W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202400053

www.chemistryopen.org

A Comparison of the Electrochemical Oxidative Dissolution

of Pyrite and Chalcopyrite in Dilute Nitric Acid Solution

Samaneh Teimouri,” Johannes Herman Potgieter,”” and Caren Billing*® "

Understanding the oxidation of sulfidic minerals, especially
those of pyrite and chalcopyrite, under acidic conditions has
important outcomes, such as exposing any encapsulated gold
not recovered by traditional cyanidation processes. This study
focused on the electrochemical oxidation of pyrite and
chalcopyrite in a 0.5M nitric acid solution. Electrochemical
techniques were employed, using the minerals as working
electrodes. Cyclic voltammetry (CV) was performed to detect
redox processes and resulting products were suggested.
Electrochemical impedance spectroscopy (EIS) was run at
specific potentials corresponding to oxidation processes de-
tected to further probe the reaction mechanism. For pyrite at

1. Introduction

Pyrite and chalcopyrite, which often occur together, are wide-
spread sulfide minerals present in the earth’s crust!? Pyrite
(FeS,), the most common iron sulfide mineral, is used in the
production of sulfur and sulfuric acid.”! Chalcopyrite (CuFeS,),
the most abundant copper mineral, forms the basis of copper
production. Researchers recently developed novel applications
of pyrite and chalcopyrite, based on their non-toxic, semi-
conductive properties, their abundance and low material cost.”
These minerals have various electrochemical applications, such
as in solar energy collectors in solar panels, as solid-state sensor
materials,” as a depolarizer anode in hydrogen production,®
and as a cathode or an anode material for lithium-based
batteries.”

Pyrite and chalcopyrite often processed to extract the
associated precious metals, particularly gold. The oxidation of
these sulfidic minerals is important for enhancing gold extrac-
tion from refractory sulfidic ores and mine tailings, since pyrite
and chalcopyrite oxidation expose encapsulated gold.®'” On
the other hand, there are some environmental problems caused
by sulfide minerals. In mining operations and tailings, exposure
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low anodic potentials (0.4-0.6 V vs Ag/AgCl), Fe,.S, and Fe(OH),
with a sulfur-rich layer which forms S° accumulates on the
electrode surface, leading to diffusion controlled dissolution
processes. Above 0.7 V, the pyrite is fully oxidised, eradicating
the diffusion barrier and extensive oxidation occurs at high
potentials (0.9 V). Similar processes occurred for chalcopyrite
with mainly iron-deficient sulfides (like Cu,,Fe,,S,,, CuS, CuS)
forming at low potentials (0.3-0.5 V), and S° partially covering
the surface causing a diffusion barrier. Increasing the potential
to beyond 0.7V leads to these layers converting to soluble
species.

of sulfide minerals to air and water generates acid mine
drainage (AMD) due to oxidative dissolution. This can lead to
groundwater contamination.""'? The co-existence of pyrite in
coal also leads to the emission of sulfur dioxide at power
stations in which coal is burned for power generation."*'

Global industrialization, automation, and the depletion of
high-grade ores have increased demand for valuable metals,
often outpacing supply.'™ To address this, focus has shifted to
extracting metals from sulfidic refractory low-grade ores, mine
tailings, and industrial waste. This has prompted investigations
into the electrochemistry of pyrite and chalcopyrite, using cyclic
voltammetry (CV) to identify redox processes at specific
potentials.'s"”

Despite extensive research, the redox reactions, product
compositions, passive surface layers, and intermediates in the
oxidative dissolution of these minerals remain debated. Earlier
studies postulated that the passive layer and the intermediates
resulting from the oxidative dissolution of pyrite and chalcopyr-
ite may consist of metal-deficient sulfides such as pyrrhotite
(Fey,S,), copper-rich species (Cu,,Fe,,S,,, Cu,S, CusS), and sulfur
segments (elemental sulfur (5% and polysulfides S,>~, n>2), as
well as iron-rich layers composed of Fe,0O;, FeO, Fe(OH);, and
Fe(OH)Z.[W—ZOJ

Tu et al."® studied pyrite oxidation at pH=2 (adjusted with
10% H,SO,) finding that at 0.5 V vs saturated calomel reference
electrode (SCE), Fe(OH); and elemental sulfur (S° formed,
covering the surface of the pyrite electrode, which resulted in
reactions being diffusion-limited. At 0.6 V (vs SCE), the sulfur-
rich layer converted to crystalline Sg allowing continued
oxidation. At 0.8V (vs SCE), Fe(OH); and SO, formed, along
with polysulfides (S,>”) and an iron-rich layer consisting of FeO
and Fe,0, which accumulated on the surface of the pyrite."®
Zhang et al.”” examined the dissolution of pyrite, pyrrhotite,
chalcopyrite, bornite, and chalcocite in acidic sulfate media

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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using CV, noting that an inhibitory layer forms during initial
oxidation, which can be removed with higher oxidation
potentials, facilitating further dissolution.”"

Lazaro & Nicol® studied the anodic dissolution of chalco-
pyrite in 0.5 M sulfuric acid solution. They found evidence of
the formation of Cu**, Fe?, and soluble sulfur species (H,S) at
the early stage of oxidative dissolution of chalcopyrite at 60 °C.
Ghahremaninezhad et al."” employed potentiodynamic polar-
ization, electrochemical impedance spectroscopy (EIS), and
Mott-Schottky methods to analyze chalcopyrite oxidation,
finding a thin Cu,, Fe,, S, (y >x) layer that thickened from OCP
~—0.235V to 0.10V vs MSE (saturated Hg/Hg,SO, electrode;
~0.20 V to 0.53 V vs Ag/AgCl). At 0.30 V vs MSE (~0.73 V vs Ag/
Agdl), this layer partially dissolved, leading to Cu,..S, forma-
tion. At higher potentials (0.30-0.42V), both these layers
dissolved, and extensive dissolution of the chalcopyrite elec-
trode begins. Further increasing the potential to 0.75V vs MSE
(~1.18 V Ag/AgCl) led to the formation of CuS and Fe,(SO,),
concomitantly."”

Old mine dumps in South Africa still contain residual gold,
which is recovered by DRDGold at their ERGO plant in
Johannesburg. Much of this gold is refractory, primarily
encapsulated in pyrite and, to a lesser extent, chalcopyrite.
Teimouri et al.”® examined the dissolution kinetics of these
mine tailings, predominantly pyrite, in nitric acid as a potential
method for enhancing gold recovery. Most previous studies
focused on sulfuric acid solutions, and it remains uncertain
whether the dissolution mechanisms would be similar in nitric
acid.

This research aims to independently confirm the electro-
chemical behaviour of pyrite and chalcopyrite in 0.5 M nitric
acid. Cyclic voltammetry (CV) scans were conducted at various
scan rates and potential ranges to identify possible redox
reactions. Linear sweep voltammetry (LSV) focused on oxidative
dissolution potentials, guiding the selection of potentials for
further measurements using electrochemical impedance spec-
troscopy (EIS). This approach seeks to provide new insights into
recovering gold residues from mine tailings and determine if
dissolution mechanisms differ between nitric and sulfuric acids.
Additionally, it aims to clarify the differences in dissolution
behaviour and mechanisms of pyrite and chalcopyrite, ulti-
mately linking these findings to the kinetics of their dissolution.

Additionally, the dissolution behaviour of pyrite and
chalcopyrite is of particular interest for biomining applications,
where bacteria are often used for leaching metals from sulfidic
ores.**? |n such cases, both the mineralogical composition of
the material and the governing mechanism influence the
dissolution kinetics. In particular, the kinetics and mechanism of
copper dissolution plays an essential role, as copper can be
toxic to bacteria above limiting concentrations. This work
therefore should be highly relevant for both bioleaching
operations involving pyrite and chalcopyrite.
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Experimental

Preparation and Characterization of Pyrite and Chalcopyrite
Electrodes

To create the working electrode from the minerals (pyrite and
chalcopyrite), a small piece of each mineral was encapsulated in an
epoxy resin matrix. One end of the mineral was connected to a
copper wire using silver glue, while the surface on the other end
was left exposed. After the epoxy resin dried overnight, the
exposed surface area of the pyrite/chalcopyrite was polished with a
rotating disc covered with consecutively finer-grained silicon
carbide papers. To smooth the surface and remove any surface
defects, the exposed surface was polished using a rotating disc
covered with a soft cloth impregnated with alumina (0.5 um) mixed
with deionized water. After polishing, the electrodes were thor-
oughly rinsed with deionized water to remove any alumina
particles. The exposed surface area of both pyrite and chalcopyrite
electrodes was measured under a microscope connected to Nicon
EIS-Elements software. The surface area for pyrite and chalcopyrite
were 53.4 mm? and 56.7 mm? respectively. The preliminary phase
analysis for pyrite and chalcopyrite used to make the electrodes
was analysed with X-ray diffraction (XRD) (Bruker D2 Phaser). In
addition, scanning electron microscopy and energy dispersive
spectrometry (SEM-EDS) (ZEISS Sigma) to determine their chemical
composition was also performed.

Electrochemical Measurements

The electrochemical techniques applied in this work include cyclic
voltammetry (CV) to gain an oversight of the redox processes and
their kinetics, linear sweep voltammetry (LSV) to obtain better
estimates of applied potentials to be used in the electrochemical
impedance spectroscopy (EIS) measurements, and EIS to further
probe the reaction mechanism. To ensure the initial stability of the
pyrite and chalcopyrite electrodes, they were immersed in 0.5 M
HNO; solution as the electrolyte, and the open circuit potential
(OCP) was measured. This was done for 120 min (until a stable
value was maintained) before the EIS measurements were initiated
at each DC bias potential for each of the electrodes. The cyclic
voltammograms (CV) of pyrite and chalcopyrite in 0.5 M HNO,
solution were obtained using a Metrohm Autolab PGStat10
potentiostat controlled by General Purpose Electrochemical (GPE)
software connected to a typical three-electrode electrochemical
cell. The prepared pyrite or chalcopyrite working electrode (WE)
was used along with a Pt counter electrode and Ag/AgCl (3 M KCl)
reference electrode (both supplied by Metrohm). The WE was
polished before each set of experiments. All potential values
quoted in this work are with respect to this reference electrode and
a potential step of 4 mV was used for all voltammetric measure-
ments. The LSV was measured in the potential range from —0.1-
0.9V (vs Ag/AgCl). The EIS measurements were conducted using a
BioLogic VMP300 potentiostat-frequency response analyser (FRA)
under DC bias at different potentials in the frequency range of
1072-10° Hz with 10 mV amplitude. The EC-Lab Z-fit software was
used to fit the obtained Nyquist plots. All experiments were
conducted at room temperature in a static solution.
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2. Results and Discussion
2.1. Characterization of Pyrite and Chalcopyrite Electrode
The pyrite and chalcopyrite minerals that were used to make

the electrodes, were analysed by XRD, as well as SEM-EDS to
identify the main phases, the chemical composition and purity

of the minerals”” Figure 1(a- pyrite and b- chalcopyrite) ()
represents the XRD patterns showing mainly the presence of

pyrite and chalcopyrite, with some impurities such as quartz Element Weight%
(Si0,) in both minerals and sphalerite (zinc sulfide mineral with Ee i::?

(Zn, Fe)S chemical composition) in the chalcopyrite. Figure 2(a Totals 100.0

and ¢) shows the SEM-EDS of pyrite (FeS,) (formula weight=
119.98 g) with the detection of 53.9% sulfur (S) and 46.1% iron
(Fe) (as wt%), which is close to the theoretical percentage of
the main elements for pyrite, with sulfur 53.5% and iron
46.6%.°® Figure 2(b and d) shows the SEM-EDS analysis of
chalcopyrite (CuFeS,) (formula weight=183.5 g), and identified

35.6% sulfur (S), 30.6% iron (Fe), and 33.8% copper (Cu) (as (d)
wt%), which is again close to the theoretical percentages of Element  Weight%
these main elements with sulfur, iron, and copper as 34.9%, ?e 222

30.4%, and 34.6 % (wt%),?**” respectively. Cu 338

Totals

T T T T T T a
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Figure 2. SEM-EDS of (a,c) pyrite and (b,d) chalcopyrite electrode.
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Figure 1. XRD patterns of (a) pyrite and (b) chalcopyrite minerals. potential.
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—0.5V. In the anodic (oxidation) section, three anodic peaks
were detected, labelled A,, A,, and A;, and correspondingly, in
the cathodic (reduction) part, three cathodic peaks C;, C;, and G,
appeared.

Figure 4 represents the voltammograms (for the third cycle)
of pyrite each at a different scan rate of 0.5, 1, 1.5 and 2 V/s. As
illustrated, increasing the scan rate from 0.5-2 V/s, increased
the current response of the redox peaks. The peaks were not
clearly distinguishable at lower scan rates (such as 0.05 V/s);
even at a scan rate of 0.5 V/s (Figure 4) the oxidation peaks A,
and A; are subtle. Fast scan rates allow for the detection of
transient species at higher concentrations before they undergo
chemical reaction or diffusion which decreases their concen-
trations at the electrode surface. Hence the scan rate of 2 V/s
which led to pronounced redox peaks was applied in the
subsequent CV scans.

-3 | A
2.0x10 —— Scan rate 0.5 V/s )
. —— Scanrate 1V/s
1.5x10° 1 Scan rate 1.5 V/s Y.
. —— Scanrate 2 V/s Vi
1.0x10°
gs.omo" B
g 00
S
o 4
-5.0x10"
-1.0x10° o
-1.5x10°
-2.0x10°
-2.5x10°
T T T T T T T
-0.6 0.4 -0.2 0.0 0.2 04 0.6 08 1.0

Potential (V) vs Ag/AgCI

Figure 4. The CV scans for pyrite as the WE at different scan rates in 0.5 M
HNO..
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Figure 5. Changing the potential range on the positive side of the pyrite CV
scan (the 3 cycle) measured at 2 V/s scan rate in 0.5 M HNO;.
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2.2.1. Effect of Changing the Potential Range on Pyrite

The effect of changing the potential range on the positive side
from 0.9, 0.8, 0.7, 0.6, 0.5 and 0.4 V while keeping the cathodic
potential fixed at —0.5 V on the CV scans of the pyrite electrode,
is illustrated in Figure 5. Altering the positive potential to a
smaller range (+0.8 V) first affects the anodic peak A, and the
cathodic peak C,. By further shortening the positive potential
range to +0.6 V the cathodic peak C, becomes very small, and
then the peak C; by reducing the range to +0.5 V. Therefore,
when the potential range becomes shorter the associated redox
reactions cannot be driven fully, hence the related redox peaks
appear smaller. This illustrates a clear association between the
redox process at A, and C,, as well as at C,, and C; with A,, and
A,.

To determine the effect of sweeping to different negative
potentials, the direction of the scan was reversed by starting at
Eocr and moving to —0.5, —0.4, 0.0, +0.2 and + 0.3V, and then
sweeping to a fixed positive potential of +0.9V, as shown in
Figure 6. Making the negative potential smaller (to —0.4V) the
cathodic peak C; and the related anodic peaks A, and A,
become smaller. By further reducing the range to 0.0V, the
cathodic peaks C, and C; become smaller, and the anodic peak
A, is also affected. With the cathodic vertex reduced to +0.2'V,
no reduction peaks appeared and the A, peak became even
smaller. Thus, at a shorter negative potential range, the
cathodic reactions do not occur completely, consequently the
related cathodic peaks (C;, C, and C,) and the correlated anodic
peaks are smaller.

2.2.2. Interpretation of the Redox Peaks in Pyrite CV Scan

The current increased exponentially during the anodic sweep
from Egp=~+0.4V to +0.9V (see Figure 3). At the highest
potential (+0.9V) at peak A,, a complete oxidation of FeS, to
Fe(OH)y/Fe*™ and SO,” with several electrons released is
expressed in reaction 1. This can be observed by the sharp
escalation of current for a small increment of the potential in

2.0x10°
+0.9-05V A
1.5x10° 4 +0.9-0.4V 1
| +0.9 0.0V
. +09+02V
1.0x107 +0.9+03V
5.0x10*
< i
g 0.0
5 ]
o
-5.0x10"
-1.0x10°
-1.5x10°
-2.0x10° T T T S e B I e
06 04 02 0.0 0.2 0.4 0.6 0.8 10

Potential (V) vs Ag/AgClI

Figure 6. Changing the potential range on the negative side of the pyrite CV
scan (the 3 cycle) measured at 2 V/s scan rate in 0.5 M HNO;.
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the voltammogram.'®?" No oxygen evolution was observed at
+0.9 V which would cause bubble formation on the electrode
surface (this was the case even when the electrode was
maintained at this potential for longer periods while doing EIS
measurements). For successive scans, at this high potential (+
0.9 V), the previously formed iron deficient sulfide (Fe,.S,) and
S° (formed during partial oxidation of pyrite at 0.05 V at A;) can
further oxidise based on reactions 2 and 3.B°*" Visual scrutiny
after the CV scan showed some dark purple/black substance(s)
covering the surface of the pyrite electrode. This is likely
evidence of formed ferric hydroxide Fe(OH); as confirmed in
research by Tu et al. (2017)."®

FeSz(s) + 11H20(|) — Fe(OH)3(S) + 250427(301) +

1
19H , + 15e” M

Fe;Sys) + 8H,04 — (1-x)Fe3+(aq> + 2504 (oq) +

2
16H" , + 3(5x)e” @

Sy + 4H,04 — SO, (g + 8H' (g + 6€° 3)

Reversal of the potential in the cathodic direction results in
three reduction peaks. The first reduction peak C, at +0.45V is
assigned to the reduction of Fe(OH),/Fe** to Fe’™, i.e. a one-
electron reduction based on reactions 4 and 5.2

Fe(OH)s + 3H (g + € — Fe*'(, + 3H,0y @)

Fe*' g + & — Fe''yy (5)
The second reduction peak C, detected at ~+0.1V represents

the reduction of FeS, to FeS and H,S based on reaction 6"
FESZ(S) + 2H+(aq) + 2e” — FeS(S) + HZS(Q) (6)

The third cathodic peak C; detected at ~—0.25 V represents the
reduction of S° (formed during partial oxidation of pyrite at A;)
to H,S as given by reaction 7.®?'3¥ The current produced at the
negative vertex potential (—0.5 V) is associated with hydrogen
evolution.

% + 2H g + 267 — HyS %

When the scan was reversed to the positive potential direction
again, an oxidation peak A, was detected at —0.15 V. This is
associated with the oxidation of the produced H,S (at C;) back
to elemental sulfur (%, as expressed in reaction 8 (reverse of
reaction 7). The intensity of peak A, is anticipated to be low
because the H,S, generated is dispersed fairly quickly, resulting
in its concentration being low near the electrode.!"#"*%

HySg — S°%) + 2H"qq + 2e7 (8)

The oxidation peak A; at +0.05V, represents initial, partial
oxidation of FeS, to Fe(OH),/Fe**, Fe?’* and S° based on

ChemistryOpen 2025, 14, e202400053 (5 of 14)

reactions 9 and 10. Partial oxidation may also result in sulfur-
rich intermediate products, i.e. iron deficient sulfide (Fe,.S,)
and polysulfides (S,27). The accumulation of these substances
on the electrode’s surface leads to a diffusion layer, which only
at higher potentials (at A;) can further oxidise to other species
including SO, and thus eliminate the diffusion barrier.'8'334

Fe52<5> + 3Hzo(l) - Fe(OH)3(5) + 250(5) +

3H",q + 3€

Fesz(5> g Fe2+(aq) + 250(5) + 2e” (10)

2.3. Cyclic Voltammetry (CV) for Chalcopyrite

A similar set of experiments was run on the freshly polished
chalcopyrite electrode in 0.5 M HNO; and the three-cycle CV
scan is presented in Figure 7. The scan was initiated from the
Eqcp=~+0.15V (as marked in the graph) in the anodic
direction to + 1V, then reversed in the cathodic direction to
—0.7 V. In the initial anodic sweep from Eqe only peak A; was
detected, but on the subsequent anodic scans peaks A, and A,
as well as A, and A, were observed (five anodic peaks in total).
On the subsequent scans peak A; is also shifted in a more
positive direction. Furthermore, in the cathodic part, four
reduction peaks appeared.

The voltammograms (for the third scan) of chalcopyrite at
different scan rates of 0.02, 0.05, and 0.08 V/s are displayed in
Figure 8. Where a faster scan rate resulted in more pronounced
peaks for the pyrite electrode, the opposite was true for
chalcopyrite with the slower scan rate of 0.02V/s generally
producing more pronounced redox peaks, thereby indicating
which redox processes occur at slower rates. A scan rate of
0.02 V/s was applied in the subsequent CV scans.

4 1st scan A
4.0x107 4 2nd scan 3
3rd scan
2.0x10™
<
§ 0.0
5
o
-2.0x10"
-4.0x10"
T T T T T T T

- _—
-0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 0.8 1.0
Potential (V) vs Ag/AgCI

Figure 7. A three-cycle CV scan of chalcopyrite mineral as the WE, measured
at 0.02 V/s scan rate in 0.5 M HNO;.
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Figure 8. The CV scans for chalcopyrite as the WE at different scan rates in
0.5 M HNO;.
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Figure 9. Effect of sweeping to different potentials in the positive range of

the CV scans (the 3" cycles) of the chalcopyrite as the WE, at 0.02 V/s scan
rate in 0.5 M HNO;.

—07+1V A

4.0x10"

2.0x10"

0.0 4

Current (A)

-2.0x10™ |

-4.0x10* |

T T T T T 1 T
-0.8 -0.6 -0.4 0.2 0.0 02 04 06 08 1.0

Potential (V) vs Ag/AgCl

Figure 10. Effect of sweeping to different potentials on the negative range
on the CV scans (the 3 cycles) of the chalcopyrite as the WE measures at
0.02 V/s scan rate in 0.5 M HNO;.
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2.3.1. Effect of Changing Potential Range on Chalcopyrite

The effect of reducing the vertex potential in the positive range
to +1, 0.9, 0.8, 0.7, 0.6, 0.3, 0.2, and 0.125 and measuring to
—0.7V on the CV scans of chalcopyrite are illustrated in
Figure 9. By reducing the positive potential range, the anodic
reactions at A; and A, do not fully occur, hence this affects the
cathodic reactions occurring at C; and C,, as the current of
these cathodic peaks reduced noticeably. Thus, by observing
these CV scans with a gradual reduction in the positive
potential range, one can deduce that the anodic reactions at A,
and A, are related to the cathodic reactions at C; and C,.

The effect of sweeping to different negative vertex
potentials, commencing at E,, and sweeping to —0.7, —0.5,
—0.4, —0.3, —0.2, —0.1, 0.0, and +0.1 V before reversing to a
fixed positive potential at +1V in the CV scans of the
chalcopyrite electrode, are depicted in Figure 10. Reducing the
negative potential range, the cathodic reactions at C, and C; do
not occur fully, hence the anodic reactions at A, and A, are not
driven to completion, thus the associated peaks (A, and A;)
appeared smaller. Further reducing the negative vertex poten-
tial affects the subsequent redox reactions occurring at A,, A,
and A;, as well as C, and C,, as the detected redox peaks
become smaller. Therefore, reducing the negative potential
range gradually, indicated that the cathodic reactions at C, and
C; are associated with anodic reactions at A, and A;, and the
cathodic reactions at C, and C,, are related to reactions
happening at A;, A, and A,.

2.3.2. Interpretation of the Redox Peaks in Chalcopyrite CV
Scan

The current increased fairly rapidly during the anodic sweep
soon after starting from Ey;p=~+0.15V, to give the peak A,
(see Figure 7). On subsequent scans an anodic peak A; was
detected at +0.2V. This can be attributed to the partial
oxidation of chalcopyrite (CuFeS,), where the preferential
dissolution of Fe over Cu and S takes place to form copper-
sulfur-rich species such as the nonstoichiometric segment Cu,_,
Fe,, S,, (reaction 11), covellite (CuS) (reaction 12), and CuS,
(reaction 13). Although reaction 13 shows CuS, as the product,
the stoichiometry may not be exactly 1:2 as given here, but a
more sulfur-rich product, since some Cu can be oxidised as
shown in reaction 11. The produced S° (in reactions 11 and 12)
can be related to a sulfur-rich layer containing sulfur intermedi-
ate products, i.e. polysulfides (S5,*7). Accumulation of these
products leads to a thin passive layer partially covering the
electrode’s surface, which slows the dissolution rate
dOWn.[17'19_21'35]

CuFeS,,) — Cuy Fery Sy + XCUP (o) +
yFeH(aq) + ZSO(S) + 2(X+y)97 (y > X)
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CUFeSZ(S) — O75CUS(S) + 0.25Cu2+(aq) + Fe2+(aq) +

12
1.2550(” + 2.5e” ( )

CuFeS,,) — CuS,, + Fe*'(q + 2e” (13)

Peak A, appeared like a broad shoulder at around +0.35 V. This
is associated with the stepwise oxidation of Cu-rich chalcocite
(Cu,S) (produced in the reduction process C;) to a series of Cu-
deficient and non-stoichiometric sulfides such as djurleite
(Cu, 4,S), digenite (Cu, ¢S), and covellite (CuS) based on reactions
14,15, and 1672139

CUZS(S) — CU1_925(5) + O.OBCU2+(aq) —+ 0.16e~ (14)
CU1.925(5) — Cu1.65(5> —+ 0.32CU2+(aq) + 0.64e~ (15)
Cu; Sy — CuSi + 0.6Cu**,, + 1.2e” (16)

From ~0.6 V, a sharp escalation in anodic current was observed
and the oxidation peak A, appeared at 0.9V (more positive
than the initial peak for A; seen on the very first scan),
indicating oxidation of chalcopyrite (CuFeS,) to Cu®*, Fe** and
S°/S0,%", based on reactions 17 and 18, as well as further
oxidation of CuS to Cu®* and S%50,%", according reactions 19
and 20.[17,21,35,37]

CUFeSZ(S) — CU2+(aq) + Fe3+(aq) + 250(5) + 5e” (17)

CuFeSy, + 8H,0p — Cu™(q + Fe¥¥(q +

250,% hq) + 16H (g + 17e”

CUS(S) -+ 4HZO(|) — Cu2+(aq) + 50427(aq) +
8H(, + 8e”

CuSy — Cu*'g + S% + 2e” (20)

Reversal of the potential to the cathodic direction results in four
discrete reduction peaks. The first reduction peak C, identified
at ~0.2 V, indicates the reduction of S°, thereby reincorporation
of Cu®" to form covellite (CuS) and further chalcocite (Cu,S) as
written in reactions 21, 22 and 23, as well the reduction of Cu**
to Cu® (reaction 24).20%'32

Cu*' g + S%) + 267 — CuS, 1)
CuSy + Cu”y + 267 — Cu,S (22)
2CuS + 2H" g + 2¢7 — Cu,S + H,S( (23)
Cu'f g + 267 — Cu’ (24)

The second reduction peak C, detected at ~0.05V represents
the reduction of remaining chalcopyrite at the surface accord-
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ing to three different possible reactions: (1) reduction to
chalcocite (Cu,S), (2) reduction to bornite (CusFeS,), and (3)
reduction to CusFeS, and hydrogen sulfide (H.,S), according to
reactions 25, 26 and 27, respectively."”'*?" The reduction at C,
involves two electrons while that at C, involves four electrons,
hence the height of C, is bigger than C,, as expected.!'’8*

CuFeS, + 3Cu, + 4e — 2Cu,S, + Fe’'(y  (295)

2CuFeS, + 3Cu*' ) + 4 — CusFeS,, + Fe’'(q (26)

aq

SCUFeSZ(S) + 12H+(aq> + 467 —

(27)
CUSFeS4(5) + 6HZS(9) + 4Fe2+(aq)

As the potential moved further in a negative direction, the
cathodic current increased significantly after —0.1V. The
reduction peaks C; and C, appeared close to each other at
around —0.45V and —0.55 V, respectively. At peak C; (—0.45 V)
CuFeS, and CusFeS, can undergo further reduction to Cu,S, H,S,
and Fe?* as expressed in reactions 28 and 29.1"737-3

ZCUFESZ(S) + 6H+(aq) + 27 —

(28)
CUZS(S) + 3st(9) + 2Fe2+(aq)

2CU5FeS4(S) + 6H+(aq) + 267 —

2
SCUZS(S) + 3H25(g) + 2Fe2+ ( 9)
At peak C, (at —0.55V) CuFeS, and Cu,S can undergo further
reduction to form elemental copper (Cu°) and hydrogen sulfide
(H,S), as articulated in reactions 30 and 31.0'72'%7

CUFeSZ<S) + 4H+(aq) + 2e7 —

(30)
CUO(S) + ZHZS(Q) + Fe2+(aq)

CUZS<5) + 2H+(aq) + 27 — CUO(S) + HZS<9) (3’])

When the scan switched to the positive potential direction
again, two oxidation peaks A, and A; were detected nearby at
—0.15V and —0.05V, respectively. This is related to the
oxidation of some of the reduction products formed during
chalcopyrite reduction. Peak A, is associated with the oxidation
of Cu® and H,S to chalcocite (Cu,S) according to reaction 32
(reverse of reaction 31). Peak A is related to the oxidation of

H,S to elemental sulfur (S°) based on reaction 33.2'3%39
ZCUO(S) + HZS(g) — CUZS(S) + 2H+(aq) + 2e” (32)
HSq — S°g + 2H g + 2¢° (33)

It should be mentioned that the slight differences in the
position and height of the redox peaks in this study on pyrite
and chalcopyrite electrodes compared to previous research
could be due to small variations in the studied mineral chemical
composition, possible impurities, and surface roughness, as well
as the electrolyte used."®

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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2.4. Linear Sweep Voltammetry Study (LSV)

Figure 11. (a- pyrite and b- chalcopyrite) represents the linear
sweep voltammetry (LSV) of a freshly polished pyrite electrode
at 2 V/s scan rate and chalcopyrite electrode at a 0.02 V/s scan
rate in 0.5 M nitric acid solution. The voltammogram for pyrite
(11-a) displayed three distinctive parts, similar to the research
reported by Liu et al.*"” and Tu et al.."® In the first region (—0.1-
0.05V), the current increases almost linearly with increasing
potential. The voltammogram begins with a small negative
current which could be associated with the reduction of pyrite
(FeS,) to H,S (reaction 6). Then the oxidation of H,S to S°
(reaction 8 at A,) occurs initiating the anodic current. In the
second region (about 0.1V to 0.55 V), the current is somewhat
independent of the increasing potential and increases only
slowly. This could be related to the partial oxidation of pyrite
(reaction 9 at A;) due to formation of Fe(OH);, and a sulfur-rich-
layer containing sulfur (S°), polysulfides (S,?), and iron deficient
sulfide (Fe,,S,), which, due to their accumulation on the
electrode surface, form a thin passive layer that slows down
oxidation, acting as rate-limiting layer. In the third section (from
0.6V to above 0.8V), the current increased sharply with
increasing potential, due to the improved reaction-driven force.
Thus, a potential higher than +0.6 V is sufficient to convert the
insoluble species forming the inhibiting layer to soluble ions,
thus eliminating the rate-limiting surface layer. The high
potential at this region can also lead to extensive pyrite
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—
(a) Pyrite LSV
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Current (A)

L | L | L L L
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Figure 11. The linear sweep voltammetry (LSV) curves of (a) the pyrite
electrode at 2 V/s scan rate and (b) the chalcopyrite electrode at 0.02 V/s
scan rate in 0.5 M HNO,.
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oxidation which corresponds to the CV curve of pyrite at
A1'[18,21,30,3'I]

Figure 11-b illustrates the LSV of the chalcopyrite electrode
at a 0.02 V/s scan rate in 0.5 M nitric acid solution. Generally,
three main sections were presented in the chalcopyrite LSV
curve corresponding to the CV scan with the main anodic
peaks. The first part which is at the lower anodic potential
(—0.1V to +0.2V) displays a relatively passive section, where
the current does not increase significantly with increasing
potential. In this part, the voltammogram begins with a small
negative current indicating the reduction of CuFeS, to H,S and
Cu® (reaction 30). This section could be associated with the
anodic reaction at A,, at which the oxidation of H,S to S°
(reaction 33) occurs and partially covers the surface of the
electrode.'”'*?'3% |n the second region (+0.2V to +0.8V), the
current rises gently and is accompanied by two oxidation
reactions, (1) the partial oxidation of chalcopyrite at A,, forming
a non-stoichiometric thin passive layer (Cu,, Fe,, S;) and, (2) a
series of oxidation reactions of Cu,S to CuS and Cu** (at A,),
which causes the moderate upsurge in the oxidative current.
From the potential values of +0.6 V to +0.8 V, the current was
constant, which can be due to the accumulation of these
copper-rich -sulfur species, forming another passive surface
layer which reduces the oxidation rate.'”'*%3 A subsequent
sharp increase in the oxidative current happened after +0.8V,
proving the extensive oxidation of chalcopyrite (at A;) by
releasing several electrons which results in a noticeable increase
in the current in a short increment of increased potential.'”*”!

2.5. Open Circuit Potential (OCP)

Before EIS measurements were conducted, the open circuit
potential (OCP) was monitored to ensure the system had
effectively reached thermodynamic equilibrium which took
about 120 min. Figure 12 represents the OCP of freshly polished
(a) pyrite and (b) chalcopyrite electrodes as a function of time.
For pyrite, the OCP started from around 0.44 V and gradually
reduced and stabilised at ~0.41V, with an overall change of
~0.03V (30 mV) in 120 min. The OCP for chalcopyrite began at
~0.36 V and increased before stabilising at ~0.40 V, with a total
variation of ~0.04 V (40 mV).

2.6. Electrochemical Impedance Spectroscopy (EIS) Study for
Pyrite and Chalcopyrite

Electrochemical impedance spectroscopy (EIS) is a powerful
technique to provide supporting evidence for the product(s)
formed as a result of an electrochemical reaction(s) at a specific
potential on the surface of the working electrode." In the case
of pyrite and chalcopyrite as the working electrodes, several
oxidation peaks were detected in the anodic part of their CV
scans. Therefore, to examine these processes more closely, EIS
measurements were conducted using specific DC bias poten-
tials with a 10 mV AC amplitude.

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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Figure 12. The open circuit potential (OCP) of (a) pyrite and (b) chalcopyrite as the working electrode in 0.5 M HNO; for 120 min.

Figure 13(a—f) presents the Nyquist plots and fitted data
using the indicated equivalent circuits for pyrite at 0.4, 0.5, 0.6,
0.7, 0.8, and 0.9 V. The Nyquist plots for the pyrite electrode at
low anodic potentials (0.4 and 0.5V) displayed a slight shift
along the x-axis, followed by a very small incomplete semicircle
in the high-frequency region, and a largely straight line
indicating a typical Warburg impedance (W) feature in the
middle and low-frequency region. The shift along the x-axis
represents the resistance of the electrolyte solution (R,), and
the small incomplete semicircle in the high-frequency region
represents the charge transfer resistance (R,) and interfacial
double layer capacitance (Qg) represented by a constant phase
element due to inhomogeneities across the surface. The
Warburg impedance (W) corresponds to the presence of a
diffusion process (semi-infinite diffusion)."®***" This can be due
to the produced Fe(OH); and S° (or other sulfur-rich-layers)
during partial oxidisation of pyrite (as at A;) covering the
surface of the pyrite electrode, making the process diffusion
controlled at these low frequencies.'"® The equivalent circuits
used to fit the data are given in Figure 13(a and b) were [R,+
Qqu/(R+Q,/(R,+W)], with R, the passive layer resistance and
Q, the capacitance associated with that passive layer (also
represented by a constant phase element). This is due to the
products formed during the partial oxidation of pyrite partially
covering the electrode’s surface.'#303"

The Nyquist plot at 0.6 V (Figure 13-c) shows a trivial shift
along the x-axis presenting the resistance of the electrolyte
solution (Ry). This is followed by a small incomplete semicircle
in the high-frequency region associated with Qg4 and Ry. The
middle to the low-frequency region of the depressed curve
indicates the Warburg element (W), which represents more
bounded diffusion signifying a thinner passive layer as it is
oxidised when moving into the transpassive region.'s"

The Nyquist plots at 0.7, 0.8, and 0.9 V (Figure 13d-f) were
similar to each other, except for the magnitude of the
impedance which decreased with increasing bias potential. At
high frequencies, the Nyquist plots again show a small shift
along the x-axis indicative of Ry, and a small incomplete arc
indicative of Qg and R.. In the low-frequency region, the curve
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extended to the fourth quadrant, indicating a clear inductive
feature (L). Tu et al."™® and Lui et al.”” associated this with the
adsorption and desorption of some sulfide species produced
during the rapid and extensive anodic dissolution of pyrite at
high potentials (A;). However, since induction involves the
ability to store magnetic energy, another possibility could be
the existence of species whose transient magnetisation energy
is being observed at high frequencies. No specific diffusion
process was evident, again indicating that the oxidative driving
force above 0.6V is adequate to remove the accumulated
species from the electrode’s surface. At higher potentials, the
circuit including the inductive reactant (L) and R, which is the
resistance associated with the inductance process as [R+ Qq/
R (R+L)], was used for the equivalent circuit.

Table 1 summarises the results for the parameters in the
equivalent circuits at the studied potentials for pyrite. As
expected the values for R, (the resistance of the 0.5 M HNO,
solution) were all similar at ~8 Q. The charge transfers
resistance (R.), associated with the rate of electron transfer for
the different anodic reactions, showed a decreasing trend when
increasing the bias potentials, implying a faster rate of pyrite
oxidation. Similarly, the values for the resistance related to the
surface passive layer (R,) decreased by increasing the potentials.
The high R values at lower potentials (especially 0.4 and 0.5 V)
signify the high resistance due to the passive layer partially
covering the surface, while increasing the potential led to
anodic reactions which eliminated the passive layer. Further-
more, the values for n define the degree of deviation for the
double-layer capacitance (Qq, presented by a constant phase
element) from the ideal capacitance (C, at n=1). By increasing
the applied potential, the values for n gradually declined. This
indicates that at higher potentials, the surface of the electrode
becomes rougher due to the rapid dissolution reactions, and
also more inhomogeneous and thus more distributed reaction
rates occur. Hence, the higher the potential, the smaller the
value of n. Moreover, the small values for y*/IZI indicate a
decent fit between the experimental and fitted values using the
stated equivalent circuits."®*"%

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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Figure 13. The measured and calculated Nyquist plots with the corresponding circuit models for pyrite in 0.5 M HNO; at different bias potentials (a: 0.4 V
(OCP), b: 0.5V, c: 0.6V, d:0.7V,e: 08V, f:09V).

Figure 14(a—f) presents the Nyquist plots and fitted data
using the indicated equivalent circuits for chalcopyrite at 0.3-
1V. All the plots start with a slight shift along the x-axis
indicative of R, and a small incomplete semi-circle in the high-
frequency region related to the double layer capacitance (Cy or
Q) and the resistance for the main charge transfer (R,). At low
bias potentials (0.3 and 0.5 V), there is a semicircle in the mid-
frequency range correlated with the capacitance (which shows

ChemistryOpen 2025, 14, e202400053 (10 of 14)

a distributed behaviour due to an inhomogeneous surface) and
resistance of the surface passive layer (denoted Q, and R,
respectively), which is followed by a straight line indicating
Warburg diffusion (W) in the low-frequency region. The species
covering the surface of the chalcopyrite electrode at these
potentials, which account for the diffusion process, likely are
predominantly iron-deficient sulfide leaving a copper-rich-sulfur
passive layer (i.e. Cu,, Fe,, S,, Cu.S, CuS, and CuS) and

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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Table 1. Values of the equivalent circuit elements at the studied bias potentials for pyrite.

Applied potential (V)! Ra () Qg (107°°FsM n Ry (Q) Q, (10°°Fs") n R, (Q) W (1076 Qs %) L (H) $*/1Z1
0.4 89 1.2 0.81 1.87x10° 25.7 0.79 5.64x10° 3.11x10* - 0.22
0.5 8.7 1.7 0.72 1.30x10° 216 0.68 4.92x10° 1.64x10* - 0.43
0.6 8.5 53 0.76 1.04x10° 11.2 0.72 7.05x10* 1.56x10° - 0.37
0.7 8.4 0.56 0.71 9.09x10? - - ¥3.76x10° - 28.6 0.42
0.8 8.3 0.43 0.66 923 - - *174.9 - 174 0.36
0.9 8.2 0.41 0.62 171 - - *44.2 - 6.7 0.32

Rq is the electrolyte resistance, Qy is the capacitance for the double layer, R, is the charge transfer resistance, Q, is the capacitance for the passive layer, n is
the degree of deviation from ideal capacitance (C, n=1), R, is the resistance of the passive surface layer, W is Warburg impedance, L is an inductive

element, and *is R, the resistance related to the inductive process.

§0.1719200 A the bias potential was increased from 0.3V to 0.5V,

the resistance of the passive layer (R,) decreased, thus
indicating less resistive oxidative reactions at 0.5 V. Also the
angle of the straight line in the high-frequency region (Warburg
diffusion) is deviating from 45 degrees, which could be related
to the diffusion process at 0.5V at which the semi-infinite
condition is slightly changing. The equivalent circuits used to fit
the data given in Figure 14(a and b) were [Ry+ Qq/(R+Qu/(R,
+W)lL.

At high anodic potentials (0.7-1 V), the Nyquist plots start
with an incomplete semi-circle in the high-frequency region as
before, followed by a semicircle in the middle to low-frequency
regions with no evidence of the semi-infinite Warburg diffusion.
The resistance associated with the middle to low-frequency
semicircle decreased as the bias potential was increased,
indicating the oxidative dissolution of the copper-rich-sulfur
layer and S° to form soluble species.’'%*"

Table 2 gives the values of all of the elements from the
equivalent circuits at the studied potentials for chalcopyrite. As
was anticipated, the values for the electrolyte solution resist-
ance (R,) were close to one another because the same solution
was used for the different potentials. Increasing the anodic
potentials from 0.2-1V, showed a decreasing trend for the
resistance related to the surface passive layer (R,). This suggests
that the total impedance decreased and subsequently the
oxidation rate increased. Raising the applied potentials can
cause the charge transfer resistance (R, to fluctuate, which
could be due to the different complicated electrochemical

reactions occurring on the surface of chalcopyrite electrode at
each specific potential.['/*%!

In summary, the results determined from the EIS data for
pyrite and chalcopyrite at different potentials correspond to the
reactions taking place during anodic dissolution as detected in
their CV scans at the specific potentials. For both pyrite and
chalcopyrite electrodes the anodic dissolution at low potentials
(0.4-0.6 V for pyrite and 0.3-0.5 V for chalcopyrite) starts with
preferentially dissolving iron, hence forming sulfur-rich species
(Fe,,S, SO and copper-rich sulfur species (Cu,Fe,,S,, Cu,.
.S, CuS,, Cus), respectively.'”19%33637 These nonstoichiometric
species accumulate and partially cover the electrode’s surface
acting as a passive layer, resulting in a diffusion barrier, and
slowing down the oxidation process. The passive layer was
confirmed with the existence of a Warburg diffusion (W)
element, as indicated in the equivalent circuits at low-potentials
for both pyrite and chalcopyrite.

When the bias potential is increased, the charge transfer
resistance at higher frequencies for pyrite decreases, contrary to
that observed for chalcopyrite, indicating that the passive layer
is oxidised more readily for pyrite in 0.5 M HNO,. Increasing the
potential to above 0.7 V the species in the passive layer further
oxidise, thereafter eradicating the diffusion layer for both
minerals, and leading to faster oxidation, more so for pyrite.
This is supported by the observations that, when measuring the
CV scans for chalcopyrite, the scan rates had to be slow
(~0.02V/s) for the range of redox processes to be seen
indicating kinetically slow processes. On the other hand, fast

Table 2. Values of the elements from the equivalent circuits for the studied potentials for chalcopyrite.

Applied potential (V)! Ra (Q) Qq/Cq (1077 FsM n Ret () Q, (10°Fs" n R, () W(Q s™%) /12|
0.3 74 25 0.81 7.27x10% 14.5 0.78 1.62x10* 1.99x10° 0.21
0.5 73 24 0.86 6.35x10? 184 0.76 1.57x10* 1.51x10° 032
0.7 7.7 0.34 1 1.25x10° 7.7 0.84 1.41x10* - 0.36
0.8 7.6 0.83 1 2.99%x10° 3.7 0.86 1.04x10* - 0.39
0.9 74 1.6 1 2.52x10° 24 0.83 4.25x10° - 0.23
1 7.1 14 1 2.87x10° 1.1 0.81 1.64x10° - 0.28
Rq is the electrolyte resistance, Qq/Cy is the capacitance for the double layer, R, is the charge transfer resistance, Q, is the capacitance for the passive layer,
n is the degree of deviation from ideal capacitance (C, n=1), R, is the resistance of the passive surface layer, and W is Warburg impedance.
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Figure 14. The experimental measured and calculated Nyquist plots with the corresponding circuit models for chalcopyrite in 0.5 M HNO; at different

potentials (a: 0.3V, b: 0.5V, c:0.7V,d: 08V, e:09V,f 1V).

scan rates (~2V/s) were used to measure the CV scans for
pyrite. Additionally, when the potential on the CV scans was
increased above 0.7 V, the current increases exponentially for
pyrite but a peak maximum is reached for chalcopyrite.

At higher potentials, different equivalent circuits were
needed to fit the Nyquist plots for pyrite and chalcopyrite. For
pyrite, a low-frequency inductive feature (L) was present for
measurements at high potentials (0.7V to 0.9V), previously

ChemistryOpen 2025, 14, e202400053 (12 of 14)

attributed to adsorption and desorption of sulfide species
produced during the rapid and extensive anodic dissolution of
pyrite,"® but which could also be due to transient magnetised
species. This inductive feature was not seen in the Nyquist plots
for chalcopyrite, which instead had a second semi-circle at low
frequency, where the magnitude of the resistance decreased as
the potential was raised to 1V, signifying increased dissolution.
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Hence different mechanisms for dissolution were apparent for
pyrite and chalcopyrite at high potentials.

These results were compared to similar studies performed
in H,SO, solutions, a commonly used acid for the dissolution of
pyrite and chalcopyrite. The following observations are noted:
(i) Both HNO, and H,SO, are acids capable of dissolving these
minerals, with HNO; being a stronger oxidant due to N being
more electronegative than S. Thus the oxidative dissolution of
these minerals in both these acids can break down the host
mineral to expose any encapsulated gold and improve its
recovery. (ii) Pyrite dissolves faster in HNO; than H,SO,
however, the latter is more suitable for chalcopyrite dissolution.
This is due to the passive layer formed on chalcopyrite
dissolving more readily in H,SO, than HNO,, although higher
potentials are required in H,SO, (as compared to that in
HNO,)®4% (i) The dissolution kinetics for both pyrite and
chalcopyrite is diffusion-controlled in HNO; and H,SO,. (iv)
Pyrite oxidation occurs faster (with a higher anodic and
cathodic current density being noted) compared to chalcopyrite
in HNO,. The slower chalcopyrite dissolution is likely caused by
the formation of copper-rich-sulfur species (such as Cu,Fe; S,
» CuS, and Cu,,S,), which also slows the diffusion of Fe ions
through these formed passive layers.””*”

3. Conclusions

Understanding the oxidation of pyrite and chalcopyrite is an
important issue because of exposing any encapsulated gold to
enhance its extraction yield from refractory ores and mine
tailings. CV scans along with EIS measurements were employed
to study the electrochemical behaviour of pyrite and chalcopyr-
ite in 0.5 M nitric acid as the electrolyte. Anodic oxidation of
pyrite (FeS,) at low potentials (0.4-0.6 V) begins with the
oxidation of iron which results in the formation of Fe,, S,
Fe(OH); and elemental sulfur (S°) that partially cover the surface
of the pyrite electrode and cause a diffusion barrier, thus
diminishing further anodic reactions. Increasing the potentials
to above 0.7V leads to reactions in which the products
accumulated on the electrode’s surface convert to soluble
species, i.e. S° to H,S or SO,%7, hence eradicating the diffusion
barrier and leading to extensive oxidation of pyrite at high
potentials.

The electrochemical oxidation of chalcopyrite was some-
what similar to that of pyrite since at low potentials (below
0.5 V), iron is preferentially dissolved (Fe), hence some copper
rich-sulfur species like Cu,, Fe, S,, CuS, CuS and S° formed
and accumulated on the chalcopyrite electrode’s surface to
cause a passive layer. Increasing the potential to above 0.7V
leads to reactions at which the species in the formed passive
layer are oxidised to soluble species, thereby eliminating the
diffusion barrier. The Nyquist plots from the EIS measurements
provide evidence supporting the reactions and the suggested
products at the studied potentials. As a result, the existence of
a semi-infinite diffusion described by the Warburg element in
fitting the EIS data at low potentials for both pyrite and
chalcopyrite indicates a diffusion-controlled dissolution process.

ChemistryOpen 2025, 14, e202400053 (13 of 14)

Moreover, at high potentials (above 0.6 V) faster and more
active dissolution of the mineral occurs, confirming the
elimination of the passive layer covering the electrodes’ surface.
The oxidative dissolution of the pyrite in 0.5 M HNO; occurs
at a faster rate than that for chalcopyrite, with different
dissolution processes occurring for the two minerals as
evidenced by the differences in the EIS data when increasing
the bias potentials. The copper-rich sulfur layers and sulfur-rich
layers clearly influence the dissolution processes significantly.

Funding

This research was funded by DRDGOLD (Pty.) Ltd. in South
Africa.

Acknowledgements

The authors are greatly thankful to DRDGOLD for supporting
this research financially. The electrochemical experiments were
conducted at the University of the Witwatersrand in South
Africa.

Conflict of Interests

The Authors declare that there is no conflict of interest in this
work.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Pyrite - Chalcopyrite - Oxidative dissolution - Nitric
acid - Cyclic voltammetry (CV) - Electrochemical impedance
spectroscopy (EIS)

[1] P.K. Abraitis, R. A. D. Pattrick, D. J. Vaughan, Int. J. Miner. Process. 2004,
74(1-4), 41-59.

[2] E. Caraballo, S. Dare, G. Beaudoin, Miner. Deposita 2022, 57, 1293-1321.

[3] T. A. Chepushtanova, V. A. Luganov, J. Miner. Mater. Charact. Eng. 2007,
6(2), 103-108.

[4] Y. Li, Y. Liu, J. Chen, C. Zhao, W. Cui, Physicochem. Probl. Miner. Process.
2021, 57(1), 100-111.

[5] Y. Wang, K. J. Zhao, D.P. Tao, F.G. Zhai, H. B. Yang, Z. Q. Zhang, RSC
Adv. 2018, 8(9), 5013-5019.

[6] B.F. Giannetti, S. H. Bonilla, C. F. Zinola, T. Rabdczkay, Hydrometallurgy
2001, 60(1), 41-53.

[7] T.B. Kim, J. W. Choi, H. S. Ryu, G. B. Cho, K. W. Kim, J. H. Ahn, H. J. Ahn, J.
Power Sources 2007, 174(2), 1275-1278.

[8] C.L. Stergiou, V. Vasilios Melfos, P. Voudouris, L. Papadopoulou, P.G.
Spry, |. Peytcheva, D. Dimitrova, E. Stefanova, K. Giouri, Minerals 2021,
11(6), 1-28.

[9] D. Li, World Gold Conference 2009, South African Institute of Mining and.
Metallurgy, 2009, 145-150.

[10] D.A. Rogozhnikov, A.A. Shoppert, O.A. Dizer, K.A. Karimov, R.E.
Rusalev, Metals (Basel). 2019, 9, 465.
[11] B. Dold, Minerals 2014, 4(3), 621-641.

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH

85U80|7 SUOWIWOD aA1e81D 3(qedljdde au Aq pausenob ae sejonfe VO ‘@S JO 3| 10 A%eiq)8ulluQ A3|IM UO (SUORIPUOO-pUe-SWLR)LI0O A8 1M AfeIq U1 [UO//:SANY) SUORIPUOD pue sWe 1 8y} 89S *[5202/90/Gz] Uo AriqiTauljuo Ae|im ‘puesierMiM JO AiseAaun Aq £50001202 Uedo/z00T 0T/10p/wod A8 | im Areiq pul|uoadoine-Anisiweyd//sdny woiy papeojumod ‘G ‘sloz ‘E9ETT6TIZ



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202400053

[12]

[13]

4
i

[16
[17

[18]
[19]
[20]

[21

[22
[23

[24]

[25
[26
[27

[28]

C. Mafra, H. Bouzahzah, L. Stamenov, S. Gaydardzhiev, Miner. Eng. 2022,
185, 107709.
R. A. Pandey, V. K. Raman, S. Y. Bodkhe, B. K. Handa, A. S. Bal, Fuel 2005,
84, 81-87.
M. H. Kiani, A. Ahmadi, H. Zilouei, Fuel 2014, 131, 89-95.
D. Rogozhnikov, K. Karimov, A. Shoppert, O. Dizer, S. Naboichenko,
Hydrometallurgy 2021, 199, 105525.
H. K. Lin, W. C. Say, J. Appl. Electrochem. 1999, 29(8), 987-994.
C.L. Liang, J.L. Xia, Y. Yang, Z.Y. Nie, X.J. Zhao, L. Zheng, Y. D. Zhao,
Hydrometallurgy 2011, 107(1-2), 13-21.
Z.Tu, J. Wan, C. Guo, C. Fan, T. Zhang, G. Lu, Z. Dang, Electrochim. Acta
2017, 239, 25-35.
A. Ghahremaninezhad, E. Asselin, D. G. Dixon, Electrochim. Acta 2010,
55(18), 5041-5056.

A. Ghahremaninezhad, D. G. Dixon, E. Asselin, Hydrometallurgy 2012,
125, 42-49.
Y. Zhang, H. Zhao, L. Qian, M. Sun, X. Lv, L. Zhang, G. Qiu, Miner. Eng.
2020, 758(932), 106586.

I. Lazaro, M. J. Nicol, J. Appl. Electrochem. 2006, 36(4), 425-431.
S. Teimouri, J. H. Potgieter, L. Van Dyk, C. Billing, Materials (Basel) 2022,
15(12), 4181.
Z.Tu, C. Guo, T. Zhang, G. Lu, J. Wan, C. Liao, Z. Dang, Hydrometallurgy
2017, 167, 58-65.

K. B. Hallberg, Hydrometallurgy 2010, 104, 448-453.
A. P. Chandra, A. R. Gerson, Surf. Sci. Rep. 2010, 65, 293-315.
A. Chopard, P. Marion, J. J. Royer, R. Taza, H. Bouzahzah, M. Benzaazoua,
Miner. Eng. 2018, 131, 38-50.
M. A. G. Darwish, Microchemical 2012, 102, 38-48.

[29]

K.J. Nyembwe, E. Fosso-Kankeu, F. Waanders, K.D. Nyembwe, Int. J.
Miner. Metall. Mater. 2019, 26(2), 143-151.

G. H. Kelsall, Q. Yin, D.J. Vaughan, K. E.R. England, N.P. Brandon, J.
Electroanal. Chem. 1999, 471, 116-125.

T. Liu, Y. Hu, N. Chen, L. Xue, C. Feng, Y. Ye, Electrochim. Acta 2021, 393,
1-8.

Y. Liu, Z. Dang, P. X. Wu, J. Lu, X. Shu, L. Zheng, lonics 2011, 17(2), 169-
176.

A. P. Abbott, A. Al-Bassam, A. Goddard, R. C. Harris, G. Jenkin, F. Nisbett,
M. Wieland, Green Chem. 2017, 19(9), 2225-2233.

M. Eghbalnia, D. G. Dixon, J. Solid State Electrochem. 2013, 17(1), 235-
267.

M. Ebrahim, H. Naghi, H. Naderi, F. Rashchi, Electrochim. Acta 2021, 369,
137663.

E. M. Arce, |. Gonza, Int. J. Miner. Process. 2002, 67, 17-28.

Y. L. Mikhlin, Y.V Tomashevich, I. P. Asanov, A.V Okotrub, V. A. Varnek,
D. V. Vyalikh, Appl. Surf. Sci. 2004, 225, 395-409.

Z.Y. Lu, M. I. Jeffrey, F. Lawson, Hydrometallurgy 2000, 56, 145-155.

S. Wu, et al., Trans. Nonferr. Met. Soc. China 2015, 25, 4110-4118.

Tatiana das Chagas Almeida, Eric Marsalha Garcia, Hugo Walisson Alves
da Silva, Tulio Matencio, Vanessa de Freitas Cunha Lins, International
Journal of Mineral Processing, Volume 149, 2016, Pages 25-33, ISSN
0301-7516, https://doi.org/10.1016/j.minpro.2016.02.001.

Manuscript received: February 19, 2024
Revised manuscript received: December 10, 2024
Version of record online: April 2, 2025

ChemistryOpen 2025, 14, e202400053 (14 of 14)

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH

85U80|7 SUOWIWOD aA1e81D 3(qedljdde au Aq pausenob ae sejonfe VO ‘@S JO 3| 10 A%eiq)8ulluQ A3|IM UO (SUORIPUOO-pUe-SWLR)LI0O A8 1M AfeIq U1 [UO//:SANY) SUORIPUOD pue sWe 1 8y} 89S *[5202/90/Gz] Uo AriqiTauljuo Ae|im ‘puesierMiM JO AiseAaun Aq £50001202 Uedo/z00T 0T/10p/wod A8 | im Areiq pul|uoadoine-Anisiweyd//sdny woiy papeojumod ‘G ‘sloz ‘E9ETT6TIZ



	A Comparison of the Electrochemical Oxidative Dissolution of Pyrite and Chalcopyrite in Dilute Nitric Acid Solution
	1. Introduction
	Experimental
	Preparation and Characterization of Pyrite and Chalcopyrite Electrodes
	Electrochemical Measurements

	2. Results and Discussion
	2.1. Characterization of Pyrite and Chalcopyrite Electrode
	2.2. Cyclic Voltammetry (CV) for Pyrite
	2.2.1. Effect of Changing the Potential Range on Pyrite
	2.2.2. Interpretation of the Redox Peaks in Pyrite CV Scan

	2.3. Cyclic Voltammetry (CV) for Chalcopyrite
	2.3.1. Effect of Changing Potential Range on Chalcopyrite
	2.3.2. Interpretation of the Redox Peaks in Chalcopyrite CV Scan

	2.4. Linear Sweep Voltammetry Study (LSV)
	2.5. Open Circuit Potential (OCP)
	2.6. Electrochemical Impedance Spectroscopy (EIS) Study for Pyrite and Chalcopyrite

	3. Conclusions
	Funding
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


