
lable at ScienceDirect

Electrochimica Acta 265 (2018) 569e576
Contents lists avai
Electrochimica Acta

journal homepage: www.elsevier .com/locate/electacta
Understanding galvanic interactions between chalcopyrite and
magnetite in acid medium to improve copper (Bio)Leaching

Albert Saavedra a, J. Viridiana García-Meza b, Eduardo Cort�on a, Ignacio Gonz�alez c, *, 1

a Biosensors and Bioanalysis Laboratory (LABB), Departamento de Química Biol�ogica and IQUIBICEN-CONICET, Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires (UBA), Ciudad Universitaria, Pabell�on 2, Ciudad Aut�onoma de Buenos Aires, Argentina
b Geomicrobiología, Facultad de Ingeniería-Metalurgia, UASLP, Sierra Leona 550, Lomas 2, 78210 San Luis Potosí, Mexico
c Universidad Aut�onoma Metropolitana-Iztapalapa, Departamento de Química, Av. San Rafael Atlixco No. 186, Col. Vicentina, 09340, Ciudad de M�exico,
Mexico
a r t i c l e i n f o

Article history:
Received 8 November 2017
Received in revised form
23 January 2018
Accepted 26 January 2018
Available online 31 January 2018

Keywords:
Acid culture media
Chalcopyrite
Galvanic interactions
Magnetite
Copper extraction
Stripping voltammetry
* Corresponding author.
E-mail address: igm@xanum.uam.mx (I. Gonz�alez)

1 ISE Member.

https://doi.org/10.1016/j.electacta.2018.01.169
0013-4686/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Chalcopyrite is the main ore mineral used in industrial copper extraction. However, when passivation
processes occur during hydrometallurgical treatment, a large percentage of the mineral being treated is
not solubilized, so the copper recovery is limited. Galvanic interactions between semiconductor minerals
are the basis of many strategies to achieve a more efficient process for increasing copper dissolution.
These interactions concern generally two metallic sulfides. The present study describes a new galvanic
interaction between chalcopyrite-magnetite (CuFeS2-Fe3O4) in an acid microbial culture medium, used
routinely in biomining processes. The electrochemical characterization of CuFeS2, Fe3O4 and a mineral
containing CuFeS2-Fe3O4 is performed. Galvanic interactions are demonstrated by comparing Evans di-
agrams constructed from current transients obtained by imposing the potential pulses to each species
studied. It is determined that CuFeS2 and Fe3O4 fulfil the role of anode and cathode, respectively, in the
behavior of the corresponding mineral. Stripping voltammetry is used to quantify electro-dissolved ions;
the electrooxidation of CuFeS2-Fe3O4 mineral in acid culture medium releases twice as many copper ions
as pure chalcopyrite. This corroborates that the galvanic interactions prevent the formation of typical
passivating components observed in chalcopyrite.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Worldwide, 80% of copper is solubilized from copper sulfides
and from copper- and iron-sulfide ores, such as chalcopyrite.
Typically, copper is extracted by pyrometallurgical processes, but
about 20% of copper worldwide is solubilized by (bio)hydromet-
allurgical processes (mainly low-grade oxides, carbonates and
sulfides) [1]. Minerals composed of Cu-Fe-S show refractory prop-
erties, i.e., they are not easily dissolved in aqueous solutions. In
order to be dissolved at convenient (fast) rates, they need an
oxidizing agent, usually ferric ions, which is incorporated into the
leaching solutions. One of the main limitations of (bio)hydromet-
allurgical processes is the low solubilization of chalcopyrite, given
that the dissolution of copper is typically lower than 35% [2].
.

The low dissolution of low-grade copper minerals may be due to
several factors, one of them being the passivation phenomenon
that occurs during the (bio)hydrometallurgical process. The
oxidation of elemental sulfur is very slow, and this element is
continuously accumulating on the mineral surface, forming a sulfur
layer of difficult solubilization. Moreover, iron hydroxides, such as
jarosite, precipitate and accumulate on the mineral surface too.
Elemental sulfur and jarosite-like compounds are passivating
agents that hinder further mineral dissolution, due to the diffusion
barriers that these compounds represent [3e7].

A strategy to cope with passivation of minerals during hydro-
metallurgical processes is the use of sulfur-oxidizing bacteria that
accelerate the oxidation of elemental sulfur [8]. Another strategy to
improve the sulfide dissolution is the application of galvanic in-
teractions [9e12] that occur when two minerals come into contact.
During the galvanic interaction, the mineral with higher electrode
potential acts as cathode and avoid its dissolution, while the min-
eral with lower potential acts as anode and is oxidized [13,14].
Galvanic interactions have been studied in aqueous leachingmedia,
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Fig. 1. XRD of CuFeS2-Fe3O4 mineral. The inset shows a SEM image where magnetite is
scattered among the crystals of chalcopyrite.
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such as galena-sphalerite [15], pyrite-arsenopyrite [16] and in acid
culture media, such as chalcopyrite-bornite [17], pyrite-bornite
[18], among others.

Industrial processes have been developed based on the galvanic
interactions present in minerals, e.g., the GALVANOX™, which in-
creases copper dissolution up to 98% and delays the passivation
effect on chalcopyrite, depending on leaching time, acidification
and pyrite addition [19,20].

One of the most studied galvanic interactions is the
chalcopyrite-pyrite interaction in acid media, establishing a
galvanic cell. In this system, chalcopyrite behaves as anode, and
pyrite as cathode [21], increasing the chalcopyrite dissolution/
corrosion significantly, and therefore increasing the copper release.
The addition of bioleaching microorganisms to such a galvanic cell
may increase the rate of copper dissolution even more [17,22e24].

Even though pyrite-chalcopyrite galvanic interaction is the most
studied and the most industrially applied process, other minerals
may exhibit this phenomenon as well: Magnetite-chalcopyrite as-
sociation has been reported in different geological formations [25],
but, to our knowledge, its electrochemical galvanic interaction has
not yet been reported. Since magnetite is an oxide and chalcopyrite
is a sulfide, their interaction might be a new alternative for appli-
cation in the industrial recovery of copper.

In this study, an electrochemical characterization of the galvanic
interaction of chalcopyrite-magnetite association under acidic
conditions (pH 1.8) was performed using alternative techniques.
This new information has been considered to improve the copper
dissolution from chalcopyrite.
2. Experimental

2.1. Minerals

For this study, samples of three natural minerals were used:
Chalcopyrite-magnetite (CuFeS2-Fe3O4) and pure chalcopyrite and
magnetite. Mineral identity and composition were then verified by
X-ray diffraction patterns (XRD Rigaku 22002, W¼ 0.02, 10e90�,
using Cu-Ka radiation) and scanning electron microscopy (SEM,
Philips XL30) coupled with an energy dispersive Si(Li) detector
(EDAX DX4). Previous to XRD analysis, the samples were pulverized
in an agate mortar. The CuFeS2-Fe3O4 mineral was obtained from
Tacna, Peru. Magnetite was observed to be dispersed within the
crystals of chalcopyrite, and the XRD analysis indicated the pres-
ence of quartz as well (Fig. 1); thus, the composition of this mineral
was: Chalcopyrite (67.05%), magnetite (0.56%) and quartz (32.39%).
Quartz is not electrochemically active.

Magnetite (40.4%) containing quartz (38.41%), hematite (17.28%)
and sphalerite (3.9%) was collected in Mexico. The chalcopyrite
(CuFeS2, 98.2% pure) was collected and selected from Charcas, San
Luis Potosi (Mexico). Throughout the text and especially in the
figures, the magnetite, chalcopyrite and chalcopyrite-magnetite
minerals will be denominated M, C, and CM, respectively.
2.2. Electrochemical cell and microbial culture media

A typical 50-mL electrochemical cell with a three-electrode
system was used. A modified 0 K microbial culture medium was
used as electrolyte [26], supplemented with (g L�1): KCl, 1;
MgSO4$7H2O, 0.2; (NH4)H2PO4, 2.6. The pHwas adjusted to 1.8 with
10 NH2SO4 solution (from a concentrated, 95% w/w H2SO4 solu-
tion). The electrochemical cell was stirred or not, depending on the
experiment (see Section: “Electrochemical techniques”), using a
magnetic stirrer, and the temperature was maintained at 30 �C
using a thermostatic bath.
2.3. Electrodes

Massive electrodes of each of the three natural minerals (Section
2.1) were constructed and used as working electrodes (WEs). A
massive sample of each mineral was cut in round shape and the
electric contact was made with a copper wire attached to the
mineral with silver paint. This assembly was encapsulated in epoxy
resin and the exposed electrode area was ca. 1.0 cm2. Before each
experiment, the exposed surface was renewed by polishing with
sandpaper (1200#). A graphite bar (Alfa Aesar, 99.999% purity) was
used as a counter-electrode (CE). The reference electrode (RE) was
Hg/HgSO4/K2SO4(sat) (SSE), (0.640 V/NHE) immersed in a Luggin
capillary. All potential values reported in this study, unless other-
wise stated, are referred to the normal hydrogen electrode (NHE).

2.4. Electrochemical techniques

For the electrochemical measurements, a potentiostat-
galvanostat (Bio-Logic™, VMP3 model) equipped with data logger
(EC-Lab version 9.98) and coupled to a 20 A, 20 V power supply
(Bio-Logic™) was used. Different electrochemical techniques were
performed to characterize the reactivity, galvanic interactions and
the possible relevance of the methods proposed herein for the
efficient dissolution of copper. These techniques are described
below.

2.4.1. Open circuit potential and cyclic voltammetry
Open circuit potential (OCP) was measured by dipping the

electrodes into the culture medium and monitored during 60min,
until achieving constant potential values. Cyclic voltammetry (CV)
was conducted in both, anodic and cathodic directions, starting
from the OCP, in a window potential of �0.46 to 1.04 V. For this
study, a scan rate of y¼ 20mV s�1 was used.

2.4.2. Chronoamperometry
Charge vs. applied-potential curves (Q vs. Eapplied), as well as

Evans diagrams of sampled current were constructed. Firstly,
chronoamperometry curves were acquired at different potentials
(between �0.46 to 1.04 V) during 30 s, covering the potential
window in steps of 25mV. After each experiment, the WE was
mirror polished. The obtained chronoamperograms were used to
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calculate the values of Q for each potential, based on the integration
of the current curves vs. time (Q ¼ R

i dtÞ.
2.4.3. Evans diagram of sampled current
Evans diagrams were constructed by sampling the current (at

different times: 1, 2, 3, 4 and 5 s) from the corresponding current
transient obtained at different potentials. Evans diagrams were
acquired by plotting log jsample vs. E. This construction procedure is
shown in Fig. 2.

The reaction rates for CuFeS2-Fe3O4 and CuFeS2 were estimated
from Evans diagrams using the Faraday's equation. For this calcu-
lation, the following expression (Eq. (1)) was considered, where:
Icorr is the corrosion current of the mineral, n is the number of
transferred electrons, A is the exposed area, and F is the numerical
value of the Faraday's constant [27].

r ¼ Icorr
nFA

(1)

This was calculated from the current values obtained at the
intersection of i/E curves. Corrosion currents (CuFeS2-Fe3O4) were
measured by drawing two Tafel straight lines in the anodic and
cathodic direction, from the Evans diagram. Both the corrosion
potential and current were obtained from the intersection point.
2.5. Electrochemical mineral dissolution analyzed by stripping
voltammetry

To study the dissolution of the minerals, E was applied (1.015 V)
for 60 s to CuFeS2-Fe3O4 and CuFeS2 minerals. The dissolution of
copper and iron ions from the minerals in the electrolytic cell was
evaluated by stripping voltammetry.

Copper was measured by anodic stripping, by means of a mer-
cury film electrode (MFE) deposited on a vitreous carbon electrode
disc (0.2 cm2) used as WE. Aqueous samples from mineral disso-
lutions were quantified after adjusting their pH to 4.20, and after
adding Hg2þ (final concentration of 2.10�5M, final volume 50mL);
all this was done under vigorous magnetic agitation. The E utilized
for deposition was �0.46 V (Ed) during 5min. In this way, the
mercury film and the analyte co-deposited forming an amalgam. At
the end of the 5-min period, the agitation was suspended and after
30 s (quiet time), the stripping was done from �0.36e0.84 V. A
Fig. 2. Strategy used herein for characterization of galvanic systems and the
differential pulse was used with y¼ 5mV s�1, a pulse period of
0.10 s and a pulse amplitude of 10mV. The electrochemical pa-
rameters used in the stripping analysis were previously optimized
[28,29].

Iron was measured in similar conditions (volume, electrode
material, agitation), but using a film of calomel, instead of mercury.
The film was made in an electrochemical cell, in a solution 0.5M
HCl and 0.03M Hg2Cl2. A potential of �0.46 V was applied during
3min; after that, the activation was performed by a potential scan
(from �0.36 to 1.64 V) at a rate of 5 mV. After activation, the elec-
trode was transferred to another cell with a Britton-Robison buffer
(0.04M), adjusted to pH 4.20. Then, pyrogalol to a final concen-
tration of 10�5Mwas incorporated. The sample to bemeasuredwas
then added, and a potential Ed¼�0.46 V was applied during 5min.
At the end of the 5-min period, the agitation was suspended, and
after 30 s (quiet time) the stripping was performed (from 0.34 to
0.84 V). A differential pulse was used with y¼ 5mV s�1, a pulse
period of 300ms, and a pulse amplitude of 60mV. This technique is
a modification to that reported previously [30e32].

3. Results and discussion

3.1. Open circuit potential and cyclic voltammetry studies

The evolution of OCP is followed after immersion of the mineral
electrode studied (Fe3O4, CuFeS2 and CuFeS2-Fe3O4), in 0 K culture
medium (Fig. 3). Variations in OCP are attributed to the rear-
rangements of electric charges in the double layer formed at the
mineral-solution interface and chemical interactions at this inter-
face. The OCP reaches a stationary stage at approximately60 min of
immersion, indicating a chemical modification of mineral surfaces
provoked by the culture medium. The values of OCP are 0.495,
0.445 and 0.5 V, for Fe3O4, CuFeS2 and CuFeS2-Fe3O4 minerals,
respectively. Throughout the text and especially in the figures,
magnetite, chalcopyrite and chalcopyrite-magnetite minerals will
be denominated M, C, and CM, respectively.

In order to characterize possible changes in the mineral surface
(Fe3O4, CuFeS2 and CuFeS2-Fe3O4 are assayed) when the mineral is
exposed to 0 K culture media, voltammetric studies are performed
(Fig. 4).

When the scan potential is initiated in negative direction for
Fe3O4 (Fig. 4A), two reduction processes take place: A wide
procedure used for construction of Evans diagrams and charge curves.



Fig. 3. Variation of the open circuit potential of minerals immersed in 0 K culture
medium. M, Fe3O4; C, CuFeS2; CM, CuFeS2-Fe3O4.

Fig. 4. Typical cyclic voltammograms (v¼ 20mV s�1) obtained when the scan poten-
tial is initiated from OCP in positive (solid) and negative (dash) directions. A) Fe3O4, B)
CuFeS2, C) CuFeS2-Fe3O4. The insets show detailed sections.
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reduction peak C1M appeares at 0.18 V, while an additional reduc-
tion wave is detected from �0.2 V. Finally, when the scan potential
is inverted, two oxidation peaks, A1M and A2M, are observed
at �0.08 and ~0.4 to 0.7 V, respectively. On the other hand, when
the scan potential is initiated in positive direction (Fig. 4A), the
voltammetry behavior is similar, but the current density (mA cm�2)
associated with reduction processes is higher. Current density is a
useful way to express our results, given that our natural mineral
samples do not have exactly the same area. The mineral geometric
area is considered for current density calculation. This difference
could be associated with mineral oxidation occurring in the posi-
tive scan direction (A2M, with a scarcely observed current).

Rahner et al. [33], show that magnetite can be solubilized at
0.18 V vs. NHE (Eq. (2)), and the peak C1M could be thereby asso-
ciated with this reaction. At higher potentials, magnetite can be
oxidized to maghemite ðgFe2O3 or gFeOOHÞ, Eq. (3) [34].
h
Fe2þFe3þ2

i
O4ðmagnetiteÞ þ 8Hþ þ 2e�/3Fe2þ þ 4H2O (2)

3
h
Fe2þFe3þ2

i
O4ðmagnetiteÞ/4

h
Fe3þ2

i
O4ðmaghemiteÞ þ Fe2þ

þ 2e�

(3)

When the scan potential is initiated in positive direction for
CuFeS2 (Fig. 4B), two important oxidation processes between ~0.54
and 0.74 V (A1C), and another process beginning at ~0.83 V (A2C)
are observed. On the reverse scan, several cathodic processes take
place. The first cathodic peak C1C is visible at 0.34 V, while the three
cathodic peaks, C2C, C3C and C4C, appear at more negative poten-
tials (at �0.04, �0.15 and �0.34 V, respectively). Finally, when the
potential cycle is about to be completed, four anodic peaks (A3C,
A4C, A5C and A6C) are observed.

When the scan potential is initiated in negative direction
(Fig. 4B), three cathodic reduction processes C2C, C3C and C4C are
observed. Upon reversing the sweep direction, six anodic peaks
(A3C, A4C, A5C, A6C, A7C and A2C) are seen in the same potential
range and with a similar behavior in current density as the vol-
tammogram obtained in positive direction (Fig. 4B). The chalco-
pyrite electrochemical behavior in culture media is complex and a
deeper study is needed to establish the electrochemical trans-
formation taking place. This study (electrochemical and Raman
surface characterization) was previously performed by our research
team [35], and the electrochemical reactions proposed in this
manuscript were taken from this reference.

The peak A1C is associated with chalcopyrite oxidation in a
culture medium similar to the one used in this work and identified
with Eqs. (4) and (5) [35]:



Fig. 5. Polarization curves constructed from data presented in Fig. 4. M, Fe3O4; C,
CuFeS2; CM, CuFeS2-Fe3O4.
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CuFeS2ðsÞ4Cu1�xFeS2ðsÞ þ xCu2þ þ ð2xÞe� (4)

Cu1�xFeS2ðsÞ þ zCu2þðlÞ þ yPO3�
4ðlÞ4Cu1�xFe1�yS2�zðsÞ þ zCuSðsÞ

þ yFePO4ðsÞ þ ð3y� 2zÞe�
(5)

The non-stoichiometric compounds, Cu1�xFe1�yS2�zðsÞ and
FePO4ðsÞ, formed in the initial chalcopyrite oxidation, are considered
passivated compounds (x¼ y).

The peak A2C may correspond to chalcocite oxidation and, in its
absence, to secondary sulfides, such as djurleite (Cu1.92S), digenite
(Cu1.60S) and covellite (CuS), as shown in Eqs. (6)e(8) [17,36e38].

Cu2S/Cu1:92Sþ 0:08Cu2þ þ 0:16e� (6)

Cu1:92S/Cu1:6Sþ 0:32Cu2þ þ 0:64e� (7)

Cu1:6S/Cuþ 0:06Cu2þ þ 1:2e� (8)

The cathodic process C1C corresponds to reduction reactions
(Eqs. (9)e(11) [39]) of the products formed at the interface in the
direct potential scan, since it is not present when the scan is initi-
ated in negative direction.

Fe3þ þ e�/ Fe2þ (9)

Cu2þ þ S0 þ 2e�/ CuS (10)

Cu2þ þ 2e�/ Cu0 (11)

The processes C2C, C3C and C4C, are associated with chalcopyrite
reduction to secondary sulfide species, such as talnakhite
(Cu9Fe8S16Þ, bornite (Cu5FeS4Þ and chalcocite (Cu2SÞ, which corre-
spond to Eqs. (12)e(14) [17,36e40].

9CuFeS2 þ 4Hþ þ 2e�/ Cu9Fe8S16 þ 2H2Sþ Fe2þ (12)

5CuFeS2 þ 12Hþ þ 4e�/ Cu5FeS4 þ 6H2Sþ 4Fe2þ (13)

CuFeS2 þ 3Cu2þ þ 4e�/ 2Cu2Sþ Fe2þ (14)

The peaks A3C and A4C exhibit an activation behavior showing
that metal copper is oxidized to chalcocite according to Eq. (15).
When the potential is continued in forward scanning, anode
oxidation peaks A5C and A6C, which represent the oxidation of
hydrogen sulfide to elemental sulfur, prove to be based on the re-
action of Eq. (16) [36].

2Cu0 þ H2S/Cu2Sþ 2Hþ þ 2e� (15)

H2S/S0 þ 2Hþ þ 2e� (16)

The peak A7C could be attributed to chalcocite oxidation form-
ing a phase related to covellite (CuS) [41].

The voltammetric behavior of CuFeS2-Fe3O4 mineral (Fig. 4C) is
also complex and similar to that of chalcopyrite (Fig. 4B), displaying
specific variations, mainly concerning the oxidation process.

Since OCP is different for each mineral, the overpotential study
allows a better energetic comparison than the nominal OCP value.
In order to show these variations, the current density vs over-
potential (E-OCP) curves are constructed (Fig. 5), from voltam-
metric data (Fig. 4), for the studied minerals regarding the
oxidation process.
The chalcopyrite oxidation process associated with passive

compounds formation (A1C peak, Fig. 5C) disappears in the pres-
ence of Fe3O4 (Fig. 5), provoking an increase in chalcopyrite
oxidation process. The current associated with chalcopyrite trans-
formation to easily oxidized copper compounds (reaction 5, 6 and
7) shows a significant increase (A2CM in Fig. 5CM), related to the
fact that the overpotential for this oxidation is less positive than
that required for chalcopyrite as a single mineral (Fig. 5C). In order
to establish a quantitative measurement of this phenomenon, the
overpotential necessary to achieve a chalcopyrite oxidation rate of
2 mA cm�2 is determined; however, even though the pure CuFeS2
requires an overpotential of 0.55 V, the presence of Fe3O4 requires
only 0.42 V (Fig. 5 dashed line).

This behavior is associated with the galvanic interaction be-
tween chalcopyrite and magnetite, in which the rest potential of
the latter is more positive than that of the former, thus favoring the
chalcopyrite oxidation.

Moreover, the voltammetric curves for CuFeS2-Fe3O4 mineral
(Fig. 4C) show additional peaks of CuFeS2: a cathodic peak scarcely
visible at 0.18 V and an oxidation peak (A7CM), at 0.08 V. These
peaks are related to the magnetite transformation (Fig. 4A).

The increase in mineral reactivity may be related to an increase
in mineral solubilization [38]. The result obtained allows identi-
fying anodic and cathodic processes of Fe3O4, present in the mixed
CuFeS2-Fe3O4 mineral. These processes are directly related to the
increase in reactivity of the mixed mineral.

3.2. Potentiostatic studies

To avoid the competition between the velocity of energetic
modification (potential scan rate) and velocity of electrochemical
reaction at a specific potential (occurring during the linear sweep



Fig. 7. Evans diagrams constructed from the corresponding potentiostatic current
transients; the current is sampled at 5 s. M, Fe3O4; C, CuFeS2; CM, CuFeS2-Fe3O4. The
corrosion potential (Ecorr) is indicated.
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voltammetry (LSV) [42]), in this work different potential pulses,
within the potential range of �0.44 to 1.04 V, are applied to elec-
trode surfaces. Typical current transients are obtained for CuFeS2 by
applying different potentials in the interval described (results not
shown). All these kinetic behaviors could be associated with the
formation of different secondary phases as a function of the applied
potential.

Fig. 6 shows charge as a function of applied potential curves (Q
vs overpotential), from all the minerals studied here (Fe3O4, CuFeS2
and CuFeS2-Fe3O4). To construct these curves, the total charge of
oxidation process is evaluated when pulse potential is applied
during 30 s. The imposed potential is represented as overpotential
(E-OCP).

At higher overpotentials, the charge curves confirm the pres-
ence of galvanic interactions since the presence of magnetite
significantly increases the charge associated with chalcopyrite
oxidation. Furthermore, in the case of CuFeS2-Fe3O4 at lower
overpotentials, the stationary state obtained with potentitostatic
studies allows detection of non-stoichiometric phases at CuFeS2-
Fe3O4 interface. These phases are not detected in the voltammetric
characterization (Fig. 4), since the time constant (perturbation/
response) in this technique is higher than that of potentiostatic
techniques. In other conditions, our group has reported the for-
mation of these phases over chalcopyrite samples [43]. However,
the galvanic effect of magnetite always improves the chalcopyrite
oxidation, because the overpotential at which these phases are
formed is less positive and the associated charge is higher than
those required for pure chalcopyrite.

The voltammetric and potentiostatic characterization of
different minerals confirms that the presence of magnetite in the
naturally mixed CuFeS2-Fe3O4 mineral improves chalcopyrite
oxidation due to galvanic interactions, in which chalcopyrite takes
the role of anode (oxidation) and magnetite takes the role of
cathode. This behavior is confirmed using Evans diagrams [42]. The
Evans diagrams in this study are constructed from the corre-
sponding current transients, where the current is sampled at
different times (see Fig. 2 for the strategy used). Fig. 7 shows a
typical Evans diagram that includes the oxidation polarization
curve of chalcopyrite and reduction polarization curve of magne-
tite. The corrosion potential and current (mineral dissolution) are
Fig. 6. Polarization curves constructed from the total charge (Q) involved in the cur-
rent transients when different potentials are applied for 30 s. M, Fe3O4; C, CuFeS2; CM,
CuFeS2-Fe3O4.
obtained from the intersection of two straight lines traced on the
anodic and cathodic branches of the Evans diagram.

The corrosion potential (Ecorr) thus obtained is 0.45 V, equal to
OCP obtained for naturally mixed CuFeS2-Fe3O4 mineral (Fig. 3). In
addition, the polarization curve of the mixed mineral is similar in
both the anodic and cathodic branches of the Evans diagram, which
confirms that Fe3O4 acts as cathode and CuFeS2 as anode in galvanic
interaction of CuFeS2-Fe3O4 mineral. On the other hand, corrosion
current density obtained from this diagram is 31.71 mA cm�2, which
corresponds to a corrosion rate of 3.30� 10�9mol cm�2 s�1. This
observed rate is small, so there is practically no leaching detected.
Therefore, for any practical use the addition of a biological or
chemical mediator will be necessary to increase the rate of mineral
dissolution.
3.3. Solubilization of iron and copper from CuFeS2 and CuFeS2-
Fe3O4

In order to confirm higher dissolution of chalcopyrite in the
presence of magnetite, the oxidation of both minerals is performed
Fig. 8. Quantification of Fe (white) and Cu (gray) dissolved after 30 s at 1.025 V. C,
CuFeS2; CM, CuFeS2-Fe3O4.
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at 1.025 V during 30 s; this potential corresponds to a high reac-
tivity zone. The copper and iron ions produced during the elec-
trochemical oxidation are evaluated in the electrolytic solution.
This evaluation represents a challenge because of the low concen-
tration of these ions. The ions are quantified by means of electro-
chemical stripping analysis (see experimental section).

For the potential applied at 1.025 V (Fig. 8), CuFeS2-Fe3O4 shows
double and triple ions dissolved for Cu and Fe, respectively,
compared to those dissolved for CuFeS2, suggesting that the
galvanic interaction strongly accelerates the mineral solubilization.

The ratios of solubilized Cu/Fe here obtained are 1.22 and 1.54
for CuFeS2-Fe3O4 and CuFeS2, respectively. That means that Cu
concentrations are higher than Fe in both conditions, correspond-
ing to a typical short-term chalcopyrite solubilization process
[44e48], where free cations represent only 1% as FeSO4(aq) or
CuSO4(aq). As leaching progresses, Fe concentration becomes more
relevant, so the expected ratios are lower than 1 [45].

4. Conclusions

In this study, the galvanic interactions between two semi-
conductor minerals (CuFeS2 and Fe3O4) naturally occurring in some
ores is presented for the first time. We describe here an interesting
galvanic pair (CuFeS2-Fe3O4) that could be useful in copper leaching
processes, given the relevant increase obtained in copper solubili-
zation when compared to pure chalcopyrite.

The electrochemical characterization of CuFeS2, Fe3O4 and a
mineral containing CuFeS2-Fe3O4 is performed in an acid culture
medium, which is regularly used in biohydrometallurgical, indus-
trial processes. This study shows that, in a natural mixed mineral,
CuFeS2 and Fe3O4 behave as an anode and a cathode, respectively,
provoking an increase in chalcopyrite reactivity and preventing the
formation of a passive layer commonly formed during the chalco-
pyrite oxidation. These results are confirmed by stripping analysis
of copper and iron ions solubilized from electrochemical oxidation
of CuFeS2-Fe3O4 and CuFeS2 minerals.

The results presented herein open new possibilities in the
search of new, faster and economically viable processes in Cu
mining. Moreover, these results can be extended to other sulfide/
magnetite pairs of natural or manmade minerals. Preventing or
delaying the formation of a passive layer over low-grade minerals
can notably improve the efficiency and recovery of economically
sound metals.
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