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Abstract

Chalcopyrite is the main source of copper in the world,
amounting to nearly 70% of the copper reserves.
Nonetheless, chalcopyrite is highly recalcitrant to
chemical and biological processing for copper extrac-
tion. Concentration by flotation and Cu recovery by
pyrometallurgical techniques are still the main route for
processing chalcopyrite concentrates, although they are
unfeasible for copper extraction from low-grade ores
that make up the most copper reserves. Acid bioleach-
ing is a promising technique for extracting copper from
low-grade copper ores, and the technology has been
studied for decades, but there is still no commercial-
scale bioleaching application for copper recovery from
chalcopyrite concentrates. Bioleaching is practiced with
low-grade chalcopyrite ores in heap leaching processes
with ores of multiple sulfide minerals. Research in this
area has probed electrochemical reactions, biological
activities, and interactions with microbes and mineral
surfaces to integrate operational models for chalcopyrite
bioleaching. The purpose of this chapter is to review the
evolution in the understanding of the chemical leaching
and bioleaching of chalcopyrite in the last 20 years, and
the progress achieved so far.
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1 Introduction

Copper ranks as the third most consumed metal in the
world, and its consumption has been increasing consistently
with the industry and technology. Copper has a wide range
of industrial and consumer applications due to its high ther-
mal and electrical conductivity and the propensity to form
metallic alloys with many other metals. Global demand for
copper continues to increase because it plays an indispen-
sable role in modern technologies including applications
in renewable energy areas. About 70% of the global cop-
per reserves are chalcopyrite (CuFeS,) ores, and 70-80%
of copper production comes from this mineral (Nyembwe
et al., 2018).

Chalcopyrite is a recalcitrant mineral in hydrometal-
lurgy, characterized by slow dissolution kinetics. Flotation
and pyrometallurgical techniques are still the main route
for processing chalcopyrite, although they are economically
unfeasible for copper extraction from low-grade ores, which
constitute the most copper reserves. Several chemical and
biological strategies have been proposed to improve copper
solubilization from chalcopyrite. Chemical alternatives in
hydrometallurgy include for example process adjustments
with catalytic ions, controlled redox potential, and use of
ferrous and ferric iron and chloride to modify the leach
solution. Hydrogen peroxide, Na-nitrate, Cr®, and Cu?*
have also been tested as chemical oxidants (Li et al., 2013),
but their best use may be in the elucidation of the mecha-
nisms and steps on chalcopyrite oxidation. As predicted
from the Van’t Hoff equation, temperature in the range of
ambient to 120 °C in autoclaves is efficient in enhancing
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the kinetics of chemical leaching of chalcopyrite. Many
advances in biological strategies were achieved in the late
twentieth century, leading to greatly increased knowledge
of physiological capabilities of acidophilic microorgan-
isms for chalcopyrite solubilization. Some processes with
chalcopyrite concentrates were advanced to pilot scale
and also demonstrated at a large scale (Watling, 2013), but
commercialization has not materialized. Thus, bioleaching
processes are yet to develop to economically competitive
technology for copper extraction from chalcopyrite con-
centrates. Heap leaching applications of low-grade ores that
contain chalcopyrite typically also contain secondary cop-
per and other metal sulfides, which are more readily sub-
jected to dissolution. An example of polymetal sulfide ore
extraction is the Terrafame heap leaching operation (Www.
terrafame.com) in NE Finland. The operation recovers
Zn, Ni, Co, Cu, and U in the acid leach cycle, and a sec-
ond leach cycle with extended residence time is practiced
accommodating the slow dissolution of Cu from chalcopy-
rite and U from thucholite in secondary bioleaching heaps.

This chapter addresses the refractoriness of chalcopyrite
dissolution and the role of microorganisms in chalcopyrite
bioleaching. The chapter emphasizes electrochemical tech-
niques inasmuch as they help to elucidate the mechanisms
of chalcopyrite dissolution. The redox potential as a strat-
egy to promote chalcopyrite dissolution is also appraised in
this chapter.

2 Chalcopyrite Properties and Models
to Explain the Refractoriness

The lattice energy of chalcopyrite is close to
17,000 kJ mol~!, and the standard enthalpy of formation
AH, and the standard Gibbs free energy of formation AG,°
values are —193.6 and —190.6 kJ mol~!, respectively. These
AH, and AG,® values are in the common range for sulfide
minerals and do not explain the recalcitrance and unfavora-
ble kinetics of chalcopyrite dissolution (Li et al., 2013).

Slow dissolution of chalcopyrite has been recognized
through the years (e.g., Dutrizac, 1978, 1991; Nicol et al.,
2017; Nicol, 2017a, 2017b; Viramontes-Gamboa et al.,
2006, 2007, 2010). The slow dissolution has been mainly
attributed to the formation of passive, metal-depleted lay-
ers on chalcopyrite surface and to chalcopyrite properties as
semiconductor material (Crundwell, 1988; Liu & Li, 2011;
Weisener et al., 2003; Yu et al., 1973).

Potential measurements have been used to analyze chal-
copyrite passivation. The increase in the current with positive
potentials is considered to signal a transpassive phenomenon.
Transpassivation is a phenomenon, in which a passivated
surface (metal, metal alloys, or mineral) begins to dis-
solve fast when the electrode potential becomes too positive

and surpasses the breakdown potential of the passive film.
According to Nicol (2017b), the formation of a transpassive
region and the oxidation of chalcopyrite in sulfate solutions
occur at lower potentials than in chloride solutions. Nicol
(2017a) reported that the capacitance values vary with the
applied potential, decreasing between 0.40 and 0.95 V..
in 0.3mol L~! sulfuric acid and sharply increasing with
potentials>1 V., thus manifesting a trend similar to the
measured current. These results support the findings that
intermediate solid-phase products are formed on chalcopyrite
between 0.4 and 0.95 Vg, causing the formation of a pas-
sivation layer, which hinders further dissolution.

Both Fe?* and Cu?* act as oxidants in the leaching
of chalcopyrite in chloride-containing solutions (Nicol
& Zhang, 2017). Potentiostatic measurements (current
vs. time) showed that the potential region between 0.65
and 0.80 VagjagciikCi(3 mol L-1) 1S important in the electro-
chemical leaching process. The authors also reported slow
dissolution of chalcopyrite even after 24 h. Different con-
centrations of chloride did not influence chalcopyrite leach-
ing, whereas the pH and specific potentials (0.65-0.80 V)
in chloride-containing solutions had major effects (Nicol
& Zhang, 2017). In contrast, Bevilaqua et al. (2013) dem-
onstrated that the addition of 0.10-0.20 mol L~! NaCl
enhanced both the chemical leaching and bacterial leach-
ing of chalcopyrite in shake flasks and stirred tank bioreac-
tor conditions at mesophilic temperatures. The highest rate
chalcopyrite leaching occurred at<0.45 VAgl ACIKClsat redox
potential (Bevilaqua et al.,, 2013). Chloride ions inhibit
the formation of secondary solid phases from chalcopy-
rite, decreasing the precipitation of ferric iron as jarosite-
type secondary phases (Vakylabad et al., 2022). Secondary
Cu-sulfides and S° are also decreased, sometimes below
the detection by X-ray diffraction analysis of solid resi-
dues (Bevilaqua et al., 2013). Thus, chloride ions decrease
the passivation of chalcopyrite (Martins et al., 2019, Martin
& Ledo, 2023). Chloride toxicity at the>0.2-0.3 mol L-!
range may, however, impede the bioleaching action depend-
ing on the microbial culture (Akcil et al., 2013; Dopson
et al., 2017; Huynh et al., 2019). Several halotolerant iron-
and sulfur-oxidizers have been described, some tolerating
chloride concentrations above the ~0.5 mol L~! in seawater
(Zammit et al., 2012; Khaleque et al., 2018; Martins et al.,
2019, Martin & Leao, 2023). Wang et al. (2022) reviewed
prospects of using seawater-based lixiviants in heap leach-
ing systems. The toxicity of seawater,~0.5 mol L~! CI~
with~35%0 salinity, in heap bioleaching systems
necessitates testing, selection, and acclimatization for salt-
tolerant microbial communities.

Chalcopyrite oxidation in alkaline solutions involves
mineral activation at low potentials, followed by passivation
and transpassivation at high potentials and decreasing oxi-
dation at> 18 h of contact (Nicol, 2019). In mixed chloride
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and sulfate solutions containing Fe3* and Cu®*, the solution
potential of 0.2 VAglAgCllKCl(3 mol L) varied, and potentio-
static measurements confirmed that a specific mixed poten-
tial region supports oxidative dissolution of copper and iron
from chalcopyrite (Nicol, 2021).

Zhao et al. (2019) reviewed the dissolution and passiva-
tion mechanism of chalcopyrite in the bioleaching process,
pointing out that several secondary products are formed
that can cause chalcopyrite passivation during the leach-
ing process. The three main passivating products formed
during contact of chalcopyrite in leach solution are S 2~
(polysulfides), S° (elemental sulfur), and XFe(SO,)(OH),
(jarosite-type precipitates), where X is usually mixtures
of K, NH4+, H3O+, and Na*. The polysulfide film formed
on chalcopyrite can have a thickness of up to 1 pm and its
formation is due to the dissolution of Fe?*, thus leading to
Fe-deficient copper polysulfides (CuS ), which are unsta-
ble and readily converted to other Cu-sulfides (Zhao et al.,
2019). Some studies suggest that polysulfides are not the
main passivating agents of chalcopyrite because they are
oxidized increasingly to form elemental sulfur at redox
potentials of>0.9 Vaur (Klauber, 2008; Parker et al., 2003;
Zhao et al., 2019). The formation of S is considered as the
main passivating agent in sulfate-rich and bioleaching solu-
tions and is further oxidized to sulfate over time (Dutrizac,
1989; Khoshkhoo et al., 2014; Nava et al., 2008). Other
studies indicate that the S°-layer on chalcopyrite is porous
and does not hinder the dissolution of chalcopyrite (Klauber,
2008; Klauber et al., 2001; Sasaki et al., 2012). Thus, the
formation of a S%-layer and its passivating effect on the acid
leaching of chalcopyrite is a controversial subject because
opposite effects have been reported. Some of the different
interpretations emanate from the initial phase of chalcopy-
rite oxidation, which forms a layer on mineral surface of
oxidic Fe(IIl) and metastable sulfide phases of unoxidized
S and Cu, leading to passivation. As the leaching reactions
continue, more Fe is extracted from chalcopyrite surface
layers, and solid-state diffusion becomes increasingly rate
controlling. Intermediate Cu-sulfide phases of the stoichi-
ometry of chalcocite (CuS,) and idaite (CusFeS;) have been
detected on passivated chalcopyrite surfaces (Varotsis et al.,
2022). Several studies suggest that jarosite-type precipitates
are the main secondary phase that passivates chalcopyrite
leaching: i.e., precipitation of poorly soluble Fe(IIl)-sulfates
together with enrichment of phases with Cu-S bonds
(Sandstrom et al., 2005; Zhao et al., 2019).

The importance of the secondary phases hindering chal-
copyrite dissolution is on debate. The slow dissolution
of chalcopyrite may be linked to other factors such as the
structure of chalcopyrite and its semiconductor behavior.
O’Connor and Eksteen (2020) have expressed strong criti-
cism about the use of the “passivation” term. ‘“Passivation”
is not universally accepted, most likely due to its superficial

resemblance, if any, to the well-known passivation behavior
of metals and metal alloys, and the lack of a clearly identifi-
able surface layer. Several reports use the term to explain
the slow chalcopyrite dissolution without the necessary
scientific and analytical basis. The products formed on the
mineral surface are variations of metal-deficient phases
such as Fe-deficient polysulfides or sulfides, but all with the
same structure and behavior (O’Connor & Eksteen, 2020).
Passivation is normally defined for metals and alloys, as
discussed and explained in the literature (Fontana, 1987;
Sedriks, 1996; Uhlig, 1978). The term and its derivatives in
mineral studies were adopted from corrosion research and
were not originally defined for minerals. A passive surface
presents an appreciable and nobler potential than a non-pas-
sive surface and has a low current density due to the prox-
imity of anodic and cathodic potentials for heterogeneous
materials as well as a significant potential region with very
small current up to the passive film breakdown, typically as
shown in Fig. la. Figure la is different from the polarization
curves observed for minerals as shown in Fig. 1b. As men-
tioned by O’Connor and Eksteen (2020), there are differences
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Fig.1 Schematic representation of polarization curves: (a) a generic
curve with characteristic parameters and specific regions; (b) chalco-
pyrite in salt leach solution (ionic strength=0.08 mol L~!) scanned at
different scan rates
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in passivation characteristics between metals/alloys and chal-
copyrite. The mineral behavior is different from the passiva-
tion of metals, and the active—passive—transpassive regions are
generally not obvious (O’Connor & Eksteen, 2020). This can
be seen at different scan rates as shown in Fig. 1b. The tests
performed at low scan rate (0.1 up to 10 mV s~') do not show
a passivation region with low dissolution current. Sulfur spe-
cies on polarized, metal-deficient chalcopyrite surface assent
with interfacial mineral-leach solution species (Ram et al.,
2020). Passivation and critical current density for metals tend
to decrease at low pH values, but this is not observed for chal-
copyrite, because its passivation can also be related to its elec-
trochemical properties.

Mikhlin et al. (2017) analyzed the near-surface region
of an oxidized chalcopyrite sample that was conditioned in
acid ferric sulfate solution for 30 min at 50 °C. The group
used X-ray photoelectron spectroscopy (XPS), X-ray
absorption near-edge spectroscopy (XANES), and density
functional theory (DFT) calculations to describe the oxi-
dized, metal-depleted regions in the layer. Mikhlin et al.
(2004, 2017) analyzed three metal-depleted layers: (i) a
thin (1-4 nm) outmost layer containing polysulfide spe-
cies, (ii) a~20 nm thick, highly metal-deficient layer rich in
disulfides but negligible in polysulfides, and (iii) a defective
and near-stoichiometric underlayer of about 100 nm thick-
ness. The slow chalcopyrite dissolution was attributed to
metal depletion on chalcopyrite surface and slow diffusion
of copper and iron species from the bulk solid to the min-
eral surface (Mikhlin et al., 2004, 2017).

Mikhlin et al. (2004) determined the capacity of non-
stoichiometric sulfides and intermediates from chalcopyrite,
bornite (CusFeS,), and chalcocite (Cu,S) to passivate their
surfaces. Covellite (CuS) was not formed on the oxidation
of chalcopyrite, whereas the formation of non-stoichiomet-
ric sulfides (Cul_XFel_ysz_Z, Cu,S) was confirmed (Mikhlin
etal., 2004). Chalcopyrite oxidation yielded copper and
iron in the solution phase and the formation of S—S bonds
on the mineral surface. The sulfur/metal and copper/iron
ratios in the aqueous phase were dependent of the potential
that was applied. The non-stoichiometric layers on chalco-
pyrite surface were not the cause of passivation. Mikhlin
et al. (2004) concluded that the low chalcopyrite dissolution
was due to the extremely slow diffusion of copper and iron
from the bulk solid to the chalcopyrite surface (i.e., metal
depletion). Thus, the slow chalcopyrite dissolution was
associated with the semiconductor behavior or the forma-
tion of passive layer on chalcopyrite surface.

Nasluzov etal. (2019) demonstrated in DFT+U
(U=Hubbard-type correction parameter) simulation and
chalcopyrite XPS studies that the crystal structure com-
prises centers with tri- or pentasulfide or tri- and disulfide
complex anions, with a negative energy formation of 1.2—
1.5 eV for each Fe atom extracted from the structure. The

XPS data suggested initial depletion of iron, but not cop-
per, on chalcopyrite surface and the presence of sulfides and
polysulfide anions (Snz‘ with n>5). During chalcopyrite
oxidation, Cu was depleted as S—S chains were formed. The
stability of the polysulfide centers was considered responsi-
ble for the delayed oxidation and leaching of chalcopyrite
(Nasluzov et al., 2019).

Contrary to the conclusions suggested by Mikhlin et al.
(2004), Zhao et al. (2015a, 2019) reported bornite and cov-
ellite as the main intermediates associated with chalcopy-
rite dissolution. Bornite formation represented a reductive
step, which was believed to be a rate-limiting reaction in the
overall chalcopyrite dissolution. Covellite formation from
bornite was an oxidation step and not a cause of the rate
limitation (Zhao et al., 2019).

The contrasting interpretations may be attributed to
the differences in chalcopyrite surface characterization,
although the surfaces were characterized in cyclic voltam-
metry experiments in both studies. It is possible that due to
experimental differences, atypical secondary solid phases
with variable stability were formed in the two studies. This
controversy shows, however, that multiple experimental and
analytical approaches should be used to interpret the forma-
tion of intermediate solid phases during the time course of
chalcopyrite dissolution.

In the semiconductor model of chalcopyrite and leach-
ing, the path of electron transfer between chalcopyrite and a
redox pair in the solution depends on their respective energy
levels (Memming, 2015). It is necessary that the energy
level of the redox pairs in the electrolyte (E_, ) approaches
the energy of the edge of the conduction band (E.) or the
valence band (E,) of the semiconductor chalcopyrite
(Crundwell, 1988; Osseo-Asare, 1992). If this condition is
established, but the E , and the semiconductor Fermi level
(Ep) are not at the same energy level, a charge transfer arises
between the semiconductor and the redox pairs in solution in
order to establish the equilibrium (Bott, 1998).

Electron transfer makes the phases negatively or posi-
tively charged. This affects the density of the states of
the redox pairs, and in the case of the semiconductor, the
excess or lack of charge is distributed within the solid up
to a distance of about 10-1000 nm (Bott, 1998; Crundwell,
2015); this zone is called the space charge region. The
space charge regions with a lack or excess of major charge
carriers (electrons for n-type semiconductors and holes
for p-type) are also called the depletion and accumulation
regions, respectively (Bott, 1998).

The charge transfer of a semiconductor is a function
of the concentration of major charge carriers. The semi-
conductor behaves like a metal in an accumulation con-
dition, as there are excess charge carriers available for
charge transfer. Slow reactions are expected in a depletion
layer situation (Bott, 1998; Crundwell, 2015). Therefore,
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according to the chalcopyrite semiconductor model, effi-
cient leaching under accumulation conditions is expected.

O’Connor and Eksteen (2020) argued that many studies
claim that chalcopyrite leaching in acidic solutions leads
to passivation. However, other studies have shown no pas-
sivating effect in alkaline solutions with a complexing
agent, although purportedly the same passivating species
are formed on the mineral surface (O’Connor & Eksteen,
2020). If copper- or iron-oxides are naturally formed on
the chalcopyrite surface, they are dissolved when immersed
into acid solution, and eventually, the protection of the sur-
face is destroyed. It is accepted that the Fe-S bond is broken
more readily than the Cu—S bond and the direct decomposi-
tion of sulfide surface has a very slow rate. Surface analyses
indicate that polysulfide chains of different sizes, elemental
sulfur, and intermediate Cu-sulfides are formed. The n-type
semiconductor character of chalcopyrite as determining
its slow dissolution was also criticized by Nicol (2017a),
attributing the observed effects to improper operation of
laboratory equipment or experimental artifacts. Mikhlin
et al. (2017) and Nasluzov et al. (2019) argued that the sem-
iconductor character disappears after the modification of
the first layers of the mineral surface. Ozone treatment after
the bioleaching step was shown to oxidize reduced-S-con-
taining complexes on chalcopyrite surface (Lv et al., 2021).
Measurements of corrosion current densities (Tafel curves)
and open-circuit potentials indicated increased reactivity of
chalcopyrite after ozone treatment.

An alternative to the different approaches on chalco-
pyrite surface oxidation/dissolution is the reductive/dis-
solution route (Biegler & Horne, 1985; Hiroyoshi et al.,
1997, 2000, 2001, 2004, 2008; Sandstrom et al., 2005; Gu
et al., 2013; Zhao et al., 2015c¢), which is based on simul-
taneous electrochemical reactions occurring spontaneously
under moderate acid leaching conditions. Based on this
approach, Toledo et al. (2022) explained the high yield of
copper recovery from a chalcopyrite concentrate sample
under abiotic conditions at 1 atm and at 65 °C. The experi-
mental variables were the initial concentration of Fe?* ions
and pulp density (,opulp). Relatively high copper extractions
were obtained at the initial [Fesz]/,opulp ratio of about 80,
with an optimal range of solution potential maintained dur-
ing almost all the time courses of 28 days. A response sur-
face with statistical confidence of 0.997 was obtained using
a central composite factorial design, allowing to reach the
optimal condition with>90% of chalcopyrite dissolution.

3 Galvanic Interaction

When dissimilar metals are immersed in a corrosive or
conductive solution, there is a potential difference between
the metals. If these metals are brought into contact or

electrically connected, this potential difference produces
a flow of charges. The corrosion of the less resistant metal
increases and that of the more resistant metal decreases,
compared to their behavior when they are electrically sepa-
rated. Thus, the metal more resistant to corrosion acts as a
cathode and the less resistant as an anode generating a gal-
vanic cell. This behavior can be extended to other materials,
for example, to ores with multiple sulfide minerals.

The electrochemical action produced by different metal
reactions through a path leading to electrons and electrolytes
generates a difference in potentials between the involved
phases. The galvanic interaction that occurs between two
minerals is caused by the different rest potentials, which
lead to different electrochemical reactivities (Peters, 1977).
In the case of sulfide minerals, when they come into contact
with each other, they can form a galvanic cell, and thus, oxi-
dation—reduction reactions occur, caused by the difference in
the resting potentials of the mineral phases (Peters, 1977).
The rest potential difference distinguishes between cathodi-
cally protected and anodically sacrificed minerals.

The rest potential indicates the electrochemical reac-
tivity. Therefore, in the galvanic cell, the mineral with the
higher resting potential is considered the nobler mineral,
and the mineral with the lower resting potential is actively
dissolved. Classification of common sulfide minerals in
terms of their rest potentials and their mineral reactivity
has been presented in the literature (Peters, 1977; Tanne
& Shippers, 2021). According to Zhao et al. (2015a), the
pyrite addition for chalcopyrite dissolution generates a cata-
lytic effect that is mainly attributed to the increase in gal-
vanic current. In this galvanic cell, pyrite is the cathodic
phase, while chalcopyrite acts as the anodic phase leading
to preferential dissolution (Zhao et al., 2015a). The gal-
vanic effect of pyrite has been reported in many studies
of chemical leaching and bioleaching of chalcopyrite (Li
et al., 2017; Natarajan & Kumari, 2014; Olvera et al., 2014;
Zheng et al., 2021).

In leaching tests with chalcopyrite and bornite in dif-
ferent ratios, the copper extraction was greater than 90%
after 30 days in all tests containing the two minerals in a
mixture (Zhao et al., 2015a). Copper dissolution was 48%
at the most when the two Cu-sulfide minerals were tested
separately. In the presence of Leptospirillum ferriphilum,
the leaching of copper greatly increased when the redox
potential exceeded 380 mVAgl AgCIKClsat and the dissolu-
tion almost ceased when the redox potential exceeded
480 mVAgl AeCIKClsat If the redox potential was maintained
in the range (380—480 mVAgl AgC”KCIW) during the time
course, the bioleaching of chalcopyrite and bornite admix-
tures yielded high copper extraction. Similar results were
obtained with chalcopyrite and pyrite mixtures, with the
best results with 4:1 pyrite:chalcopyrite by weight ratios.
Zhao et al. (2015a) attributed these results to the optimal
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redox potential range for chalcopyrite dissolution (380—
480 mVAgl AgClIKClsat.)’ while the galvanic effect by pyrite
was not considered important in this case. Chalcopyrite dis-
solution and pyrite activation effect were dependent on the
mixing ratio.

Tanne and Shippers (2021) monitored the evolution of
electric current in galvanic cells with chalcopyrite—chalco-
pyrite, pyrite—pyrite, and chalcopyrite—pyrite mixtures in
different proportions without current disturbance (ZRA—
Zero Resistance Ammeter mode). The results showed that
the galvanic effect on the coupling between chalcopyrite
and pyrite was relatively small. The authors speculated
that chalcopyrite was too recalcitrant to dissolve during
the experiment because the difference in the resting poten-
tials between the two minerals was too small. Bioleaching
results confirmed that the concentrate was leached much
faster and to a greater extent when assisted galvanic
bioleaching was applied. In the bioleaching assays, aci-
dophilic microorganisms played a key role in keeping the
redox potential of the solution high and may have partially
oxidized electrically insulating sulfur layers. The increase
in pyrite content in the mixed mineral system resulted in
higher Cu recovery (Tanne & Shippers, 2021).

Hiroyoshi et al. (2000) reported that the dissolution of
chalcopyrite was accelerated when the redox potential was
controlled at a relatively low value. Under these conditions,
chalcopyrite was reduced to Cu,S, and its subsequent rapid
dissolution yielded a high copper extraction. Thus, there
are also major conflicts over topics concerning the effects
of bornite or pyrite on the bioleaching of chalcopyrite. The
enhancement of chalcopyrite leaching is related to these
interactions between the different minerals, and the optimal
region of the redox potential in mixtures of chalcopyrite
and other sulfide minerals also improves the leaching.

Pathak et al. (2017) reviewed several catalysts that have
been shown to enhance the bioleaching of chalcopyrite. These
catalysts include metals, most notably silver (e.g., as AgNO,),
which precipitates as Ag,S and Ag® on chalcopyrite surface,
enhancing the semiconductor properties of the mineral and
reducing the formation of the passivating S° layer on the
mineral surface. Silver catalyst in the bioleaching is in flux
between the solution and solid phases because Ag,S is readily
oxidized by Fe** to Ag* and S°. Ag,S also acts cathodically in
contact with chalcopyrite, thus assisting the galvanic coupling
effect (Yang et al., 2019; Zhao et al., 2022).

Activated carbon has also been shown to enhance the
bioleaching of chalcopyrite (Ahmadi et al., 2013; Méndez
et al., 2022). This effect is attributed to the activated car-
bon sorption of sulfur intermediates, thereby partially alle-
viating passivation effect caused by S° formation. Activated
carbon is cathodic with respect to chalcopyrite, and this
galvanic interaction has a positive effect in the bioleach-
ing. It is conceivable that, as shown with biochar treatment,

excessive activated carbon results in the formation of a pas-
sivating surface layer with sulfur-laden carbon intermixed
with jarosite-type precipitates. Yang etal. (2017) demon-
strated that visible light and 0.1% graphene accelerated Fe?*
oxidation during chalcopyrite bioleaching. The effect also
involved jarosite precipitation on graphene particle surfaces,
thus reducing its formation on chalcopyrite surface. Cyclic
voltammetry results were consistent with these effects.

4 Bioleaching Microorganisms

Several bacteria and archaea capable of oxidizing Fe- and
S-compounds produce acid leaching conditions for the dis-
solution of chalcopyrite (Latorre et al., 2016; Sadeghieh
et al., 2020). They produce protons from sulfur oxidation
(Eq. 1) under acidic conditions and regenerate Fe’* as the
chemical oxidant (Eq. 2) in the bioleaching process.

28° 430, + 2H,0 — 2S03™ + 4H™, 0

4Fe*t + 0, + 4H' — 4Fe’t + 2H,0. )
Rather than pure cultures, mixed cultures containing S-
and Fe-oxidizers are recognized to be more efficient in the
bioleaching. Many of these microorganisms are commonly
found in acid mine drainage and sediments. They vary in
their temperature requirements, responses to pH, and tol-
erance to high concentrations of metals. Several reviews
have been published in the last decade on the diversity of
these bacteria and archaea (e.g., Johnson & Quatrini, 2020;
Mahmoud et al., 2017; Moya-Beltran et al., 2021; Nufiez
etal., 2017; Quatrini & Johnson, 2018; Wang et al., 2020;
Zhang et al., 2019).

Acidithiobacillus ferrooxidans is the most studied acido-
phile active in the bioleaching, with more than 9000 papers
in the Web of Science. Its genome (NBCI txid920) was the
first to be sequenced among bioleaching microorganisms.
The biological leaching of Cu from chalcopyrite has always
been only partial, reaching a maximum of 60-80% over
3—4 weeks in bench-scale studies depending on the specific
experimental conditions. Limited copper dissolution under
mesophilic conditions is a consequence of the increased
redox potential of the leach solution, which is associated
with the high ferric/ferrous ratio, leading to formation of
Fe(III) precipitates (Li et al., 2013; Tian et al., 2021; Zhao
et al., 2019). These changes in the leach solution are known
to hinder the dissolution of chalcopyrite.

Moderately thermophilic (approx. 45-60°C) and
extremely thermophilic (approx. 60-80 °C) microorgan-
isms have faster oxidation rates and thereby bring about
improvement in chalcopyrite bioleaching. Some examples
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of chalcopyrite bioleaching and microbial diversity include
the isolation and characterization of a novel, extremely
thermoacidophilic, obligately chemolithotrophic Acidianus
sulfidivorans (Plumb et al., 2007). This archacon grows
optimally at 74 °C and is active at a pH range of 0.4-2.2.
Vilcdez etal. (2008) evaluated chalcopyrite bioleaching
with three thermophiles at 65, 70, 75, and 80 °C. Acidianus
brierleyi was the least active Fe oxidizer, suppressing the
redox potential of the leach solution near the critical value
of 450 mVAg/ AgCl thus favoring chalcopyrite leaching.
Sulfolobus metallicus and Metallosphaera sedula oxidized
Fe”* at faster rates, thus promoting higher redox potential
of the leach solution but causing lower efficiencies of chal-
copyrite leaching. Iron oxidation by these thermophiles
also resulted in ferric iron precipitation, which on the one
hand suppresses chalcopyrite leaching and on the other
hand decreases the solution redox potential, thus favoring
chalcopyrite leaching. The results also demonstrated that a
threshold concentration of either Fe>* or Fe3* is required to
initiate the bioleaching of chalcopyrite.

Castro and Donati (2016) characterized a thermophilic
archaeon, Acidianus copahuensis, which also had a low
iron oxidation capacity. In bioleaching experiments, iron
released from the chalcopyrite matrix remained mainly in
the ferrous form because of the low oxidation activity, thus
contributing to low redox potential of the leach solution.
Safar et al. (2020) tested Ac. copahuensis further in chal-
copyrite bioleaching experiments and demonstrated that
initial cell adhesion on the mineral particles combined with
low iron oxidation activity achieved high copper leaching,
which was attributed to a low redox potential.

Liu etal. (2017) evaluated the bioleaching of a chal-
copyrite concentrate sample with mixed cultures of
mesophilic, moderately thermophilic, and extremely ther-
mophilic microorganisms. Secondary covellite, chalcocite,
and bornite were formed during the time course. The for-
mation of bornite and chalcocite was observed at solution
redox potentials <500 mVgr. At>550 mV, covellite was
formed, but bornite and chalcocite were not detected. In
addition, elemental S and jarosite-type precipitates were
also formed; they did not appear to hinder chalcopyrite oxi-
dation. The yields of copper leaching increased with the
temperature of incubation: 59% in about 20 days at 30 °C,
78% in 16 days at 45 °C, and 85% at 65 °C in 10 days (Liu
etal., 2017). Correspondingly, Hedrich et al. (2018) tested
a moderately thermophilic mixed culture of L. ferriphilum,
Acidithiobacillus caldus, and Sulfobacillus spp. for the
bioleaching of a chalcopyrite concentrate sample in stirred
tank temperature-controlled bioreactors. The yields of cop-
per leaching increased with the temperature and with the
lower redox potential of the leach solution.

Combinations of microbes expand the metabolic range
in the bioleaching process and have been invariably more

efficient than pure cultures of microbes. Pure culture work
has been, however, important in elucidating oxidation steps
of sulfide minerals and pathways of sulfur oxidation, iron
redox shuttling, and coupling of the leaching process with
biochemical energy transduction, respiratory chain activity,
and physiological traits (Dopson & Okibe, 2023). Pure and
mixed culture work has provided fundamental principles and
premises on the limits of environmental pH, temperature,
and responses to potentially toxic metals and solutes in acid
leach solutions. Molecular-level and genetic studies have
revealed potential to modify and manipulate properties of
these microorganisms (Jung et al., 2021). These approaches
are now widely used in characterization of acidophilic iron-
and sulfur-oxidizing microbes, but they have yet to be inte-
grated for commercialization of bioleaching processes.

5 Electrochemical Approaches
for Chalcopyrite Dissolution

There have been ongoing discussion and interpretation of
the interaction between microorganisms and the chalcopy-
rite substratum in the bioleaching process. Electrochemical
techniques have been applied in endeavors to unravel mecha-
nistic information and thermodynamics on bacteria—mineral
interactions as it pertains to the bioleaching of chalcopyrite.

Biofilm formation impacts chalcopyrite surface and
over time contributes to a passivation effect. Biofilms are
typically composed of microbial cells and their extracel-
lular polymeric substances (EPS), which can sequester
metals, trap nano-size particles, and possibly also nucle-
ate Fe(Ill) precipitation. Biofilms are invariably formed on
mineral surfaces in bioleaching processes, causing changes
in the electrochemical properties of the system (Garcia-
Meza etal., 2013; Lara et al., 2013; Bobadilla-Fazzini &
Poblete-Castro, 2021). Zhao et al. (2019) and Zeng et al.
(2023) elaborated on the biofilm aspects and discussed
factors that are involved in bacterial attachment on chal-
copyrite. Bobadilla-Fazzini and Poblete-Castro (2012)
reported that biofilms of Acidithiobacillus thiooxidans and
Leptospirillum spp. were not formed on chalcopyrite in
stirred and laminar flow conditions. This may be a unique
feature of the mixed culture as numerous other studies have
proven that cell adhesion and attachment leading to biofilm
layers are integral parts of the bioleaching of chalcopyrite
and other sulfide minerals.

Electrochemical impedance spectroscopy (EIS) has
proven a useful tool in detailing these effects. Figure 2
shows three equivalent electrical circuits (EEC) used to
adjust the EIS data (Bevilaqua et al., 2004).

In the circuit A (Fig. 2a), Rs is the solution resistance and
0,(R W) is connected to the electrode active region, where
Q is the constant phase element composed by the admittance
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Fig.2 Equivalent electrical circuit for EIS data: a 7 and 24 h in the
absence and 7 h in the presence of bacteria; b 71 and 120 h in the
absence and 24-120 h in the presence of bacteria; ¢ for times longer
than 120 h (Bevilaqua et al., 2004), slightly modified by the authors.
Elements of the circuit: Rs, solution resistance; Q, ,, constant phase
element of the electrode active region; R, charge transfer resist-
ance of the electrode active region; W, Warburg element that means

Yo and the exponent n of the electric double layer, both of
them independent on the frequency. R is the charge trans-
fer resistance and W is the Warburg associated with a semi-
infinite linear diffusion process. This circuit was able to
describe the experimental conditions: 7 and 24 h of incuba-
tion in the absence and 7 h in the presence of bacteria. For
longer times, modified circuits were proposed to represent
mineral surface in part and were almost entirely covered
by an adherent porous layer by compounds containing sul-
fur, hydroxides, biomolecules, and biomass. For immersion
times between 71 and 120 h in the absence and 24-120 h in
the presence of bacteria, circuit B [Rs(R; Cpy (O, (R W))]
(Fig. 2b) was used where the association R-C, = represents
the resistance and capacitance of a biofilm or sulfur film
formed on part of the mineral surface. For times longer than
120 h, circuit C [(RS(Qg 4R fi1m) (Coc R W] is shown in
Fig. 2¢, in which the Qg o R . sub-circuit was associated
with the sulfur or biofilm covering almost entirely the elec-
trode surface with the mass transport limited by diffusion
through the film, where W, represents a finite diffusion ele-
ment (Bevilaqua et al., 2004).

Electrochemical noise analysis (ENA) has also
been used to characterize bacteria—mineral interactions
(Bevilaqua et al., 2006, 2007, 2011). The addition of chlo-
ride and silver ions to the bioleaching system was shown
with ENA to influence the electrochemical behavior of
chalcopyrite. Chloride caused an increase in the electro-
chemical potential and the current response of the system,
thus enhancing the dissolution of chalcopyrite. Silver ions
caused considerable variations in the noise resistance (R)
values, indicating signal instability and a lack of steadiness
in the leaching of chalcopyrite (Horta et al., 2009a).

The use of carbon paste electrodes (CPE) with miner-
als instead of massive mineral electrodes has improved
reproducibility in electrochemical tests. Massive mineral
electrodes are subjected to signal variability due to pol-
ishing and fracture and the lack of homogeneity (Horta

semi-infinite linear diffusion; Cy, . capacitance of biofilm or sulfur

film partially covering the surface; R, resistance of biofilm or sulfur
film partially covering the surface; Qg . . constant phase element of
the film covering all electrode surfaces; R g, . resistance of the film
covering almost all electrode surfaces; R, charge transfer resistance;
W,, Warburg element, diffusion through the finite layer thickness

et al., 2009b). The use of CPE showed a linear correlation
between the mass of chalcopyrite and the charge obtained
from cyclic voltammetry assays when the proportion of
mineral in the CPE electrodes was between 20 and 80 wt%.
By converting the noise resistance to admittance, the results
of CPE studies suggested that chalcopyrite passivation was
associated with slow chalcopyrite dissolution (Horta et al.,
2009a). In the presence of A. ferrooxidans and additional
chloride in the electrochemical cell, bacteria adhered to the
electrode, resulting in an activated state with the influence
of the two components (bacteria+Cl~ ions). This increased
the admittance with a greater dispersion of the admittance
points, showing a synergism between the bacteria and chlo-
ride ions in solution. Further results with CPE manufactured
with solid residues from bioleaching experiments showed
that chloride addition inhibited the secondary solid-phase
formation on chalcopyrite. Thus, chalcopyrite dissolution
was less hindered, indicating a less resistive behavior and
more susceptible mineral dissolution, showing synergism
between bacteria and chloride in chalcopyrite bioleaching.
The composition, structure, and other properties of
chalcopyrite electrodes change during contact in the leach-
ing solution due to precipitation, dissolution, and biomass
accumulation (Kinnunen et al., 2006; Varotsis et al., 2022).
The electrochemical potential of chalcopyrite electrodes
decreases during these reactions; thus, it can be used to
monitor the time course of the leaching process. In general,
mineral electrodes with specific electrochemical potentials
are used to optimize and follow mineral leaching processes.
Impedance experiments showed that the addition of
Fe* decreased the capacitive arcs, suggesting the removal
or absence of precipitates blocking of the electrode (Arena
etal.,, 2016). Hydrodynamic impedance tests indicated a
resistance decay of the system, which was attributed to the
improved mass and ion transport, avoiding the accumula-
tion of passivating precipitates on the electrode surface
(Fig. 3). Semiconductor behavior (Crundwell, 2015) and
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slow diffusion of metal ions from the interior to the chalco-
pyrite surface (Mikhlin et al., 2017) have also been shown
to explain the slow dissolution of chalcopyrite.

The optimal redox potential range of 380-—
430 mV AgjagClKCI(3 mol L-1) Minimizes the accumulation
of surface layers, because under reducing conditions, the
extraction of Fe from the crystal structure and the forma-
tion of less refractory, Fe-deficient Cu-sulfides can lead
to almost complete chalcopyrite dissolution (Third et al.,
2000, 2002; Vilcdez & Inoue, 2009). At low redox poten-
tials, chalcopyrite is reduced in several steps to form Cu,S,
which is relatively readily dissolved, thus improving the
dissolution kinetics (Hiroyoshi et al., 2000; Gu et al., 2013;
Zhao et al., 2015b, 2015d, 2017).

200+ a

1504

o 18 h b
164 © 24 h
o 40 h
48 h
g 124 o 66 h
2 5 73 h W
E gl © 91 h m f
N 5 97 h BRI
(]
4
0_

Z kQ

real

Fig.3 Nyquist diagrams for carbon paste electrodes modified with
chalcopyrite in natural aerated salts solution with 0.10 mol L~! ferrous
ions (a) (Arena et al, 2016) steady electrode (b) hydrodynamic elec-
trode (1500 rpm)

Ghahremaninezhad et al. (2010, 2013) studied the chal-
copyrite behavior in sulfuric acid solution in the absence
of additional adding Fe** or Cu** and extended this study
using XPS analysis. Based on potentiodynamic and EIS
measurements, they proposed the formation of a passive
layer due to the formation of metal-deficient sulfides (Cu,_
xFel_ySZ, y>>x) at low potentials, and a second, copper
sulfide-rich layer (Cu,_ _S,), which was formed at higher
potentials on the first layer as it was being dissolved. The
two layers showed passive characteristics, but they started
to dissolve in the range of 0.74-0.86 V ogjagClKCI(3 mol L)
leading to chalcopyrite dissolution (Ghahremaninezhad
et al., 2010). The authors also studied the kinetics of Fe3*/
Fe?* ions on anodically passivated chalcopyrite in sulfuric
acid. They observed an increase in the dissolution of pas-
sivated chalcopyrite by ferric iron, which was reduced
to ferrous iron and thereby lowered the redox potential
(Ghahremaninezhad et al., 2012).

Processes occurring on the chalcopyrite/solution inter-
face can be defined in relation to electrochemical mineral
surface features and solution composition at specific elec-
trochemical potentials. Mineral surfaces strongly influence
the rates of chalcopyrite dissolution and the formation of
intermediates and products (Lara et al., 2013; Zhao et al.,
2015b). The formation of Fe(Ill)-phosphate on the chalco-
pyrite surface due to the presence of phosphate ions in the
electrolyte has been noted (Lara et al., 2015). Yang et al.
(2014) detected phosphorus on the surface of chalcopyrite
bioleaching residues by X-ray photoelectron spectroscopy
(XPS), probably as Fe(Ill)-phosphate precipitates at 0.60—
0.65 VAgI AgCIKClsat* Phosphate is used invariably in bioleach
solutions as it is an important nutrient for microorganisms.
Electrochemical experiments with chalcopyrite and meso-
philic acidophiles and the corresponding XPS surface anal-
yses support the formation of fractions of disulfides (S,2—),
monosulfide (S?7), polysulfides (S,?—) and elemental sulfur
(S% in different proportions (Zhao et al., 2015b, 2015c).
Zhao et al. (2015b) also found covellite as the main inter-
mediate of chalcopyrite dissolution. Intermediary covellite
formation during chalcopyrite oxidation has been disputed
(Arce & Gonzilez, 2002; Mikhlin et al., 2017). Microbial
cell and EPS distribution, intermediate chemical species,
and secondary solid phases on leached chalcopyrite sur-
faces vary spatially as well as in composition (Garcia-Meza
et al., 2013; Varotsis et al., 2022).

6 Redox Potential Control

Several reports emphasize the importance of the solution
potential of the redox pairs in determining the kinetics of
chalcopyrite reactions. Various hypotheses have been pre-
sented to explain this effect, and strategies for controlling
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the potential have been discussed in the literature (Li et al.,
2013; Zhao etal., 2019). Tian etal. (2021) summarized
the effects of redox potential on the chemical leaching and
bioleaching of chalcopyrite and attributed these effects to
the band theory. Several chemical reactions have been pro-
posed to describe chemical transformations of chalcopyrite
and intermediates during the leaching processes. Sequences
of the reactions have been characterized with electrochemi-
cal techniques and have revealed the formation of second-
ary sulfides (e.g., covellite, chalcocite, bornite, and other
Fe-deficient sulfides) and S° in chemical and biological
leaching experiments with chalcopyrite (Biegler & Horne,
1985; Biegler & Swift, 1979; Dutrizac & MacDonald,
1974; Elsherief, 2002; Hiroyoshi et al., 2004; Holliday &
Richmond, 1990; Majuste et al., 2012; Munoz et al., 1979;
Sohn & Wadsworth, 1980; Warren et al., 1982). Analyses
of cathodic current (or reduction) and anodic current (or
oxidation) peaks obtained with the cyclic voltammetry
technique have greatly contributed to the understanding of
chalcopyrite dissolution.

Many kinetic studies demonstrate that data on the
chemical leaching and bioleaching of chalcopyrite in vari-
ous solution compositions fit the shrinking core model.
The rate limitation is a surface reaction, and the leaching
over time becomes diffusion-controlled at ambient tem-
peratures and sometimes chemical reaction-controlled at
elevated temperatures (e.g., Hidalgo et al., 2019; Jordan
et al., 2006; Kaplun et al., 2011; Koleini et al., 2010; Liao
et al., 2020). Some chemical leaching results also indicate
data fit in mixed kinetic models, changing with the time
course (Ranjbar et al., 2020). Although there is only little
consensus about the underlying reasons of the slow kinetics
of copper extraction from chalcopyrite, poor leaching effi-
ciency has been reported at high solution potentials, while
at lower potentials (380—450 mVAgl AgCl|KClsat)’ the disso-
lution can reach near completion (Bevilaqua et al., 2014;
Castro & Donati, 2016; Gu et al., 2013; Kametani & Aoki,
1985; Petersen & Dixon, 2006; Sandstrom et al., 2005;
Santos et al., 2017; Third et al., 2000, 2002; Vilcaez et al.,
2008; Yang et al., 2018; Zhao et al., 2015¢). Studies with
controlled solution potential have been carried out to bet-
ter understand the role of factors that affect the bioleaching
of chalcopyrite. The potential of the redox couples in the
solution can be electrochemically controlled by the applica-
tion of an external electrical potential with the use of elec-
trodes or chemically using reducing agents (e.g., Na,SO,)
or oxidizing agents (e.g., H,0,, O,, KMnO,). The solution
potential is also influenced by the bulk microbial biomass
(Li et al., 2013), although the prime redox couple in many
cases is the iron shuttle, Fe3t/Fe?*.

Sandstrom et al. (2005) investigated the chemical and
bacterial leaching at solution potentials maintained at

420 mV and 600 mVAgl AgCIKClsat at 65 °C, controlled with

airflows and additions of NaHSO, and KMnO, solutions.
Relatively high dissolution of chalcopyrite at 420 mV was
observed, mainly in the chemical leaching. In the bioleach-
ing process, a low amount of sulfur was formed because
of its concurrent oxidation by bacteria at 600 mV. Because
intermediate sulfur compounds were present in insignificant
amounts, it was concluded that the formation of jarosite-
type precipitates is key to passivation in the chalcopyrite
bioleaching. Sandstrom et al. (2005) also noted that the
dissolution rate increases with higher Cu** concentrations.
Nazari and Asselin (2009) used computer simulations,
based on the theory of percolation, to explain the morphol-
ogy of secondary precipitates associated with the leaching
of chalcopyrite in acidic ferric sulfate solution. A high cop-
per extraction is obtained by maintaining the redox poten-
tial in the active sites of chalcopyrite within the optimal
range, thus controlling the concentration and ratio of Fe3*
and Fe?*. Without the reduction of Fe3*, which slows the
reaction in the active region of chalcopyrite, a Fe-deficient
Cu-polysulfide passivation layer is formed, which inhibits
the leaching of chalcopyrite.

Ahmadi et al. (2010) performed four types of experi-
ments using a chalcopyrite concentrate sample in a biore-
actor at 35 and 50 °C: chemical leaching, electrochemical
leaching, bioleaching, and electrochemical bioleaching. In
electrochemical bioleaching experiments the redox poten-
tial was controlled in the 400-450 mVAg/ AgCIKClsat interval
by applying an external electrical potential. The forma-
tion of a passive, Fe(Ill)-rich layer on chalcopyrite was
limited and the highest yields of copper were obtained in
these redox potential-controlled experiments (Ahmadi et al.,
2010). Gericke et al. (2010) manipulated the redox poten-
tial in chalcopyrite bioreactor experiments by controlling
the available oxygen concentration through aeration. About
90% copper dissolution from a chalcopyrite sample was
obtained at potentials at 410-440 mVAgl Agcl TANge, in con-
trast to approx. 40% extraction at 580 mV.

Velasquez-Yévenes etal. (2010) reported that the
dissolution rate of chalcopyrite in 0.2mol L=' HCI
with 0.5gL~! Cu** at 35°C was strongly depend-
ent on the solution redox potential in the range of 345-—
415 mVAgl AgCl| KClsat® The redox potential was controlled
using three strategies: (i) electrochemical (a passage of an
appropriate current between platinum electrodes allowing
the electrode potential to be controlled to a defined value),
(i1) chemical based on potentiometric titration with perman-
ganate, and (iii) gaseous with mixtures of N, and O,. The
dissolution rate decreased substantially at potentials below
335 mV and above 415 mV. Chalcopyrite passivation occur-
ring above this redox range was partially reversible if the
redox potential was lowered to a more favorable value.

Gu etal. (2013) evaluated both electrochemical and
bioleaching experiments using cyclic voltammetry with a
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chalcopyrite electrode containing L. ferriphilum. Chalcocite
was identified during the bioleaching of chalcopyrite at low
potentials. The reductive conditions enhanced the dissolu-
tion kinetics of chalcopyrite. Jarosite was formed but was
not deemed a passivating component because of its loose
and porous texture. In the cyclic voltammetry test, the
potential sweep followed the common path from the open-
circuit potential (OCP) or 381 mVAgl AgCl| KClsat to 801 mV,
then to —999 mVAgl AgCl| KClsat and back to the OCP value.
Among the cathode peaks obtained, the reductive forma-
tion of talnakhite (CuyFegS, () or bornite as well as chalcoc-
ite was proposed. When the potential sweep was reversed
toward the positive direction, sulfur and non-stoichiometric
Cu-polysulfides such as djurleite (ideally Cu,,S,, the for-
mula varies) and digenite (Cu,S;) were detected.

Bevilaqua et al. (2014) evaluated the effect of the solu-
tion potential and the ratio of Fe** and Fe?* concentrations
on the chemical leaching and bioleaching of two types of
chalcopyrite concentrates. Initial redox potentials between
350 and 600 mVAg| AgCl J keisae Were adjusted with differ-
ent ratios of [Fe>*|/[Fe’**]. Chalcopyrite dissolution was
hindered when Fe?* was completely oxidized in these
experiments. The leaching rate declined when the solution
potential increased to 580 mV. Enhanced copper dissolution
was observed at high Fe?* concentrations that suppressed
the redox potential to<370 mV.

Santos et al. (2017) reported 90% copper extraction in
the chemical leaching at 200 mmol L~! Fe?* at redox poten-
tials <420 mVAgl AgCl| KClsat (Fig. 4). Relatively low copper
dissolution of 17% was obtained at 610 mVAgl AgCl| KClsat
potentials in the presence of A. ferrooxidans. The bacte-
ria catalyzed the oxidation and Fe?*, therefore increasing
the redox potential. Under both conditions, the formation
of passivating species was observed, but the dissolution
of chalcopyrite was not impeded. Thus, the maintenance
of a low range of redox potential in the presence of Fe**
favored the leaching of chalcopyrite (Fig. 5). Factors caus-
ing the passivation of chalcopyrite leaching were not
verified by Santos et al. (2017). Li et al. (2017) used syn-
chrotron scanning photoelectron microscopy to examine
chalcopyrite surfaces and residues after partial leaching at
a controlled redox potential (451 mVAgI AgCl|KClsat), which
was maintained due to the concurrent oxidation of pyrite.
Intermediate sulfur species (S*~, S,*7, S,?7, S%) were
identified on the surface of chalcopyrite, but their heteroge-
neous distribution on mineral surfaces did not indicate pas-
sivation. Evidence to date demonstrates that the bioleaching
of chalcopyrite is efficient at low redox potentials and
the efficiency decreases with increasing redox potential.
The dominant redox shuttle comprises Fe?* and Fe’*, and
thus, the predominance of Fe?* favors the bioleaching of
chalcopyrite.
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Fig.4 Time course of copper dissolution and redox potential meas-
urements on chalcopyrite leaching using different concentrations
of ferrous ions: rhombus—O0 mol L=!; square—0.100 mol L~'; tri-
angle—0.200 mol L~!; and circle—0.300 mol L~ of ferrous ions
(Santos et al., 2017)
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Fig.5 Combined effect of ferrous iron concentration and redox
potential on chalcopyrite dissolution under abiotic conditions (Santos
etal., 2017)

Improved efficiencies would be expected with increasing
Fe?* concentrations, but this is not what happens at increas-
ing redox potentials. Relatively fast rates of copper extrac-
tion have been reported for redox potentials up to a certain
limit (380480 mV versus AglAgCIIKCl (3 mol L), and
the presence of Cu?* and Fe?* also enhances the leaching
of chalcopyrite (Bevilaqua et al., 2014; Biegler & Horne,
1985; Hiroyoshi et al., 1997, 2001, 2004, 2008; Sandstrom
et al., 2005; Vilcaez et al., 2008; Nazari & Asselin, 2009;
Viramontes-Gamboa et al., 2010; Veldsquez-Yévenes et al.,
2010; Gu et al., 2013; Zhao et al., 2015c¢).

In an attempt to explain the influence of solution poten-
tial and Fe?*, Fe3*, and Cu?* on chalcopyrite leaching,
Hiroyoshi et al. (2000) proposed a two-step model: chalco-
pyrite is initially reduced to chalcocite, followed by oxida-
tion by Fe?* and dissolved O, (Reactions 3-5).
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CuFeS; + 3Cu>* + 3Fe?t — 2Cu,S + 4Fe*",  (3)
Cu,S + 4Fe*t — 2Cu®* + 4Fe®t + 8, 4)
Cu,S + 4HT + 0, — 2Cu** + S + 2H,0. 5)

This model stipulates that the redox potential remains
within a range between the Nernst potentials of the chalco-
pyrite reduction and chalcocite oxidation (Reactions 3-5).
The dissolution of chalcopyrite would be thermodynami-
cally inhibited if the solution potential has a value greater
than the Nernst potential of the chalcopyrite reduction
Reaction (3) or less than the Nernst potential of the chal-
cocite oxidation Reactions (4 and 5). From a thermody-
namic point of view, this model may be relevant approach
to approximating limitations in the bioleaching of chalco-
pyrite. However, studies to date show that other intermedi-
ates besides chalcocite also participate in the chalcopyrite
bioleaching process.

7 Concluding Remarks

Bioleaching of Cu-sulfide ores is practiced in heaps in
many locations worldwide. This technology is particularly
suitable for secondary Cu-sulfides such as chalcocite and
covellite as well as Cu-oxides. The primary Cu-sulfide,
chalcopyrite, is refractory in these bioprocesses and
requires specific process control for enhancing the extent
and kinetics of the bioleaching. In the 1970’s and 1980’s,
it was generally recognized that bioleaching could not be
applied to chalcopyrite concentrates because of the slow
reaction kinetics. The underlying reasons and mechanisms
have been elucidated in the past couple of decades, and
the acid leaching reactions aided by acidophiles can be
directed toward optimization by controlling the solution
redox potential and the temperature regime. Chalcopyrite
electrodes in acid leaching systems can be used to moni-
tor the oxidation state of the mineral. Pyrite electrodes can
also be useful if galvanic coupling is established. Redox
potential, pH, chemical oxidants, and iron- and sulfur-oxi-
dizing microorganisms are the main controlling factors of
chalcopyrite surface chemistry. These parameters change
during the time course of chemical leaching and bioleach-
ing. Active acidophiles are best employed as consortia of
Fe- and S-oxidizing prokaryotes (= bacteria and archaea)
for the redox-temperature-pH-ferric-ferrous-iron condi-
tions during optimal chalcopyrite bioleaching. The forma-
tion of secondary solid phases such as (Fe(IIl)-precipitates,
SO and metastable Fe-deficient Cu-sulfides accounts for
the diffusion control of the leaching kinetics. Chemical
and microbiological leaching of chalcopyrite yields
Fe?*, S sulfooxyanions, and non-stoichiometric Fe- and

Cu-polysulfides. Instead of a strictly chemical leaching
process, the kinetics are favorable for the bioleaching, pref-
erentially with thermophiles especially. Both the chemical
leaching and bioleaching are enhanced if chalcopyrite is
initially reduced to bornite and other Cu-sulfides, followed
by oxidation by Fe** and dissolved O,. The pathways of
Cu, Fe, and S may be different in the chemical leaching and
bioleaching. Electrochemical techniques have given insight
into the sequences of leaching reactions. Analysis of the
thermodynamic and electrochemical properties of chalco-
pyrite has presented possibilities for external control of the
chalcopyrite leaching process, for example, by the process
temperature, redox shuttles, aeration, galvanic coupling,
and voltammetry.

Glossary

Ciim Capacitance of biofilm or sulfur film partially
covering the surface

CPE Carbon paste electrodes

DFT Density functional theory

E Conduction band

EEC Equivalent electrical circuits

E. Fermi level

EIS Electrochemical impedance spectroscopy
ENA Electrochemical noise analysis

E. .x  Redox potential

E, Valence band

AGP Standard Gibbs free energy of formation
AH? Standard enthalpy of formation

n Exponent

OoCp Open-circuit potential

Poulp Pulp density

Constant phase element

Ogim  Constant phase element of the film covering

almost entirely the electrode surface
act Charge transfer resistance of the active region of

the electrode

R, Charge transfer resistance

R Resistance of biofilm or sulfur film partially cov-
ering the surface

R, Noise resistance

rpm Revolutions per minute

Rs Solution resistance

Ry o  Resistance of the film covering almost entirely the
electrode surface

SAT Saturated

SHE Standard hydrogen electrode

U Hubbard-type correction parameter

W Warburg element representing a semi-infinite lin-

ear diffusion
W Warburg element, representing the
through a finite layer thickness

diffusion
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XANES X-ray absorption near-edge spectroscopy

XPS X-ray photoelectron spectroscopy
Yo admittance

ZRA Zero Resistance Ammeter mode
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