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Abstract: One of the main sources of non-ferrous and precious metals is sulfide ores. This paper
presents a review of the existing literature on the electrochemical properties of some of the most
common industrial sulfides, such as pentlandite, chalcopyrite, sphalerite, galena, pyrrhotite, pyrite,
etc. The study results of the surface redox transformations of minerals, galvanic effect, cathodic
oxygen reduction reaction on the surface of sulfides are presented. The electrochemical properties
of sulfide minerals are manifested both in the industrial processes of flotation and hydrometallurgy
and in the natural geological setting or during the storage of sulfide-containing mining, mineral
processing, and metallurgical industry waste.
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1. Introduction

Sulfide minerals are an important group of ore minerals and a major source of non-
ferrous and precious metals. Sulfide minerals are known for high conductivity, which
determines the abrupt change in the potential at the sulfide–solution interface [1–7]. Sul-
fides such as pentlandite ((Fe,Ni)9S8), covellite (CuS), galena (PbS), and pyrrhotite (Fe1-xS)
are close to metals in terms of conductivity. Semiconductor minerals with good conduc-
tivity include pyrite (FeS2), bornite (Cu5FeS4), chalcosine (Cu2S), chalcopyrite (CuFeS2),
arsenopyrite (FeAsS) [5].

A relevant research and practical task is to improve the contrast of the physicochemical
and process properties of sulfide minerals to achieve high separation performance in ore
concentration circuits. Multiple existing studies convincingly show that the sorption
mechanism of the collector, sulfides flotation kinetics, and the interactions between the
minerals in intergrowths have an electrochemical background [1–8]. Pioneering studies
in this field include those by Plaksin et al. [1–3]. A comprehensive study of the process of
interaction of sulfhydryl reagents with sulfides made it possible to discover a number of
fundamentally new patterns in the mechanism of xanthate sorption on sulfide minerals.
The effect of the electrochemical properties of minerals and the concentration of free electron
vacancies on the distribution of the collector and the ratio of xanthate to dixanthogen on
sulfide surfaces was experimentally established. By manipulating the state of the mineral
surfaces through various physical and chemical impacts, it is possible to modify their
electrochemical properties and, thereby, control the flotation of sulfides [1–10].

Currently, for the processing of low-grade sulfide ores and technogenic mineral re-
sources (overburden, concentration tailings, and smelter slags), heap and bioleaching
methods are increasingly being used [11]. The electrochemical properties of sulfides have a
decisive influence on the leaching kinetics, the concentration of non-ferrous metals in preg-
nant solutions, and recovery [12–16]. It should be noted that the utilization of operando/in
situ techniques, e.g., X-ray absorption and Raman spectroscopy, can more accurately track
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the phase, composition, local atomic coordination of sulfides during electrochemistry
process.

In addition to process engineering challenges, the environmental aspect should also
be taken into consideration (Figure 1).
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Sulfide-containing ore mining, mineral processing, and metallurgical wastes are
known to be some of the most environmentally hazardous types of industrial waste [17,18].
During waste storage, sulfide minerals, in particular pyrite and pyrrhotite, oxidize forming
sulfuric acid (acid mine drainage (AMD)), ferrous and non-ferrous sulfates. Chemical
weathering of tailings proceeds much faster than in a natural geological environment.
Oxidative dissolution of sulfides as a result of galvanic interactions is one of the most
important agents of environmental pollution [17,19,20]. To better understand the nature
and mechanisms of chemical weathering, studies of the physicochemical properties of
minerals, including electrochemical properties, are needed.

This paper presents a brief review of the existing literature on the electrochemical
behavior of some common industrially important sulfide minerals in aqueous solutions
and the process of oxygen reduction on the surface of sulfide minerals, which ensures
the occurrence of processes important for the processing of sulfide ores (oxidation and
leaching reactions, chemisorption and oxidation of sulfhydryl collectors) and in processes
weathering occurring in sulfide-containing wastes of mining enterprises. The results
of studies of galvanic interactions of sulfides in technological processes—flotation and
hydrometallurgy—and environmental aspects of studying the electrochemical properties
of sulfide minerals, which must be taken into account to predict the processes of AMD
generation and the transfer of heavy metals and other toxic elements to soil and surface
water during the storage of mining waste, are also reflected.

2. Electrochemistry of Sulfides in Aqueous Solutions
2.1. Iron Sulfides

Iron sulfides are represented by such minerals as pyrite and marcasite (FeS2), greigite
(Fe3S4), pyrrhotite (Fe1xS), mackinawite (FeS1-x), and troilite (FeS). Pyrite and pyrrhotite
are the most abundant minerals found in polymetallic ores.

The electrochemical properties of pyrite and pyrrhotite are presented in great detail
in [21–27]. Cathodic and anodic decomposition of pyrite and pyrrhotite in acidic environ-
ments is discussed in [22,24,26] without consideration of intermediate reactions preceding
decomposition processes. Surface redox transformations of pyrite and pyrrhotite in the
stability region of minerals in a wide pH range were studied by cyclic voltammetry in [21].
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The authors note that the surface of iron sulfide minerals, depending on pH, is covered
with either sulfur or sulfur and iron(III) hydroxide; this film is quite porous and does not
inhibit electrochemical dissolution. However, the anodic processes on sulfide electrodes
as described in [21] mainly concern the electrochemical oxidation of the products of the
preliminary cathodic polarization of these minerals.

Electrochemical oxidation of pyrite in 1 M of HCl was studied in [28] using a wide
range of methods. It was found that oxidation includes a series of sequential and parallel
reaction stages, as a result of which the

Fe2+ → Fe3+,

S→ S2O3
2− → HSO4

−

processes were observed, depending on pH and potential.
The author considers the effect of a borate electrolyte (a Na2B4O7 solution) on the

kinetics of the electrochemical oxidation of pyrite in [29]. The borate electrolyte was used
in most studies as a model buffer system inert with respect to minerals. According to the
results obtained, the first stage of the interaction is the irreversible one-electron reaction of
formation of a FeS2···[B(OH)4]ads. complex.

Fourier-transform infrared spectroscopy (FTIR) spectra of the pyrite electrode–electrolyte
interface were collected in situ and interpreted in [30] at a polarization of −0.5 to +0.9 V
relative to the standard hydrogen electrode (SHE) and pH 9.2. An electrochemical model
of pyrite oxidation in aqueous environments was proposed. The cathodic half-reaction
proceeds in sulfur-deficient regions of pyrite or on FeS defects. The anodic half-reaction
proceeds along the thiosulfate path in the areas of “ordinary” pyrite, due to the Fermi
level in the upper part of the valence band. The main role of the oxidizing agent is to
maintain a high potential on the anode sites. Direct (chemical) oxidation of pyrite is an
indirect effect and consists in the interaction of the oxidizing agent with the products of the
anodic reaction.

The effect of polysulfide formation on the kinetics of pyrite dissolution in a 1 M HCl
solution was examined in [31]. Pyrite was oxidized electrochemically at various anodic
dissolution potentials. Further, the thickness of the polysulfide layer was estimated by
two methods: using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
Both methods showed that the thickness of the polysulfide layer increases with increasing
potential. At the same time, the current increases exponentially with increasing potential,
which indicates the absence of the passivating effect of polysulfides.

Electrochemical properties of pyrrhotite were studied in the works by Chanturiya
and Wigdergauz, Buckley, Woods, and other researchers [5,21,24]. The electrochemical
behavior of natural pyrrhotite was studied in solutions of 1 M HCl and 0.05 M Na2B4O7
using cyclic voltammetry and potentiostatic method [32]. It was found that the formation
of a massive nonequilibrium metal-deficient layer on the mineral surface occurs in 1 M
HCl in the potential range from 0.08 to 0 V relative to the silver–silver chloride reference
electrode. In this case, the dissolution rate changes by about two orders of magnitude. On
the cyclic voltammograms of pyrrhotite with a previously formed metal-deficient layer, an
intense cathodic peak is recorded at −0.2 V, and several anodic waves are observed when
the potential is reversed. It was found that the cathode peak corresponds to the reductive
cleavage of polysulfide with the formation of monosulfide S0

2− centers, which dissolve in
acid to release H2S. Three anodic peaks correspond to the association of S0

2- with each other
and with polysulfide clusters, oxidation of terminal sulfur atoms (S1

−) with the association
of chains into larger ones and the oxidation of residual S1

−. The behavior of an electrode
with a metal-deficient layer previously formed in hydrochloric acid and transferred to a
borate solution is consistent with these suggestions. In the reactions of pyrrhotite without
preliminary acid etching, the same centers participate at lower concentrations. Similar
results were obtained by Mikhlin et al. in their study of the electrochemical oxidation of
pyrrhotite in a sulfuric acid solution [33,34].
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2.2. Copper Sulfides

Industrial minerals include chalcocite (Cu2S), covellite (CuS), chalcopyrite (CuFeS2),
to a lesser extent bornite (Cu5FeS4) and cubanite (CuFe2S3). In recent years, a number of
studies were conducted on the electrochemistry of a relatively rare sulfoarsenide mineral—
enargite (Cu3AsS4).

As noted by Chanturiya and Wigdergauz [5], for copper sulfides, electroleaching
processes—cathodic and anodic decomposition—are studied in more detail. The processes
preceding decomposition are understood less fully.

One of the early works studied the anodic dissolution of Cu2S in sulfate solutions with
simultaneous precipitation of copper [35]. An intermediate product—digenite—was found
on the anode surface:

Cu2S→ Cu1.8S + 0.2Cu+ + 2e−.

Then, due to a sharp increase in the potential of the electrode, digenite was transformed
into covellite. The decomposition of covellite is also superimposed on that of digenite:

CuS→ Cu2+ + S + 2e−.

The structure was studied and the phase components of copper(I) sulfide synthesized
by the authors were identified [36]. It was shown that crystallization of copper sulfide can
lead to the formation of chalcocite (Cu2S) and djurleite phases (Cu31S16), characterized
by a deficiency of copper in the crystal lattice and a deviation from the stoichiometric
composition. Electrochemical oxidation of the sample in a solution of sulfuric acid was
carried out. It was established that at a current density of 1000 A/m2 and a concentration
of 100 g/dm3 H2SO4, electrochemical dissolution of copper sulfide proceeds with the
formation of a passivating film of sparingly soluble products during the oxidation of
copper(I) sulfide to copper(II) sulfide. Moreover, during the oxidation, intermediate non-
stoichiometric sulfides were formed in the following sequence:

Cu2S (Cu31S16)→ Cu1.8S→ Cu1.74S→ Cu1.6S→ CuS→ Cu2+ + S.

The process was accompanied by the transition of copper cations into solution. With
the accumulation of elemental sulfur and copper sulfides on the reaction surface of the
sample, the rate of electrochemical oxidation decreased due to the difficult removal of
products and supply of the reagent to the reaction zone.

The electrochemical behavior of chalcocite in a 0.05 M buffer borate solution (pH 9.2)
was studied in [37]. During anodic scanning, the oxidation wave began at −0.1 V relative
to the saturated calomel electrode and was accompanied by the transition of Cu2+ ions into
solution. During reverse cathodic sweep, a wave of copper sulfide formation was recorded
with a peak at ~−0.1 V. Cathodic sweep to more negative potentials led to the emergence
of a recovery wave that began at ~−0.58 V with a soluble reduction product HS-. During
reverse anode sweep, the HS- ion, apparently interacting with Cu2+, formed copper sulfide
with a peak at −0.6 V.

Anodic dissolution of covellite in hydrochloric acid solutions was studied in [38]. It
was found that the dissolution rate depends on pH and the concentration of chloride ions.
At a Cl− concentration higher than 1 M, the dissolution of CuS is accelerated due to the
formation of a CuCl2− complex as a result of the chemical reaction between Cu2+ and CuS.

In papers [39–41], the anodic decomposition of chalcopyrite in acidic solutions was
discussed. It was shown that at a potential of +0.8 V relative to the silver–silver chloride
electrode, selective dissolution of iron occurred with the oxidation of sulfide sulfur to
elemental, and at potentials more positive than +1.1 V, sulfide sulfur oxidized to sulfate [37].

Surface redox transformations of chalcopyrite and chalcocite were studied in the region
of mineral stability in a wide pH range [42]. Studies performed by cyclic voltammetry
included the polarization of the sulfide electrode from the rest potential to the cathode



Sustainability 2022, 14, 11285 5 of 23

region and then to the anode region. Thus, the electrochemical oxidation of the products of
cathodic polarization of chalcopyrite was actually studied.

According to [43], where the stationary polarization curve of chalcopyrite was studied
in a 0.1 M Na2B4O7 solution, at a potential greater than −0.044 V relative to a SHE, an
iron-deficient layer formed on the surface of chalcopyrite, which passivated the mineral
upon reaching a potential of 0.120 V. Transition to the active state occurred at a potential of
0.237 V. At a potential of 0.436 V, chalcopyrite was passivated by metal hydroxides, oxides,
and sulfates. At potentials greater than 0.53 V, the mineral dissolved.

Somewhat different results were reported in [44,45]. During the anodic polarization of
a mineral in a borate solution, two current maxima were observed, the first of which was
associated with the formation of metastable CuS2 and CuFe1-xS2 phases. With a further
positive shift of the potential, these phases dissociated with the formation of oxides CuO,
Fe2O3, and sulfur.

The reaction of chalcopyrite dissolution in ammoniacal solutions (NH4OH and (NH4)2SO4
at a ratio of 1:1) was studied by potentiostatic and potentiodynamic methods [46]. It was
found that the anodic current densities near the mixed potential increased with increasing
total ammonia (NH3 + NH4

+) concentration from 1 to 3M. It was established that the
reaction with respect to ammonia was of the first order. The reaction was of zero order
in terms of [OH-] at pH 9 to 10. Tafel equations showed that the average charge transfer
coefficient was 0.61. The reaction was controlled by a one-electron charge transfer step. That
formed an intermediate copper-depleted layer, which was rapidly oxidized in subsequent
electron transfer reactions. The surface precipitate formed during the reaction did not
passivate the mineral, but reduced the rate of its dissolution.

The same authors studied the cathodic reduction of copper(II) and oxygen on the
surface of chalcopyrite in ammoniacal solutions using cyclic voltammetry and chronoam-
perometry [47]. It was established that the predominant cathodic reaction during the
oxidative dissolution of chalcopyrite in ammonical solutions is the reduction of copper(II).
The cathodic reaction rate was found to be inversely proportional to pH and total ammonia
concentration. Although tetra-ammine copper(II) ion is the dominant ion, the tri-ammine
complex is believed to be the most electrochemically active under these conditions. It
was shown that both copper(II) reduction and copper(I) oxidation occur simultaneously at
potentials close to the mixed potentials of chalcopyrite in these solutions. The reaction rate
is controlled by mass transfer determined by the migration of Cu(I) ions from the surface
of the mineral.

Nicol summarized the results of studies of anodic processes on chalcopyrite in alkaline
hydroxide and carbonate solutions [48]. Anodic oxidation of chalcopyrite involves active
oxidation at low potentials followed by a passivation region and transpassive oxidation at
higher potentials. In this case, the formation of solid products of the passivating film does
not prevent continued oxidation. The oxidation kinetics is activated with an increase in
pH in both hydroxide and carbonate solutions. Coulometric measurements showed that
thiosulfate and sulfate ions formed as a result of oxidation in sodium hydroxide solutions.
Thiosulfate ion is the main product in carbonate and bicarbonate solutions.

Relatively few studies were focused on the electrochemical behavior of bornite. In one
of the earlier papers [49], it was reported that during the anodic oxidation of bornite, an
intermediate phase deficient in copper Cu2.5FeS4 formed. It was noted that at temperatures
below 50 ◦C, the anodic dissolution of bornite was controlled by solid-phase diffusion. At
temperatures above 65 ◦C, dissolution was controlled by a chemical reaction.

In a recent article by Chinese researchers, based on the cyclic voltammetry and XPS
data, it was shown that the oxidation of bornite proceeds intensively at a potential of
more than 0.3 V relative to the silver–silver chloride reference electrode [50]. The main
intermediate phases on the surface of bornite during oxidation are elemental sulfur, FeOOH,
and CuS.

One of the first studies of the process of electrochemical oxidation of enargite, a
valuable but arsenic-containing mineral, usually found in intergrowths with common
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copper sulfides, was carried out by Ásbjornsson et al. [51]. In a hydrochloric acid solution,
they observed a wave in the range from 0.2 to 0.6 V (relative to the SHE) with a maximum
at 0.54 V. This wave was associated with the formation of elemental sulfur as a passivating
layer. Other parallel reactions with the formation of sulfate ions and arsenic(III) or arsenic(V)
were also suggested.

The mechanism of electrochemical oxidation of enargite in sulfuric acid with a concen-
tration of 0.1 mol·L−1 at room temperature was studied in detail by electrochemical and
spectroscopic analysis methods [52]. Cyclic voltammetry, potentiodynamic polarization,
electrochemical impedance spectroscopy, and the Mott–Schottky method were used. XPS
with cold stage, Raman spectroscopy, and synchrotron X-ray absorption near edge structure
(XANES) were used to identify product layers on the electrode surface after electrochemical
dissolution. A region of passivation of the enargite electrode was found at potentials from
450 to 750 mV relative to the Ag/AgCl electrode. The decrease in the current density in this
potential region is due to the formation of a surface layer of As(1-y-z)S4. Copper dissolved
more readily than arsenic. The transpassive region with a window between 750 and 900 mV
is associated with the partial dissolution of the sulfide sulfur of the passivating surface film
to elemental sulfur.

Nicol et al. conducted fundamental studies of the electrochemical behavior of enargite
in ammonium sulfate and ammonium chloride solutions in the pH range from 8 to 10 [53]
and compared that with the behavior of chalcopyrite under similar conditions. Mixed
potential measurements showed that copper(II) is an effective oxidizer of enargite in ammo-
niacal solutions. Voltammetry confirmed the occurrence of the process of partial passivation
of the electrode in the studied solutions. In general, the anodic behavior of enargite in
chloride and sulfate solutions is similar, with the main product of anodic oxidation being
thiosulfate ion. The relative dissolution rates of chalcopyrite and enargite in ammonia-
cal solutions were estimated using the mixed potential theory. It was demonstrated that
enargite dissolves in such systems faster than chalcopyrite.

Same authors studied cathodic processes [54]. The process of reduction of copper(II)
to copper(I) on the surface of enargite in ammonium sulfate solutions proceeds at a high
rate and is quasi-reversible. The reaction of the first-order in terms of the concentration of
copper(II) ions and its rate is limited by mass transfer even at low overpotentials. The kinet-
ics and mechanism of copper(II) reduction in chloride solutions are quantitatively similar
to those occurring in sulfate solutions. The reduction rate decreases with increasing con-
centrations of ammonia and ammonium ions. According to the developed model, this rate
is approximately proportional to the concentration of tri-ammine copper(II) species, whose
concentration decreases as the concentrations of ammonia and ammonium ions increase.

2.3. Nickel Sulfides

Pentlandite ((Fe,Ni)9S8) is the main nickel mineral in sulfide copper and nickel deposits.
Violarite ((Fe,Ni)3S4) is found in association with pyrrhotite and pentlandite. Nickel
also forms several other natural sulfides: millerite (NiS), vaesite (NiS2), heazlewoodite
(Ni3S2), polydymite (Ni3S4), and godlevskyite (Ni7S6). These minerals are relatively rare in
sulfide ores. At the same time, heazlewoodite is the main component of the copper–nickel
concentrate smelting product—feinstein.

The electrochemical behavior of millerite and heazlewoodite was described in detail
in [5,55–57]. Specifically, the anodic reactions of heazlewoodite are interpreted as mineral
transformations Ni3S2 → Ni3-xS2 up to 600 mV relative to the calomel reference electrode;
at intermediate potentials of 700–1200 mV, elemental sulfur forms, and at potentials above
1300 mV, the mineral is decomposed with the formation of elemental sulfur and sulfate ion.

In a later paper, Aromaa investigated the anodic dissolution of synthetic heazlewoodite
in 1 N sulfuric acid at 25 ◦C [58]. An analysis of the potentiostatic curves and cyclic
voltammograms showed that the formation of intermediate sulfides continued even at high
potentials, up to 1600 mV relative to the saturated calomel electrode. It was found that
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solely sulfur formed up to 900 mV. At a polarization potential of 1000 mV, 90% of elemental
sulfur and 10% of sulfates form, at 1600 mV—10% of sulfur, and the rest are sulfate ions.

The electrochemical properties of pentlandite are studied in less detail [59]. In [5], the
complex nature and abundance of redox processes on the surface of pentlandite, caused by
phase transitions of the mineral, are discussed.

In [60], oxidative dissolution of pentlandite in iron(III) chloride solution was investi-
gated by electrochemical methods, including potentiometry, cyclic voltammetry, galvanos-
tatic polarization, chronopotentiometry, and chronoamperometry. The oxidation products
were analyzed using reflected light microscopy, powder X-ray diffraction (XRD), and elec-
tron microprobe analysis. It was shown that pentlandite oxidizes directly to elemental
sulfur without the formation of any intermediate phases. Violarite formation was not
reported. Sulfur layers create obstacles for mass transfer, and the dissolution process is
limited by the diffusion of metal atoms in the surface layer of the mineral.

The same authors proposed a similar mechanism for the oxidative dissolution of
violarite in an acidified iron(III) chloride solution [61].

In [62], anodic processes on a pentlandite electrode in a carbonate solution were
investigated. Anodic polarization of the mineral started at a stationary potential of
−0.035 ± 0.010 V relative to Ag/AgCl electrode for various samples of naturally occurring
minerals. At an electrode polarization rate of 0.02 V/s, waves were observed at potentials
of +0.265 and +0.545 V. The potential of the first wave shifts in the positive direction with
an increase in the polarization rate, while in the rate range of 0.02–2 V/s it did not depend
on the sweep rate, thus the process was controlled by diffusion. Characteristically, the
current–voltage curves did not show a decrease in the current at electrode polarization
rates lower than 0.1 V/s. With the use of potentiostatic electrolysis at wave potentials
and new phases diagnostics, reaction schemes were proposed. Anodic process at the first
wave potential consists in a decrease in the Me:S ratio in the sulfide due to the oxidation
of ferrous iron with the formation of X-ray amorphous Fe(III) hydroxides and metastable
sulfide Fe4.5-nNi4.5S8. At the second wave potential, the metastable sulfide phase dissolves
with the formation of elemental sulfur and ferric hydroxides. The concentration of nickel
ions in the solution after electrolysis at the second wave potential exceeds the concentration
of iron ions by approximately an order of magnitude. At more positive potentials, sulfate
ions form.

2.4. Lead Sulfide (Galena)

Electrochemical properties of galena are described in a number of papers, mainly in
relation to flotation processes [5,6,63–70]. It is noted that during the anodic polarization of
galena in the pH range of 6.8–11, a layer of lead and sulfur oxide is formed, which inhibits
the process of further oxidation [5]. It is emphasized that, according to a number of studies,
the main product of galena oxidation in alkaline solutions is thiosulfate. Formation of
S2O3

2− ions was reported in [67,70]. Using FTIR spectroscopy, in situ surface compounds
on galena at anodic polarization in the range from −0.5 to +0.7 V (relative to a SHE) in an
oxygen-free solution of sodium tetraborate (pH 9.18) were identified in [64]. A conclusion
was made about the formation of lead hydroxide on the surface of galena by the salt-film
mechanism. At the next stage of oxidation lead thiosulfate and lead sulfite formed.

An electrochemical study of the surface of galena in solutions of various acids was
carried out and it was shown that passivation is not associated with shielding of the
electrode surface with sulfur, salts, and lead oxides, and that ligands are directly involved
in electrochemical reactions [63].

A detailed study of the electrochemical behavior of galena in acidic media was under-
taken by Mikhlin in [71]. The cyclic current–voltage curves of galena show that the shape
of the anodic curves and the values of the oxidation currents are fundamentally different in
different acids, and that in solutions of sulfuric and hydrochloric, perchloric and nitric acids,
the values of the maximum anodic oxidation currents are pairwise comparable. A feature
of the anodic curves, common for sulfate and perchlorate solutions, in contrast to chloride
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and nitric acid solutions, is a significantly lower oxidation rate at low potentials (less than
0.5 V). Unusually, in sulfuric acid, the maximum at a potential of 0.7–0.8 V is reproduced in
the reverse section of the curve. The electrochemical behavior of PbS is affected even by
small additions of ligands, which do not change the activity of other ions and the solubility
of lead sulfate and its other salts. Specifically, a number of anions, including those that
do not form stable complexes with lead, for example, perchlorate ions, first increase the
anodic currents, and then cause them to drop (passivation) and rise again with a further
increase in the concentration of ClO4

−. The cathode branches of the curves in different
electrolytes are more similar and are characterized by a small maximum near 0.2 V, a more
intense near −0.2 V, and an increase in current at potentials below −0.4 V. Cathode current
is not directly related to an increase in the time and amount of anode oxidation products;
longer oxidation leads to a decrease in the reduction charge. Specifically, the charge that
passes through a stationary PbS electrode during cathodic potential sweep (up to −0.35 V)
after anodic polarization, carried out in the potentiostatic mode in the passivation region,
has two maxima corresponding to sulfuric and perchloric acids—at pre-oxidation times
of the order of 10−2 s and ~100 s, while there is only one in hydrochloric acid electrolyte,
at 10–50 s. The processes taking place over a time of about 10 ms are associated with the
probable reaction of the transition of lead into solution and depletion of the surface of the
sulfide phase in lead:

PbS→ xPb2+ + Pb1xS + 2e−

and charging of the resulting defects [71].

2.5. Zinc Sulfide (Sphalerite)

Sphalerite is the most important zinc mineral, which contains various impurities.
Common impurities in sphalerite are iron, lead, cadmium, and copper. Sphalerite is
characterized by a high resistivity of 109–1012 Ω·cm [72]. To improve conductivity, carbon
paste electrodes are often used in research. Impurities have a significant effect on the
conductivity of a mineral.

A number of publications are devoted to the study of the electrochemical properties
of sphalerite [72–78]. In particular, the anodic behavior of sphalerite is divided into two
separate potential regions: dissolution in the passivation region and active dissolution.
In the area of passivation, sphalerite is oxidized to zinc ions and elemental sulfur, which
forms a passive layer on the surface of the mineral. In the active region, sphalerite dissolves
without the formation of any passive layer.

In a later paper [79], dissolution of a sphalerite concentrate in a 0.5 M solution of
sulfuric acid was studied using a carbon paste electrode at 22 ◦C. Various electrochemical
methods were used, including cyclic voltammetry, chronoamperometry, and electrochemi-
cal impedance spectroscopy. In general, the study refines and updates the results obtained
earlier. It was found that the oxidation of sphalerite proceeds in the range of anodic poten-
tials up to 900 mV relative to the Ag/AgCl reference electrode. At low potentials (up to
400 mV), a sulfur-rich passive layer forms on the surface of the mineral. The predominant
reaction on the electrode surface at 400 mV is the oxidative dissolution of sphalerite, in
which zinc ions form as a result of an electrochemical reaction and a layer of elemental
sulfur as a passive layer. As the potential increases to 550 mV, the passive layer partially
dissolves. A further increase in the potential to 900 mV leads to the complete dissolution of
the passive film and active dissolution of sphalerite.

Electrochemical behavior of natural polycrystalline sphalerite from the Zhairem de-
posit, which contained up to 4% iron in acid media and a borate buffer solution, was
investigated in [71]. It was found that preliminary repeated acid etching of compact elec-
trodes increases their conductivity and makes electrochemical experiments possible. The
features of the current–voltage curves of sphalerite are a rapid increase in current with a
cathodic potential shift and a slower one, often with a pronounced limiting current, with
anodic polarization, which is typical for n-type semiconductors. In acid solutions, in some
cases, there is a close to linear relationship between the anodic current and potential.
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Thus, based on the analysis of studies of the processes of electrochemical oxidation of
minerals, it can be concluded that the main products of oxidation on the surface of sulfides
are elemental sulfur, metal oxides, and hydroxides, while metal ions and various oxidized
sulfur compounds, mainly thiosulfate and sulfate ions, pass into the aqueous solution.

3. Reduction of Oxygen on the Surface of Sulfides

A brief review of the existing literature on the cathodic reaction of oxygen reduction
on the surface of sulfides, which is a central process during flotation, is presented below.
The recognition of the electrochemical role and intensive electrochemical research into
sulfide flotation began with the recognition of the role of oxygen [5]. Fundamental research
by Plaksin et al. [80–83] showed that for effective flotation of various sulfides, each of these
required optimal oxygen concentration in the slurry. It was observed that oxygen in the
initial period of exposure contributes to the dehydration of the mineral surface, facilitates
the penetration of xanthate molecules and their attachment. With prolonged exposure to
oxygen, flotation properties demonstrated by sulfides deteriorate due to the formation of
sulfates on their surfaces.

Recovering on the surface of sulfide minerals, oxygen ensures the occurrence of such
important processes for the processing of sulfide ores as oxidation and leaching reactions,
chemisorption and oxidation of sulfhydryl collectors [5–7,84].

In biohydrometallurgy, aeration of an ore heap (pile) or slurry is implemented as tank
leaching of sulfide concentrates [11].

Oxygen is also of paramount importance in the processes of weathering and sponta-
neous combustion occurring in sulfide-containing mining waste. The activity of dissolved
oxygen largely determines the kinetics of the processes of oxidation of sulfide minerals and
the formation of AMD [17,20].

Australian researchers Bigler, Rand, and Woods studied the oxygen reduction reaction
in nine sulfide minerals: galena, pyrrhotite, arsenopyrite, bornite, covellite, chalcopyrite,
pentlandite, chalcosine, and pyrite [85–88]. The studies were carried out by voltammetry
with a rotating disk electrode.

They found that the reduction reaction of molecular oxygen on pyrite developed in
two parallel directions [5,89]: the four-electron process:

O2 + 2H2O + 4e− = 4OH−

or the two-electron process to yield hydrogen peroxide as an intermediate:

O2 + 2H2O + 2e− = H2O2 + 2OH−,
H2O2 + 2e− = 2OH−.

(1)

A similar effect of pH on the Tafel dependences of the oxygen reduction reaction on
pyrite was established similar to the effect of pH on that reaction on platinum. However,
while for platinum the proportion of the first reaction at all pH values did not exceed
10–15%, for pyrite it was 50% at pH = 13 and 75% at pH = 9.2. In terms of its behavior in
the O2 reduction reaction, pyrite lies between groups 1 (pyrocarbon, pyrographite) and
2 (platinum group metals) of electrode materials, where the difference between the kinetic
parameters is in the ∂E/∂H slope (0 in group 1 and 2.3RT/F in group 2) [5]. Formation of
H2O2 for the reaction of oxygen reduction on pyrite was observed by direct experiments
using a rotating disk electrode with a ring [90]. In addition, that study showed that
an oxidized pyrite surface coated with iron oxides and sulfoxides is less active than a
reduced surface.

Reduction of oxygen on natural samples of bornite, chalcopyrite, and chalcocite in
borate buffer solutions was studied in [91] by XPS and rotating disk voltammetry. It
was established that on Cu2S, CuS, and copper-rich bornite, the oxygen electroreduction
reaction proceeds at much more positive potentials, i.e., there is a decrease in overvoltage
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compared to pyrite and chalcopyrite. Note that these results do not fully agree with the
findings of [87], where this statement is valid only for chalcosine.

A conclusion was made in [91,92] that the electrochemical reduction kinetics of O2 on
iron- and copper-containing minerals are affected by the state of the mineral surface. It was
found that active reaction centers in the case of pyrite and chalcopyrite were Fe2+ ions, in
the case of covelline and chalcocite, Cu+ ions associated with sulfide sulfur, and in the case
of bornite, Fe2+ and Cu+ ions.

The cathodic reduction of oxygen, peroxide, and hypochlorite on chalcopyrite as
possible oxidizing agents in a two-stage heap leaching process under alkaline conditions
was investigated by Nicol in [48]. Measurements of the mixed potential of chalcopyrite
in alkaline solutions showed that the reactivity of the studied oxidizing agents descends
according to the sequence:

hypochlorite > peroxide > oxygen >> chlorate.

It was found that the reduction rate of dissolved oxygen on enargite has two stages
with the formation of hydrogen peroxide as an intermediate [54].

The equations that determine the currentless potential of the reactions of a number
of sulfides, redox processes, which are the equations of cathodic and anodic reactions on
the surface of minerals in a wide pH range (0.3–13), are presented in the monograph by
Chanturiya and Vigdergauz [5].

4. Electrochemical Properties of Sulfides in Technological Processes
4.1. Electrochemical Properties of Sulfides in Flotation Processes

Electrochemical properties and galvanic interactions of sulfide minerals in flotation
have been the subject of numerous studies [1–3,5,93,94]. Electrochemical processes during
ore dressing are influenced by multiple factors of the flotation system: pH and pulp
potential, concentration of dissolved O2 and oxidizing agents, concentration of reducing
agents, galvanic interactions between conductive grinding media and minerals at the
grinding stage, etc., [95]. Studies of the flotation of sulfide minerals should combine
theoretical and applied aspects of electrochemistry. Let us examine some examples.

In [8], it was found that in the presence of xanthate, the potential of pentlandite in a
borate buffer solution (pH 9.2) is more significantly shifted to the negative region than the
potential of pyrrhotite. Using FTIR spectroscopy, it was concluded that galvanic interactions
in a mixed mineral pulp of pentlandite-pyrrhotite enhance the predominant formation of
hydroxide on pyrrhotite (cathodic reduction of oxygen) and dixanthogen by the reaction:

2C4H9OCSS− − 2e− = (C4H9OCSS)2

on pentlandite (anodic process). This results in increased floatability of pentlandite.
The influence of the galvanic interaction of pyrite and galena on the adsorption of

xanthate on the surface of galena was studied using the density functional theory (DFT)
and cyclic voltammetry [96]. The relationship between the intensity of galvanic interaction
and the adsorption capacity of xanthate on the surface of galena was studied in detail.
It was established that the galvanic interaction between pyrite and galena enhances the
adsorption of xanthate on the surface of galena.

Selective flotation of pentlandite in the presence of non-magnetic (hexagonal) pyrrhotite
has been a highly relevant research problem for a long time. In [97], the possibility was
demonstrated of selective depression of non-magnetic pyrrhotite during flotation of pent-
landite using H2O2. H2O2 reactions with sulfide surface were studied by chronopotentiom-
etry and by monitoring dissolved oxygen. Surface oxidation was diagnosed by studying
surface composition depth profiles of XPS and time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). For non-magnetic pyrrhotite, H2O2 reduction caused significant
oxidation and rapid accumulation of oxide particles on its surface. H2O2 reduction on
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pentlandite was balanced by the oxidation of H2O2 to O2, which limited the oxidation of
the mineral surface.

In connection with the high recovery of pyrite during the flotation of copper ores
using sea water, the role of sodium metabisulfite, a widely used pyrite depressant, in
suppressing the flotation of copper-activated pyrite was studied [98]. Metabisulfite was
added prior to grinding and during pre-treatment prior to flotation. The electrochemical
reactions of pyrite were studied using cyclic voltammetry. The state of the mineral surface
was studied by XPS. It was established that in the absence of oxygen, metabisulfite did not
suppress the flotation of copper-activated pyrite. On the contrary, in strongly reducing
conditions, copper activation was observed on the pyrite surface. In the presence of oxygen,
the combination of sulfite and oxygen ions can form the highly oxidizing radical SO5

−,
which is able to oxidize Cu(I)S, the product of copper activation on the surface of pyrite,
with the formation of a hydrophilic Cu(OH)2/CuSO4 layer. This leads to pyrite depression
during chalcopyrite flotation. The stronger depressant effect of metabisulfite when added
to flotation rather than grinding is due to the greater exposure to oxygen during flotation.

Gold is often present in pyrite as micron and submicron inclusions, the so-called
invisible gold [99,100]. Successful recovery of this gold requires a high level of pyrite
recovery in flotation. Flotation of gold-bearing pyrite is carried out in a wide range of pH
and collector concentration values with various types of grinding media. It was found
that grinding media (forged steel, 15% chromium steel, and 30% chromium steel) affect
pyrite flotation in different ways. At pH 5.0, both iron contamination from grinding
media and xanthate oxidation played an important role in the pyrite flotation process.
Iron particles on the surface of pyrite inhibit pyrite flotation. Oxidation of xanthate, on
the contrary, promotes flotation. Therefore, the higher flotation activity of pyrite was
observed when using chromium steel grinding media, compared to forged steel. The
higher concentration of the collector also contributed to the flotation performance. At pH
7.0, pyrite flotation was mainly controlled by xanthate concentration. At low xanthate
concentrations, pyrite oxidation was the predominant anodic reaction, and pyrite flotation
was poor. At a high concentration of xanthate, the formation of dixanthogen predominated,
which contributed to the flotation of the mineral [99]. At pH 8.5 and the same xanthate
flow rate, the best pyrite flotation performance was achieved when forged steel was
used as grinding media compared to 30% chromium steel, although the highest share of
iron impurities was observed. At pH 8.5, pyrite oxidation predominates over xanthate
oxidation, and the slurry potential plays a dominant role in mineral flotation. The high
slurry oxidation–reduction potential (ORP) resulting from the chromium steel grinding
media promoted pyrite oxidation, preventing xanthate oxidation. The low ORP of the
slurry resulting from the forged steel grinding media still allowed xanthate oxidation, thus
favoring pyrite flotation [100].

Carboxymethylcellulose (CMC) is a highly effective, non-toxic, and biodegradable de-
pressant for Cu-Pb separation. For a wider use of the depressant, it is important to identify
the mechanism of interaction between CMC and minerals. In [101], it was found that at pH
above 10, galena was completely inhibited at a CMC flow rate of 250 mg·L−1. The effect on
chalcopyrite flotation was negligible. Zeta potential studies confirmed that CMC adsorbs
much more easily on galena than on chalcopyrite. CMC adsorption kinetics on galena is
described using a pseudo-second order model in which chemisorption predominates. In
the presence of CMC on galena, more than 74% of the electrochemical reaction sites were
inhibited. The resistance of the surface film of the galena electrode sharply increased in this
case from 3838.7 to 17,547.5 Ω cm2.

Some complex sulfide ores contain anglesite (PbSO4), a relatively highly soluble min-
eral, which makes selective flotation difficult because Pb2+ is released when it dissolves,
“activating” other sulfide minerals present, such as sphalerite. The effect of pyrite on the
flotation activity of lead-activated sphalerite was investigated using flotation and electro-
chemical methods in combination with contact angle measurements [102]. In addition, the
main factors behind the flotation performance of lead-activated sphalerite were investi-
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gated in detail using dissolution experiments and XPS. The paper proposed a mechanism
for the depression of activated sphalerite upon interaction with pyrite. The contact angle
of xanthate-treated galena in contact with pyrite was lower than that without contact,
indicating desorption of xanthate and/or formation of Pb(OH)2. Pyrite enhances the disso-
lution of galena as a result of galvanic interactions and the surface of galena becomes less
hydrophobic due to the formation of hydrophilic surface phases Pb(OH)2. The floatability
of sphalerite activated with lead was suppressed directly due to galvanic interaction, which
led to the dissolution of PbS-like phases with adsorbed xanthate, and indirectly due to the
formation of hydrophilic Pb(OH)2 on sphalerite.

The flotation performance of sulfide minerals in the presence of dithionite ions (sodium
dithionite Na2S2O4) was studied in [103]. It was shown that the flotation performance is
affected by interactions in solutions between dithionites and xanthates and modification of
the surface of sulfides with the help of derivatives of dithionite oxidation. Microflotation
data showed a decrease in the recovery of chalcopyrite and galena in dithionite solutions
even in the presence of xanthate. By measuring the zeta potential, it was found that the
potential-determining effect of dithionites on the surfaces of sulfide minerals reduces the
interaction of the collector and the mineral. Xanthate decomposition tests showed that
more than half of the collector in solution decomposed in a 10 min interaction of xanthate
(initial concentration 20 mg·L−1) with dithionite (500 mg·L−1). In addition, it was found
that dithionite strongly affects the state of the surface of the studied minerals. For instance,
the formation of lead sulfite on the surface of galena and iron oxides and hydroxides on
chalcopyrite was observed. In the processing of massive sulfide ores, when circulated
plant water is saturated with the thiosalt compounds in various concentrations, processing
decisions should be taken considering many water quality parameters.

The effect of oxidative treatment using hydrogen peroxide (H2O2) on the flotation
performance of copper sulfide minerals (chalcopyrite and bornite) and copper minerals
containing arsenic (enargite and tennantite) was reported [104]. Enargite and tennantite
exhibited higher floatability than chalcopyrite and bornite after oxidative treatment of the
mineral mixture followed by the addition of potassium amyl xanthate (PAX). The flotation
performance indicates the possibility of selective flotation of copper sulfides and copper
minerals containing arsenic. Various oxidation products (CuO, Cu(OH)2, CuSO4, FeOOH
and Fe2(SO4)3) on the surface of each of the minerals are likely to be the reason for their
behavior during flotation. In addition, the oxidation products can determine the adsorption
of the collector on each mineral. It was found that PAX is better adsorbed on tennantite,
bornite, and enargite compared to chalcopyrite. A possible mechanism explaining the
behavior of a mixture of minerals during flotation is based on galvanic interactions.

The authors showed that galvanic interactions between galena and pyrite greatly
enhance the dissolution of galena in [105]. This process is highly dependent on the pyrite
content and the reaction time. The XPS method confirmed that the galvanic interaction
between galena and pyrite enhances the oxidation of galena, which leads to an increase
in oxysulfide and hydroxide compounds on the surface of the mineral. The activation
of pyrite in the presence of galena is also enhanced by the migration and adsorption of
lead ions on the pyrite surface. As a result, an increase in pyrite recovery was observed
when butyl xanthate was used as a collector. In general, galvanic interaction changed
the surface properties of galena and pyrite, which complicated the selection of minerals
during flotation.

Pyrite is known to partially or completely oxidize during the storage of pyrite ores,
which leads to poor performance of subsequent flotation. Potential-controlled sulfidization
is used to convert the oxidized surface of the pyrite to the sulfide form prior to flotation.
Huai and Peng showed that sulfidization with Na2S at −200 mV (relative to a SHE) reduce
the amount of iron hydroxide on the oxidized pyrite surface through the formation of
elemental sulfur/polysulfide [106]. Iron sulfide particles formed on oxidized pyrite only
after sulfidization at a potential below −300 mV. Sulfidized pyrite can react with PAX at
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100 mV. However, newly formed particles with a higher reactivity than the bulk of pyrite
began to oxidize at a potential of approximately −50 mV.

4.2. Galvanic Interactions of Sulfides in Hydrometallurgical Processes

Biohydrometallurgy (bioleaching) is considered a promising solution for processing
low-grade ores considering its environmental and economic advantages over the conven-
tional pyrometallurgy process [107]. Using biohydrometallurgy to recover metals from
various types of mining waste is also gaining importance to support the transition to a
circular economy.

The greatest challenge in the leaching of sulfides is the formation of passivating layers
on the surface of minerals, consisting of poorly soluble metal-deficient polysulfides, hy-
droxides [Fe(OH)2], and iron oxyhydroxides [FeO(OH)·nH2O], jarosite [KFe3(SO4)2(OH)6].
The electrical insulating properties of the deposited films significantly slow down the
dissolution of sulfides. The formation of a passivating surface is influenced by various
physical and chemical parameters of the system, including temperature, pH, and the redox
potential of the leaching solution. To prevent the formation of passivating layers, vari-
ous methods are used, for example, adjusting the redox potential of the solution, adding
catalysts, conducting electrochemical leaching [9,10,39], the use of thermophilic iron- and
sulfur-oxidizing microorganisms, etc., [108,109]. Some existing research on this issue is
discussed below.

The largest number of studies of galvanic interactions of minerals in hydrometallurgi-
cal processes is focused on chalcopyrite. This is due to the fact that chalcopyrite is the most
common, but also the most resistant copper sulfide in leaching processes [110,111]. The
reasons for its refractory behavior include passivation and/or its semiconductor properties.

Considering the above, it is important to understand the mechanisms behind the
processes of dissolution and passivation of chalcopyrite during bioleaching. In [112],
the processes of dissolution and the mechanism of passivation during the bioleaching of
chalcopyrite are summarized and discussed. Potential passivating particles are mainly
sulfur-containing particles composed of polysulfide (Sn

2−), elemental sulfur (S0), and
undissolved sulfate (SO4

2−). The effect of physicochemical properties of chalcopyrite
and multiple factors on the mechanism of dissolution and passivation of chalcopyrite is
summarized. The role of the redox potential in the bioleaching of chalcopyrite and methods
for its control are discussed.

A detailed critical review of the existing ideas about the nature and mechanisms of
the formation of passivating layers on chalcopyrite during leaching is offered by O’Connor
and Eksteen [113].

Using a combination of scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), transmission electron microscopy (TEM), focused ion beam (FIB), and
XRD, they studied newly formed phases on the chalcopyrite surface during leaching in
sulfate solutions in the presence of various additives [114]. The effect of such additives as
ethylene glycol, wetting agent, and chloride ions both in the presence and in the absence of
silver ions was studied. In the presence of silver ions and ethylene glycol, metallic silver
was formed and deposited on the surface in the form of predominantly cubic nanoparticles
up to 500 nm in size due to the reduction of silver ions with ethylene glycol in a sulfate
environment. The deposition of metallic silver on the surface of chalcopyrite, in turn,
enhanced the leaching of chalcopyrite by improving the surface conductivity. In the
presence of low concentrations of chloride ions, large amounts of elemental sulfur formed.
An increase in the concentration of chloride ions reduced the amount of sulfur formed.
Layers of elemental sulfur formed in the presence of chloride ions were found to be porous.
In the presence of a wetting agent, the formation of elemental sulfur was also observed
both in the presence and in the absence of silver.

A combination of methods was applied to interpret the catalytic mechanism of Ag+

ions in the chalcopyrite–sulfuric acid-ferric sulfate system [115]. DFT calculations showed
adsorption of Ag+ ions on the reconstructed surfaces (001)-S and (112)-S of chalcopyrite
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and confirmed the possibility of the formation of silver sulfide and sulfur vacancies. XPS
analysis also recorded the formation of silver sulfide on the surface of chalcopyrite. Electro-
chemical analysis showed that the dissolution of chalcopyrite is catalyzed by silver due
to an increase in electrochemical activity. In addition, the introduction of silver atoms
into the surface of chalcopyrite can cause serious distortions in its structure and increase
the diffusion rate of copper atoms, mainly due to the fact that the ionic radius of Cu+ is
much smaller than the radius of Ag+. As a consequence, the accumulation of passivating
particles was prevented and the adverse effect of the passivating layer, which consists
mainly of metal polysulfides and oxides, was reduced, resulting in better dissolution kinet-
ics. A model was proposed for interpreting the catalytic action of Ag+ in the dissolution
of chalcopyrite.

Chalcopyrite underwent hydrometallurgical processing by chemical leaching, electro-
chemical leaching, bioleaching, and electrobiological leaching in [109]. All bioleaching treat-
ments were more successful than the abiotic leach experiments, however, overall copper
recovery was low due to the refractory properties of chalcopyrite. Various electrochemical
methods, such as cyclic voltammetry, potentiodynamic polarization, and electrochemical
impedance spectroscopy, were applied to investigate differences in the surface properties
of the mineral. Potentiodynamic polarization and cyclic voltammetry showed that any
kind of leaching results in reduced dissolution and surface redox inactivation compared
to unprocessed chalcopyrite. However, if chalcopyrite was constantly in direct contact
with the active cathode electrode, its surface was activated and high oxidation currents
were observed, and as a result, increased leaching. It was found that more easily leachable
compounds, such as chalcocite, were formed on the surface of chalcopyrite. In addition,
studies were carried out by electrochemical impedance spectroscopy in the presence of
ferrous and ferric iron. No surface activation due to ferrous iron was observed. In contrast,
ferric iron resulted in consistent passivation over time. Charge transfer resistance was the
lowest for unprocessed chalcopyrite and surface reduced chalcopyrite, and the highest for
chemically and electrochemically leached sulfide mineral. The results of this comparative
electrochemical study confirm that passivation occurs to a greater extent during abiotic
leaching (chemical and electrochemical leaching) compared to biotic leaching (bio-leaching
and electro-bio-leaching).

The study of bioleaching at low temperatures is of practical interest. For instance,
in [116], the authors examined the electrochemical behavior of chalcopyrite during bi-
oleaching at 6 ◦C. Cyclic voltammetry, potentiodynamic polarization, and electrochemical
impedance spectroscopy were used. SEM was used to study the phase composition of the
surface. Chalcopyrite bioleaching experiments using Acidithiobacillus ferrivorans showed
that the maximum cell density can reach 5.3 × 108 cells·mL−1. A concentration of copper in
the solution of about 2 g·L−1 was achieved. Cyclic voltammetry showed that as the leaching
time increases, the anode and cathode currents decrease, the anode peak gradually moves
in the positive direction. With potentiodynamic polarization, an increase in the potential
and a decrease in the corrosion current were observed. This is due to the passivation of
the chalcopyrite surface. As a result of electrochemical impedance spectroscopy analysis,
it was suggested that the impedance of the chalcopyrite electrode at low temperature is
mainly related to the ion exchange impedance, rather than the passivation layer. This
explains the difference between the low temperature process and bioleaching at normal or
high temperature.

The effect of galvanic interaction between chalcopyrite (anode) and pyrite (cathode)
was investigated by long-term electrochemical measurements of galvanic current and
confirmed by chemical leaching and bioleaching [5,117]. For the first time, the results of
measurements of galvanic corrosion (in the absence and presence of microorganisms) over
several days were presented. Combined microbial and galvanic leaching of chalcopyrite
showed increased copper recovery in the presence of pyrite. Corrosion led to the dissolution
of minerals depending on multiple parameters (similar to the corrosion of metals). However,
the dissolution of chalcopyrite during bioleaching was the highest in the presence of a
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large cathode surface area of pyrite. The highest recovery of copper was observed when
there were high rest potentials differences between galvanically coupled minerals (pyrite
in combination with copper concentrate).

Bioleaching of chalcopyrite in combination with various pyrite grades in the presence
of Leptospirillum ferriphilum was also studied [118]. It was established that the addition
of pyrite significantly enhances the dissolution of chalcopyrite, especially when the mass
ratio of pyrite and chalcopyrite is 3:1. In this case, the redox potential was maintained
in the appropriate range of 350–370 mV relative to the silver–silver chloride electrode for
25 days. Pyrite played the role of an additional source of iron. The results of electrochemical
tests showed that the addition of pyrite did not affect the mechanism of electrochemical
dissolution of chalcopyrite. Although there was a galvanic effect in this process, it was not
the main reason for the accelerated dissolution of chalcopyrite. The effect of pyrite was
mainly associated with the regulation of redox potential and the formation of secondary
sulfides (Cu2S). As a result of the rapid dissolution of the formed chalcocite, a high recovery
of copper (70%) was achieved.

Galvanic interactions between chalcopyrite and magnetite (Fe3O4) in an acidic mi-
crobial culture medium that is commonly used in bioleaching processes were investi-
gated [119]. It was found that CuFeS2 and Fe3O4 in intergrowth act as anode and cathode,
respectively. Electrooxidation of CuFeS2-Fe3O4 intergrowths in an acidic culture medium
releases twice as many copper ions as pure chalcopyrite. This confirms that galvanic in-
teractions prevent the formation of the typical passivating layers usually observed on the
surface of chalcopyrite.

A number of interesting publications have been recently devoted to other copper sulfides.
The interactions of chalcocite and marmatite was studied in [120]. Given that the

potential of marmatite is 39 mV lower, theoretically marmatite should react in this galvanic
pair as an anode, thereby dissolving faster. However, the leaching results showed that the
introduction of marmatite promotes the dissolution of chalcocite, and its own dissolution is
hindered, despite the slight acceleration observed at an early stage in abiotic systems. It was
concluded that solution factors, including redox potential, Fe3+ to Fe2+ ratio, and microbial
activity may have a stronger effect than the galvanic effect. In mixed ore systems, the intro-
duction of marmatite contributed to an increase in redox potential and the dissolution of
chalcocite, while the inhibition of chalcocite during the dissolution of marmatite was due to
excessive release of Cu2+ into solution. However, it was proved that suitable concentrations
of Cu2+ (0.5 mg·L−1 and 50 mg·L−1 are optimal for biotic and abiotic systems, respectively)
improve the dissolution of marmatite. A potential synergistic method of dissolution was
used by controlling the mass ratios of marmatite and chalcocite. Optimal ratios were
proposed equal to approximately 30:1 and 130:1 for biotic and abiotic systems, respectively.
Intermediate species of elemental sulfur and “blaubleibender (blue-remaining)” covellite
(Cu1.2S) were found after leaching, the latter being refractory and capable of preventing
further dissolution of chalcocite in abiotic systems.

The synergistic effect of pyrite with different semiconductor properties on the acceler-
ation of bioleaching of bornite was demonstrated in [121]. Hall effect tests, electrochemical
studies, XRD and XPS combined with bioleaching experiments were conducted. In par-
ticular, bioleaching of mixed ore (a mixture of pyrite and bornite at a mass ratio of 3:1)
was carried out. It was found that in sulfuric acid environments, the recovery of copper
from mixed ore containing n-type pyrite is 10% higher than that from p-type pyrite ore.
However, the difference is eliminated in the presence of Leptospirillum ferriphilum (L. fer-
riphilum), and eventually a copper recovery of 85% is achieved. The XRD and XPS results of
the leached residues confirmed that pyrite with different semiconductor properties cannot
change the mechanism of bornite dissolution. Large amounts of jarosite and elemental
sulfur formed in the last stage of bioleaching are responsible for the passivation of bornite.
Electrochemical measurements additionally confirmed the conclusion made on the basis of
XRD tests and showed that n-type pyrite is better at intensifying the dissolution of bornite
than p-type pyrite.
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Introducing additives into the pyrite system eliminates the limiting stage of the process
and achieves a high recovery of copper during the leaching of copper–arsenic concentrates
containing enargite in a sulfuric acid solution of Fe2(SO4)3 [122]. It was found that the rate of
dissolution of the mineral is not affected by the concentration of ferric ion and sulfuric acid,
and the resulting elemental sulfur covers the surface of enargite with a porous layer, while
the surface of pyrite remains clean. Arsenic dissolves similarly to copper and goes into
solution mainly in the trivalent form. In general, the study demonstrated the possibility of
complete dissolution of enargite under oxidizing conditions in a sulfuric acid environment,
using crushed pyrite as a process catalyst. The new way of processing enargite allows
copper–arsenic concentrates to be processed in leaching tanks at atmospheric pressure
without calcination, ultrafine grinding, pressure treatment, or adding bacteria.

The galvanic interaction between enargite and pyrite in the process of bioleaching was
studied in [123]. The experiment showed that the addition of pyrite significantly increases
the enargite leaching rate due to the galvanic effect. However, the effect was reduced
due to oxidation of the pyrite and reduction in the surface area of the pyrite during the
bioleaching process. The rate of dissolution of enargite without pyrite was controlled by
diffusion through the film of the passivating layer on the surface of enargite. The presence
of pyrite changed the rate-limiting factor in the dissolution of enargite. Thus, the addition
of pyrite eliminates the passivating effect. Electrochemical studies showed that the mixed
potentials and dissolution current densities of enargite electrodes increase when enargite is
in contact with a pyrite electrode and further increase with increasing surface area of the
pyrite electrode. The effect of the surface area of the pyrite electrode on the dissolution of
the enargite electrodes was quantified by the kinetics of semi-elemental reactions occurring
in the pyrite–enargite galvanic pair at mixed potentials with oxygen and ferric ions as
oxidizing agents. Studies of electrochemical impedance spectroscopy demonstrated a
significant decrease in the charge transfer resistance and the resistance of the passivating
film of the enargite electrode in contact with pyrite. Galvanically bonded pyrite continued
to act as a cathode to enhance the oxidation of enargite with oxygen and ferric ions even
after its passivation.

Cyanidation is one of the main hydrometallurgical processes. During cyanidation,
galvanic interactions of gold and the mineral occur, which can prevent the dissolution of the
metal [124]. Simulations were performed based on the DFT to reveal some important elec-
tronic features of gold/pyrite associations during cyanidation of gold. It was demonstrated
that the preferential adsorption of cyanide on gold rather than on the pyrite surface is
regulated by either galvanic interactions or gold oxidation, causing a higher electron deficit
at the gold sites. Due to an increase in the electron deficit in Au atoms during oxidation,
the interaction of gold with CN- will increase and thus contribute to the dissolution of gold
during the cyanidation process.

5. Oxidation of Sulfide Minerals during Mining Waste Storage

The electrochemical behavior of sulfides must be taken into account in order to predict
AMD generation processes and the transfer of heavy metals and other toxic elements into
soil and water during mining waste storage in overburden dumps, at concentration tailings
and slag storage facilities [17,20,125]. Understanding the kinetics of these processes, taking
into account the influence of galvanic interactions, is also useful in developing plans for
the preservation and reclamation of storage sites [126–130].

Forecasting water quality in mines and open pits, taking into account the impact on
the environment, is of great importance in the development of mineral deposits. AMD
forms when sulfides are in contact with oxygen and water. At the same time, several
parameters influence the quality of the final drainage. Galvanic interactions determine the
reactivity of sulfide minerals. Therefore, galvanic interactions must be studied to predict
the generation potential of AMD and to estimate the rate of transition of environmentally
hazardous metals and metalloids into the environment [19,131].
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Below, the results of some studies on galvanic interactions of sulfide minerals in
relation to the storage conditions of mining waste are presented.

Five mixtures consisting of free grains of quartz/pyrite, quartz/chalcopyrite,
quartz/sphalerite, quartz/pyrite/chalcopyrite, and quartz/pyrite/sphalerite underwent
geochemical testing over 200 days [19]. The mixtures were leached twice a week. The
filtrates were analyzed for pH, ORP, electrical conductivity, and sulfate and metal con-
centrations. The results of these tests confirmed the galvanic interactions of sulfides. At
the same time, pyrite was galvanically protected during the entire test period in a mixture of
quartz/pyrite/chalcopyrite and partially protected in a mixture of quartz/pyrite/sphalerite.
Leaching of Cu from chalcopyrite, as well as Zn, Mn, and Cd from sphalerite, was acceler-
ated in the presence of pyrite.

To understand the mechanisms of dissolution of sulfides, the heterogeneity of the
composition and properties of the surface of minerals is of decisive importance [132]. Using
synchrotron scanning photoelectron microscopy, fresh and partially dissolved chalcopyrite
surfaces (HClO4, pH 1.0, redox potential 650 mV, 75 ◦C) were studied. In all samples,
S2− (bulk), S2

2−, and Sn
2− in various ratios were found. Oxidation occurred heteroge-

neously on a submicron scale. Compared to chalcopyrite, partially dissolved after 5 days,
prolonged dissolution up to 10 days did not increase oxidation, but surface roughness
increased noticeably. When 4 mM iron was added, S0, SO4

2− were observed, but not SO3
2−.

This indicates that the higher activity/concentration of Fe3+ promotes heterogeneous oxi-
dation of sulfur. Upon contact of pyrite with chalcopyrite, a significantly greater oxidation
of the chalcopyrite surface was observed than in other studied systems. At the same time,
S0, SO3

2−, and SO4
2− distributed non-uniformly over the surface were detected. It was

suggested that the oxidative dissolution of chalcopyrite is enhanced by an increase in the
cathode area of pyrite and an increase in the activity/concentration of Fe3+. Thus, the
dissolution of chalcopyrite will be accelerated in contact with pyrite at solution redox
potential intermediate between the rest potentials of chalcopyrite and pyrite (560 mV and
660 mV, respectively) and/or in acidic water with a high iron content, which in turn will
lead to accelerated formation of supergene minerals and enhanced metalliferous drainage.

The galvanic effect of pyrite was studied on the transfer of As into solution as a re-
sult of the oxidation of arsenopyrite in circumneutral solutions under oxygen depletion
and saturation conditions [133]. Oxidation experiments were carried out in a flow reac-
tor in the absence of FeS2 particles and at different contents of the sulfide. The results
showed that constant physical contact between FeAsS and FeS2 particles causes an increase
in As accumulation in the solution, mainly under conditions of saturation with O2. At
30% of FeS2 mass, increase in arsenic concentrations compared to those without FeS2
was 82% in solutions of depleted O2 and 117% in solutions saturated with O2. In steady
state, As dissolution rate increased from (4.9 ± 0.5)·10−4 µmol·m−2·s−1 (0%wt. FeS2) to
(1.1–1.9)·10−3 µmol·m−2·s−1 (5–30% wt. FeS2) when saturated with O2. An analysis of Fe-
AsS samples after oxidation showed that the oxidized particles were partially or completely
covered with precipitates of various sizes, shapes, and compositions (for example, As-S
containing ferrihydrite, elemental sulfur, and As-O phases). A thin (3–4 nm) amorphous
ferric oxyhydroxide layer containing S-As was also identified on oxidized FeAsS with
Fe(III) and As(III) particles.

Experiments carried out by Japanese researchers confirmed the influence of galvanic
interactions with pyrite on the kinetics of dissolution of sphalerite and galena in sea
water [134]. Mixtures of hydrothermal sulfides with varying amounts of pyrite were re-
acted with artificial sea water for 144 h, then the dissolution rates of Zn and Pb were
measured by extraction. The dissolution rate of sphalerite increased with increasing
pyrite content. The lead concentration also increased when the pyrite-rich sample was
dissolved. Zn dissolution rates for samples with high Fe/Zn molar ratio (>0.26) were
(1.3–1.5)·10−10 mol·m−2·s−1, which is about an order of magnitude higher than that of
samples with a low Fe/Zn molar ratio (<0.002; (1.6–1.8)·10−1 mol·m−2·s−1). The dis-
solution rate of Pb from the sample with high pyrite content was about nine orders of
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magnitude faster (8.4 × 10−10 mol·m−2·s−1) than the dissolution rate of pure galena
(8.9 × 10−19 mol·m−2·s−1). It was shown that low electrode potential sulfide minerals such
as sphalerite and galena can be selectively dissolved from a mixture of sulfides containing
high potential minerals (e.g., pyrite). This fact has an impact on the geological, geochemical,
and chemical processes in ore mining and other industrial operations.

The research goal of paper [135] was to determine the combined effect of galvanic
interaction and the addition of silicate on the dissolution of pyrite, the main factor in AMD.
Experiments with minerals (pyrite, sphalerite, and galena) and mixtures (pyrite–sphalerite
and pyrite–galena) were carried out with the addition of 0.8 mM dissolved silicate (sodium
metasilicate). The dissolution rate of pyrite was reduced by 98% with the addition of
silicate at pH 7.4. When pH was lowered to 3.0 and 5.0, the effect was insignificant.
The effect of galvanic interaction on the decrease in pyrite dissolution decreased with
increasing pH and was greater in the presence of sphalerite than galena. In contrast, the
effect of silicate addition increased with increasing pH and was greater in the presence
of galena than sphalerite. The greatest combined effect was observed at pH 7.4, when
leaching <0.1% pyrite in both bisulfide systems. The addition of silicate also significantly
reduced the dissolution of sphalerite or galena (by 10–44%, except for the pyrite–sphalerite
system at pH 3). The authors hypothesize that silicate addition may be applicable over
a wide pH range in mixed sulfide systems to both reduce pyrite dissolution and reduce
metalliferous drainage.

Thus, the analysis of the presented results indicates a significant effect of galvanic
interactions of sulfides on the processes of their dissolution and the transfer of their re-
action products into water bodies and soil. Fundamentally different conditions for the
electrochemical oxidation of sulfides develop at storage tailings and tailings from current
production facilities [17]. At storage tailings facilities, due to better aeration and saturation
of pore solutions with oxygen, the mixed potentials of sulfide minerals shift to the anode
region, which leads to an increase in the rate of sulfide oxidation and environmental pollu-
tion with heavy metals. The composition of mineral oxidation products is controlled by
hydrodynamic conditions, the concentration of oxygen, and ferric ions in solution.

6. Conclusions

Sulfide minerals of non-ferrous metals are conductors and/or semiconductors, which
cause their oxidation by the mechanism of galvanic corrosion. Both anodic and cathodic
regions are present on the mineral surface. Usually, the surface areas related to impurity
atoms, dislocations, grain boundaries, etc., become anodic regions, and the rest of the
surface becomes cathodic regions. The anodic regions dissolve, and the oxidizing agent
is reduced in the cathodic regions. Sulfide minerals are characterized by the formation
of intergrowth. The intergrowth in the electrolyte solution catalyzes the oxidation of the
electronegative sulfide, while the rate of the electropositive mineral slows down.

The most important problem of electrochemical oxidation processes is the passivation
of sulfides, caused by the screening of the surface by solid oxidation products—elemental
sulfur, poorly soluble salts, metal oxides, and hydroxides. It has also been suggested
that the surface metal-deficient structures formed during corrosion are responsible for the
passivation. As a result of corrosion and violations of the stoichiometric composition, the
properties of real surface layers of sulfides change significantly.

The electrochemical properties of sulfide minerals are manifested both in the indus-
trial processes of flotation and hydrometallurgy and in the natural geological setting or
during the storage of sulfide-containing mining, mineral processing, and metallurgical
industry waste.

Data on the electrochemical properties of sulfides make it possible to scientifically
substantiate and select optimal electrochemical treatments for mineral slurries to control
the processes of adsorption of collectors during flotation [5,9].

Studies of the electrochemical behavior of sulfides in various electrolytes make it
possible to determine the limiting stages of the processes of oxidation and dissolution, and
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as a result, by controlling the process of pulp oxidation, to achieve the desired intensification
effect on the leaching of sulfide ores and non-ferrous metal concentrates.

The electrochemical behavior of sulfides must be taken into account in order to pre-
dict AMD generation processes during mining waste storage in overburden dumps, at
concentration tailings and slag storage facilities. Better understanding the role of galvanic
interactions in geochemical testing and geochemical modeling will help develop effec-
tive environmental protection measures for the long-term preservation, reclamation, and
decontamination of industrial sites containing sulfides.

The presented results of comprehensive studies substantiate the relevance of investi-
gating the electrochemical properties of sulfides for optimizing industrial processes and
ensuring the environmental safety in mining regions.
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