggesting the similar initial
properties electrochemical reactions of electrode surfaces in the

temperature range of 110 �C to 150 �C at different applied
potential. The anodic current density increased rapidly as the
potential swept from OCP to 270 mV, which might be caused

by the oxidation leaching of chalcopyrite, as shown in Reac-
tion (5) (Dutrizac, 1990; Kartal et al., 2020). When the poten-
tial was swept from 270 mV to 400 mV, a distinct passive

region was observed on the potentiodynamic curve. The dis-
tinct passive region can be attributed to the coverage of surface
layer elemental sulfur (S0). As the anodic potential reached

440 mV, the anodic current density once again increased with
increasing potential, which is mainly resulted from the oxida-
tion of elemental sulfur (S0) at high potentials, as described
in Reaction (6) (Cui et al., 2018; Holmes and Crundwell, 2000).
b) of chalcopyrite electrodes at 130 �C, and (c) the mixed potential
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CuFeS2 + O2 + 4Hþ!Cu2þ+Fe2þ+2S0 + 2H2O ð5Þ

S0 þH2O ! SO2�
4 þ 8Hþ þ 6e� ð6Þ

Anode current density again decreased when the potential
increased from 490 mV to 540 mV, which is in good agreement
with CV results (peak A1 and A2). Reaction (2) and Reaction
(3) were used to describe those electrochemical processes

(Hackl et al., 1995; Liu et al., 2017). As the potential increased
further to 600 mV, a trans-passive dissolution occurred and the
surface layer surface layer Cu1-x-zS2 dissolved via Reaction (7)

and electrode entered an active region. Although the elemental
sulfur can be oxidized to sulfate at high potentials, the slightly
elemental sulfur was detected by XPS experiments (Hackl

et al., 1995; Lazaro and Nicol, 2006). As the anodic potential
increased above 630 mV, the anode current density decreased
with the increase of potential, suggesting that another passive

layer was formed on electrode surface. The formation of this
passive layer not only caused a decrease in anode current den-
sity, but also increased the resistance of mass transfer process.

Cu1 - x - yS2 ! 1� x� yð ÞCu2þ þ 2S0 þ 2 1� x� yð Þe� ð7Þ
From Fig. 5(b), it is evident that the passivation potential

range was narrowed with the increase of temperature. Due
to the passivation of chalcopyrite, the self-corrosion current
(icorr) was calculated by extrapolating the cathodic linear Tafel

line, and results are shown in Table 1. The self-corrosion cur-
rent (icorr) first increased and then decreased. Given the iron
extraction results in Fig. 2(b), the reduction of Fe(III) would

affect the exchange current density and rate constant (Yue
and Asselin, 2014). The effect of temperature on the self-
corrosion current (icorr) and OCP was illustrated by the mixed
potential theory, which was shown in Fig. 5(c). The results

shown in Table 1 reveal that the cathode Tafel slope decreased
from 0.081 V/decade to 0.069 V/decade, which was results
from the increased concentration of Fe(III) and/or the forma-

tion of passive layer. The self-corrosion current (icorr), which is
corresponding to chalcopyrite dissolution rate, was increased
from 1.36 � 10-4 A/cm2 to 1.79 � 10-4 A/cm2 resulted from

the improvement of cathodic reaction kinetics, indicating that
increasing temperature in range of 110–130 �C promoted the
leaching of chalcopyrite. When the temperature increased to

150 �C, the formation of H3O(Fe3(SO4)2(OH)6) decreased the
Fe(III) concentration and the cathodic reaction kinetics. The
cathode Tafel slope was increased from 0.069 V/decade to
0.110 V/decade and the self-corrosion current (icorr) decreased

to 1.69 � 10-4 A/cm2.

3.2.3. Electrochemical impedance spectroscopy study

To further determine the effect of temperature on the leaching
mechanism of chalcopyrite, EIS measurements were carried
Table 1 The calculated results at different temperatures.

Temperature (�C) Tafel Slope

(V/decade)

measured mixed potential

EM (mV) iM (A/cm2)

110

130

150

0.081

0.069

0.110

218

305

258

1.36 � 10�4

1.79 � 10�4

1.69 � 10�4
out at different temperatures in 1.0 mol/L sulfuric acid solu-
tion at OCP condition, and the Nyquist plots and Bode plots
are shown in Fig. 6. The obtained results show a similar result

to that reported under atmospheric conditions, which sug-
gested that an electrochemical process would be caused by
the accumulation of passive layer. Due to the passivation

observed on the potentiodynamic curves, two electrochemical
processes were existed during the dissolution processes of chal-
copyrite and it is reasonable to choose the electrical equivalent

circuit Rs(Q1(R1(Q2R2))) to study the mechanisms (Asselin
et al., 2007; Cui et al., 2018). The time constant located at high
frequency can be associated with the mass transfer resistance
caused by passive layer, while the low-frequency semicircle

was attributed to the electrode electrochemical reaction.
The corresponding electrical equivalent circuit is shown in

Fig. 6(a). Rs is used to represent the resistance of the solution,

and R1 and R2 are corresponded to the resistance of the passive
film and electrode electrochemical reaction resistance, respec-
tively. Table 2 shows the values of these parameters. As seen

in Table 2, the value of R2 decreased from 4.26 � 105 to
3.95 � 102 X cm2 when the temperature increased from
110 �C to 130 �C, suggesting the increase in chalcopyrite oxi-

dation rate. When the temperature increased from 130 �C to
150 �C, the value of R2 increased from 3.95 � 102 X cm2 to
1.46 � 103 X cm2, which can be related to the decrease in Fe
(III) concentration and the enrichment of H3O(Fe3(SO4)2(-

OH)6). The value of R1 increased with the increase in temper-
ature, which might be caused by the formation of porous
elemental sulfur layer. When the temperature increased from

110 �C to 130 �C, the high viscosity and poor mobility of the
liquid elemental sulfur led to the value of R1 increased from
1.08 � 102 X cm2 to 2.98 � 103 X cm2. As the temperature

increased further to 150 �C, the formation of H3O(Fe3(SO4)2(-
OH)6) resulted in the further increasement of R1 from
2.98 � 103 X cm2 to 4.46 � 103 X cm2.

3.2.4. Potentiodynamic polarization study

The passive layer had a significant influence on the leaching
kinetic of chalcopyrite (Dutrizac, 1990; Mojtahedi et al.,

2020; Vizsolyi et al., 1967). To determine the properties and
stability of passive layers formed at different applied poten-
tials, potentiostatic measurements were carried out at
411 mV, 554 mV, and 714 mV at 130 �C, as shown in Fig. 7

(a). In the initial polarization stage, the current density
decreased with time, which is caused by the formation of pas-
sive layers. With the elongation of the polarization time, a sud-

den increment of the current density was observed due to the
breakdown of the passive layers. However, the stability of
the passive layers decreased with the increase of the applied

potential, and stability time is 1800, 900, and 500 s at
411 mV, 554 mV, and 714 mV, respectively. The final polariza-
tion current density at 554 mV and 714 mV is closed to each

other, suggesting the surface chemical status of chalcopyrite
after polarization at 554 mV and 714 mV for 3600 s might
be similar. Meanwhile, a two stage breakdown of the passive
film formed at 411 mV was observed, which might be caused

by the transfer of chalcopyrite to Cu1-xFe1-yS2 (y > x) and
then to Cu1-x-zS2. It can be concluded that passive layers were
formed in the potential range of 411 mV to 714 mV, however,

the stability of the passive layers dramatically decreased with
the increase of applied potential.



Fig. 6 Nyquist plots (a) and Bode plots (b) of chalcopyrite at different temperature (H2SO4 concentration: 1.0 mol/L, saturated vapor

pressure).

Table 2 Equivalent circuit model parameters for chalcopyrite in 1.0 mol/L sulfuric acid at different temperatures.

Temperature(�C) Electrochemical element

Rs (X cm2) Y0.1 n1 R1 (X cm2) Y0.2 n2 R2(X cm2)

110 1.23 4.64 � 10�3 0.64 1.08 � 102 4.61 � 10�4 0.87 4.26 � 105

130 0.87 2.69 � 10�4 0.91 2.98 � 103 1.36 � 10�3 0.50 3.95 � 102

150 0.85 4.20 � 10�5 0.99 4.46 � 103 7.81 � 10�4 0.56 1.46 � 103

Fig. 7 (a) Potentiostatic polarization of chalcopyrite electrode at 411 mV, 554 mV and 714 mV for 3600 s at 130 �C; and scanning

electron microscope images of the surface of (b) chalcopyrite electrode, (c) obtained at 411 mV, (d) obtained at 554 mV and (e) obtained at

714 mV for 3600 s.
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The morphology of the chalcopyritesurface after potentio-
static tests polarization was studied by the scanning electron
microscope, as shown in Fig. 7(b-e). The inhomogeneous dis-
tribution of small particles around the active sites was found,

which may be related to the formation of elemental sulfur or
H3O(Fe3(SO4)2(OH)6). Corrosion cracks were observed on
the surface of samples obtained at higher potentials and an

increase in the applied potential also led to an increase in the
number of corrosion cracks.
3.3. XPS study

As a useful surface study method, XPS was widely used to

study the surface chemical states for different metals and ores
(Ghahremaninezhad et al., 2013; Kumar et al., 2020; Wu et al.,
2018), however, little has been published on chalcopyrite sur-

face chemical states at different potentials during the pressure
oxidation process. In order to determine the chemical compo-
sitions of passive layer and the surface elemental valence states
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under the pressure-oxidation conditions, the chalcopyrite elec-
trodes after potentiostatic polarization were used for XPS
analysis. Fig. 8(a) shows the high resolution XPS spectra of

Cu 2p. As shown in Fig. 8(a), a doublet at about 932.0 eV
and 952.6 eV was observed, which can be attributed to Cu
2p3/2 and Cu 2p1/2 orbits of cuprous species, respectively (Bai

et al., 2021; Ghahremaninezhad et al., 2013). Based on the sug-
gested binding energies for Cu 2p3/2 of Cu2O (932.8 eV), CuS
(932.0 eV) and Cu2S (932.6 eV) (Hirajima et al., 2017;

Ghahremaninezhad et al., 2013), the most possible cuprous
compound on these samples surfaces would be Cu(I)-S.

Fig. 8(b) shows the Fe 2p spectra of chalcopyrite electrodes
after polarized at different potentials. Two peaks at the bind-

ing energy of 708.7 eV and 721.3 eV can be related to the Fe
atoms in raw structure (Hackl et al., 1995). The iron species
detected on the surface of chalcopyrite raw ore were Fe(III)-

O/OH and iron sulfide species. For the samples after polariza-
tion, both Fe 2p3/2 peak and Fe 2p1/2 peak were absence on the
surface of electrode. This is mainly because of the faster deple-

tion rate of iron atoms and the formation of copper-rich sul-
fide (Mojtahedi et al., 2020).
Fig. 8 XPS spectrums of (a) Cu 2p, (b) Fe 2p, (c) S 2p and (d) O 1 s o

at different potentials in 1.0 mol/L sulfuric acid at 130 �C.
Fig. 8(c) shows the high resolution XPS spectra of S 2p.
The S 2p3/2 peak with binding energy of 161.1 eV was attribu-
ted to monosulfide (S2-) (Buckley and Woods, 1984; Harmer

et al., 2006; Klauber et al., 2001). The S 2p3/2 peak located
at the binding energy of 162.2 eV can be related to the chemical
bonds of Cu-S and Fe-S in disulfide (S2

2-) (Descostes et al.,

2000; Ghahremaninezhad et al., 2013; Nakai et al., 1978).
The S 2p3/2 peaks centered at 163.3 eV and 164.4 eV can be
related to the S 2p3/2 orbits of polysulfide (Sn

2-, n > 2) and ele-

mental sulfur (S0), respectively (Hackl et al., 1995; Harmer
et al., 2006; Klauber et al., 2001). The S 2p3/2 peak of sulfate
and/or residual electrolyte was centered at the binding energy
of 168.5 eV (Acres et al., 2010; Buckley and Woods, 1984;

Harmer et al., 2004; Harmer et al., 2006). In addition to the
peak of S 2p3/2, a broad peak (FWHM﹥2.5) caused by the
S 3p to Fe 3d interband excitation was always reported in

the previous literatures (Acres. et al., 2011;
Ghahremaninezhad et al., 2013; Goh et al., 2010). As shown
in Fig. 8(c), elemental sulfur (S0) was detected on the electrode

surface at OCP, indicating that elemental sulfur (S0) was one
of the leaching product at this potential (Vizsolyi et al.,
f chalcopyrite obtained after potentiostatic polarization for 3600 s



Fig. 9 The (a) speciation of sulfur and (b) speciation of oxygen after dissolution at different constant potentials.
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1967; Wu et al., 2020). The main component of the surface
layer was most likely to be the liquid elemental sulfur and
the copper-rich sulfides (e.g. disulfide (S2

2-) and/or polysulfide

(Sn
2-, n > 2)). Monosulfide (S2-), metal-deficient sulfide phase

Cu1-xFe1-yS2 and polysulfide (Sn
2-, n > 2) were detected on

the electrode surface obtained at 411 mV. When the applied
potential was 554 mV, due to the transformation of Cu1-
xFe1-yS2 (y > x), polysulfide (Sn

2-, n > 2) and sulfate were
detected as the main product. The partial coverage of polysul-
fide (Sn

2-, n > 2) not only caused a decrease in exposed elec-

trode area, but also increased the resistance of mass transfer
process. As the applied potential increased to 714 mV, Cu1-x-

zS2 was oxidized to elemental sulfur (S0) via Reaction (7).

In order to further confirm the surface layer and the leach-
ing product, a series of O 1 s XPS spectra for chalcopyrite elec-
trodes was shown in Fig. 8(d). Based on the open data, the O
1 s peak at 530.6 eV is correspond to the chemical bonds of

oxide and adsorbed oxygen, and the O 1 s peak centered at
531.5 eV can be related to OH– orbits of H3O(Fe3(SO4)2(OH)6)
or hydroxide species. Ghahremaninezhad et al. studied the

pressure-oxidative product of chalcopyrite, they pointed out
that H3O(Fe3(SO4)2(OH)6) was produced on the surface of
chalcopyrite (Ghahremaninezhad et al., 2013). From Fig. 8

(d), it is evident that H3O(Fe3(SO4)2(OH)6) was formation
on the surface of chalcopyrite, which caused the decrease of
iron concentration.

Fig. 9 shows the speciation of sulfide and oxide on the sur-
face of chalcopyrite electrodes obtained at different potentials.
As seen in Fig. 9, surface sulfur species and oxygen species
were both affected by applied potential, in other words, the

composition of passive layer depends on the leaching condi-
tions. When chalcopyrite was leached at OCP, copper-rich sul-
fide and elemental sulfur (S0) was the main leaching product of

chalcopyrite leaching. The coverage of leaching product led to
the passivation of chalcopyrite. When the potential increased
from OCP to 411 mV, the content of elemental sulfur was

decreased as potential increase, and this result was similar to
that reported by Tu et.al (Tu et al., 2017). Considering the
results of potentiodynamic study, the trans-passive dissolution
of chalcopyrite was a result of the absence of elemental sulfur.

As the potential increased to 554 mV, the content of polysul-
fide (Sn

2-) increased to approximately 40.2%. After electro-
chemical dissolution at 714 mV, elemental sulfur was
detected as the oxidation product of Cu1-xFe1-yS2 (y > x). It
can be concluded that applied potential plays an important
role in determining the chalcopyrite leaching routine.

4. Conclusion

In-situ electrochemical investigations of pressure leaching of chalcopy-

rite in 1.0 mol/L sulfuric acid solution from 110 �C to 150 �C with sat-

urated vapor pressure were investigated and a possible leaching

mechanism was suggested. It was shown that in-situ electrochemical

characterizations could successfully demonstrate the active–passive

dissolution of chalcopyrite. When the temperature increased from

110 �C to 150 �C, the corrosion potential (OCP) and electrochemical

reaction resistance (R2) first increased and then decreased. The XPS

results show that elemental sulfur (S0) and H3O(Fe3(SO4)2(OH)6) were

the leaching solid product. The formation of H3O(Fe3(SO4)2(OH)6)

not only caused a decrease in cathodic reaction kinetics, but also

increased the resistance of mass transfer process. The oxidation–reduc-

tion potential of the leaching solution the starting reaction and so that

surface chemical situation and surface sulfur species were affected. The

leaching product elemental sulfur mixed with the iron-depleted sulfides

and/or H3O(Fe3(SO4)2(OH)6) led to the passivation of chalcopyrite.
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