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In this work, we present an electrochemical study using a carbon paste electrode modified with chalcopy-
rite (CuFeS,) in solution A of T&K medium with different ferrous ion concentrations, in the absence and
presence of the bacterium Acidithiobacillus ferrooxidans. The aim was to evaluate the influence of ferrous
ions and bacteria on the electrochemical behavior of chalcopyrite. Electrochemical impedance
spectroscopy (EIS) was used to investigate the processes occurring at the electrode/solution interface
in the different systems, considering the charge transfer reactions involving chalcopyrite and ferrous ions,
the presence of a multicomponent layer, and diffusion. The main changes in the chalcopyrite response
occurred before 67 h or 43 h of immersion, in the absence or presence of ferrous ions, respectively,
indicating that the surface oxide layer present on chalcopyrite was dissolved faster in the presence of
ferrous ions. The addition of bacteria decreased the charge transfer reaction resistance, especially when
ferrous ions were present. In the presence of Fe?*, sulfur and jarosite were detected in the solid residues
after leaching, while only jarosite was detected in the bioleaching experiment. The results suggested that
ferrous ions accelerated the dissolution of chalcopyrite, and that overlayers including biofilms did not

halt chalcopyrite dissolution, indicating that there was no passivation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Copper is increasing in importance worldwide due to its use in
the construction and appliance industries. Although the value of
the metal varies according to market conditions, investment in
exploration activities continues. China is the world’s largest con-
sumer of copper, and the largest producer of the metal is Chile.
Copper and other metals can be recovered from byproducts of min-
ing using conventional extraction or alternative processes such as
biohydrometallurgy, which is mainly employed in metal recovery
from low-grade ore and in adverse locations. Microorganisms are
used in this process, with the most studied acidophilic bacterium
being Acidithiobacillus ferrooxidans, which has been found to be
capable of promoting oxidation of the mineral sulfide, hence facil-
itating metal recovery (Gahan et al., 2012).

The dissolution of several mineral sulfides has been studied,
and the formation of new phases is widely reported in the
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literature (Bevilaqua et al.,, 2010; Monteiro et al., 1999; Sasaki
et al., 1998). In the specific case of chalcopyrite (CuFeS,), the most
refractory and abundant copper source, it is understood that bacte-
ria oxidize Fe?* to Fe3* ions, which attack the mineral sulfide
(Bevilaqua et al., 2010). However, the refractory nature of this min-
eral sulfide prevents the achievement of high metal recoveries, and
there is no agreement in the literature about the reasons for the
slow dissolution rate of chalcopyrite (Crundwell, 2013; Holmes
and Crundwell, 2013; Khoshkhoo et al., 2014a,b).

Recovery during the bioleaching process has been associated
with the refractory properties of chalcopyrite and the formation
of secondary surface species such as elemental sulfur, covellite
(CuS), jarosites (XFe(SO4),(OH)s, where X=K*, NHi Na*, or
H30%), copper polysulfide (CuS,), and non-stoichiometric copper
compounds. These are detrimental to the oxidation of the surface
by microorganisms and, consequently, to the extraction of copper
(Cérdoba et al., 2008; Hackl et al., 1995; Li et al., 2013; Sasaki
et al., 2009).

Among the strategies that can be used to overcome this limita-
tion can be highlighted the prevention and/or modification of the
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surface layer formed during the oxidation process, by means of
chemical or electrochemical control of the redox potential of the
medium. Control of the redox potential of the Fe**/Fe?* pair can
minimize the formation of iron precipitates, mainly by keeping
the Fe®*/Fe?* ratio low (Cérdoba et al., 2008; Hiroyoshi et al.,
2008a; Qin et al., 2013). There are many ways of controlling the
potential, using the supply of oxygen (Third et al., 2002), addition
of sodium sulfite (Sandstrom et al., 2005), use of chalcopyrite with
a higher percentage of pyrite (FeS,) (Hiroyoshi et al., 2008b), and
imposition of potential by means of electrochemical techniques
such as potentiostatic reduction (Nava et al., 2008), potential
pulses (Lara et al.,, 2013), and cyclic voltammetry (Qin et al.,
2013). Depending on the potential range imposed, different phases
are formed on the surface, including bornite, covellite, elemental
sulfur, non-stoichiometric copper compounds, and chalcocite
(Ahmadi et al.,, 2011; Gu et al., 2013; Lara et al., 2013; Majuste
et al., 2012; Nava et al., 2008). Generally, the imposed potential
causes the reduction of chalcopyrite, which permits the extraction
of iron from the crystalline structure, forming copper sulfides that
are more susceptible to oxidative leaching (Gu et al., 2013). Addi-
tionally, the formation of jarosite under these conditions seems
to be insufficient to block the surface, because these compounds
are highly porous and are easily lost from the surface (Gu et al.,
2013). Recently, Khoshkhoo et al. (2014a) studied a concentrated
copper powder from the Boliden mine (Sweden), with application
of a controlled redox potential, and concluded that a multi-
component surface layer consisting mainly of elemental sulfur
and iron oxyhydroxides was responsible for hindering dissolution.
Jarosite was eliminated from the list of possible substances that
might be responsible for hindering chalcopyrite dissolution, and
elemental sulfur was considered the main component of the
obstructive layer. In other work, the only confirmed products
resulting from the mineral oxidation were sulfur and jarosites
(Klauber, 2008). Polysulfides do not passivate the chalcopyrite sur-
face and the solids formed during the oxidation do not need to be
electrical conductors to dissolve according to the electrochemical
mechanism (Crundwell, 2013). The methodologies employed to
identify the chalcopyrite surface layers and their implications have
been criticized because of the absence of kinetic parameters
(Crundwell, 2013).

In conclusion, electrochemical tests are important as alterna-
tives for the study of bioleaching systems, because they enable
assessment of the influence of ferric/ferrous ions on chalcopyrite,
as well as evaluation of the possible influence of the redox poten-
tial in a medium that simulates the leaching conditions. These
assays have the advantages of speed, convenience, relatively low
cost, high sensitivity, low power consumption, and the use of small
amounts of samples and reagents. In the specific case of electro-
chemical impedance spectroscopy, there is the additional advan-
tage of being a transient technique in which the AC signal is
applied to the system for only a short period, avoiding any detri-
mental effects on microorganisms. The oxidation of chalcopyrite
by At. ferrooxidans has been studied using EIS techniques, including
analysis of the correlation between changes in the mineral surface
and bacterial adhesion (Bevilaqua et al., 2004), and the bioleaching
of residues (Bevilaqua et al., 2013).

Considering that iron ions are ubiquitous in copper-based min-
erals such as chalcopyrite, the oxidant activity in bioleaching pro-
cesses always leads to the formation of ferric ions and sulfuric acid
(Bevilaqua et al., 2002). It was therefore decided to use EIS to com-
pare the influence of redox potential on chalcopyrite dissolution,
using different concentrations of ferrous ions and in the presence
and absence of bacteria. A carbon paste electrode modified with
chalcopyrite was utilized as the working electrode because of its
advantages compared to massive electrodes. The latter tend to
fracture during the polishing procedure and the resulting irregular

and heterogeneous surface can affect the reliability of data
recorded over the course of an experiment (Horta et al., 2009).
The repeatability of this carbon paste electrode has already been
proved in a previous study (Horta et al., 2009). The present work
concerns the use of electrochemistry to study a system that simu-
lates the main stages of chalcopyrite leaching and bioleaching in
the presence of ferrous ions. The goal was to evaluate the ways
in which the chemical potential imparted to the system by control-
ling the Fe?* ions concentration could influence the electrochemi-
cal response.

2. Electrochemical impedance spectroscopy

When the applied perturbation is an AC potential and the
response is an AC current, and vice versa, the transfer function is
the impedance. Electrochemical impedance spectroscopy (EIS) is
a method in which the impedance of an electrochemical system
is measured as a function of the frequency of an applied AC wave.
In this process, after the system has attained equilibrium or steady
state, it is perturbed by applying an AC signal, so a new equilibrium
or steady state is reached. The time (in seconds) taken for this
relaxation is known as the time constant, t, which is given by:

T=RC,

where R is the resistance (in ohms) and C is the capacitance (in far-
ads). The time constant is characteristic of each event occurring in
the system.

To simplify calculations, the perturbation and response are
transformed from the time domain to the frequency domain using
a Laplace transformation. In the frequency domain, fast processes
(low 7t values) occur at high frequencies, while slow processes
(high t values) occur at low frequencies. The frequency around
which a process occurs may be ascertained using:

F=1/2nt

A great advantage of EIS is the wide frequency window nor-
mally employed (103 to 10° Hz), which enables investigation of
all the processes occurring in this time domain. As a consequence,
several time constants can be identified in the frequency range
studied. Hence, solution resistance, porous layers, and barrier lay-
ers can be studied at high frequencies; intermediate frequencies
can be used in the case of bulk properties, fast charge transfer pro-
cesses, and oxide layer properties; and surface properties, slow
charge transfer processes, and diffusion phenomena can be inves-
tigated at low frequencies. In simple terms, impedance may be
considered as the ‘resistance’ to the flow of alternating current:

E=1z,

where E and I are the waveform amplitudes for potential and cur-
rent, respectively, and Z is the impedance. Two different compo-
nents contribute to impedance: a real component due to the
resistive response associated with resistors, generally represented
by Z.ea; Or Z'; and an imaginary component related to the capacitive
or inductive response associated with capacitors, inducers, etc.,
represented by —Zi,e O 2",

The impedance Z is a complex quantity that depends on the fre-
quency (o = 27f, where o is given in radians and f in Hz), and for
each frequency it is only possible to measure one impedance value,
except in the case of a pure resistor where Z(®) = R, a point on the
Zea axis of the Nyquist plot. The impedance in Cartesian coordi-
nates is given by:

Z(®) = Zeal(®) — [Zimag(0),

where j is a complex number and j% = —1.
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If —Zimag, ON the y-axis, is plotted against Ze,, on the x-axis, the
complex plane (Nyquist) graph is obtained. The modulus of impe-
dance, |Z|, is given by:

1217 = (Zeea)” + (Zimag)*,
and the phase angle, ¢, is given by:
(b =tan™' (Zimag/zreal)-

The impedance data can then also be presented as Bode plots: log
|Z| vs. log f, and —¢ (degrees) vs. log f.

The Nyquist and Bode plots for a simulated simple charge trans-
fer process (only one time constant) occurring at an electrode/solu-
tion interface are shown in Fig. 1.

The main parameters that can be directly obtained from the
Nyquist plot for a simple electrochemical process are the solution
resistance (R;), the polarization resistance (Rp), and the charge
transfer resistance (Rcr). A simple charge transfer process produces
only one semicircle, with a maximum at the characteristic fre-
quency (o, = 1/RC = 1/7). An EIS diagram with two or more sepa-
rate semicircles indicates the presence of two or more time
constants. If the time constants are not well defined, the semicir-
cles can be overlapped to varying degrees.

A phase angle plot that is completely symmetric with respect to
the maximum (characteristic frequency), together with the pres-
ence of two or more peaks, is indicative of the existence of at least
two or more time constants (electrode processes). If the time con-
stants have closely similar values, the phase angle plot may show
only one asymmetric peak. These features are also observed in
the modulus of impedance plots: for only one time constant, a
straight line with slope —1 is observed, while two or more straight
lines indicate at least two or more time constants. It is difficult to
distinguish two overlapped time constants in the modulus of
impedance plots.

When semi-infinite linear diffusion is present, a more complex
Nyquist plot is obtained (Fig. 2) and the corresponding time
constant is generally observed in the low frequency region (the
Warburg impedance).

The presence of semi-infinite linear diffusion produces a
straight line with slope of —45 degrees in the low frequency region
of the Nyquist plot, and a continuous increase in the log |Z| vs. log f
plot. More details about electrochemical impedance can be found
in several textbooks.
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3. Experimental
3.1. Starting material

The chalcopyrite (CuFeS,) used in the tests was a natural mate-
rial from La Chorrera city in the county of Cisneros (Antioquia,
Colombia). The mineral was ground and sieved to 100% < 115 mesh
(125 pm sieve). Atomic absorption analysis revealed that the metal
contents were 30.86% Cu and 24.4% Fe.

3.2. Electrolyte, electrodes, and electrochemical cell

3.2.1. Electrolyte

In all the electrochemical studies, the electrolyte used was an
aqueous solution containing 0.5 g/L of each of the salts (NH4),SO4,
K;HPO,4, and MgS04-7H,0, at pH 1.8 (adjusted with concentrated
H,S04), herein named solution A (Tuovinen and Kelly, 1973).

3.2.2. Electrodes

Carbon paste electrodes were prepared with and without chal-
copyrite. The constituents of the carbon paste working electrodes
were: graphite powder (<20 pum, Alfa Aeser), Nujol mineral oil,
and chalcopyrite (50 wt.%, particle size ~37 um) (Horta et al,,
2009). Chloroform was used to homogenize the carbon pastes
and was volatilized after a few minutes. After preparation, the
paste was packed into a cavity (3 mm diameter, 0.07 cm? area) in
the body of a Teflon rod, forming the working electrode, in an
assembly similar to that described previously (Ferreira et al,
2011). The experiments were performed under stirred conditions,
employing a rotating disk system (Model AFMSRX, Pine Instru-
ments) with an interchangeable disk electrode. The carbon paste
electrode was suitably fitted in the rotating disk system. A plat-
inum mesh was used as the auxiliary electrode, and the reference
electrode was Ag|AgCl|KCls, (+0.197 V/SHE). All potential values
were referred to the Ag|AgCl electrode.

3.2.3. Electrochemical cell

A conventional three-electrode electrochemical cell was used
for the open circuit potential (Eoc) and EIS measurements. The
working electrode was positioned vertically and fixed on the top
of the electrochemical cell. The reference electrode was connected
to a platinum disk through a 0.1 pF non-electrolytic capacitor to
prevent phase shift at high frequency. Prior to use, the electro-
chemical cell and electrodes were left in concentrated sulfuric acid
for at least 40 min and were then rinsed thoroughly with water
obtained from a Milli-Q system (Millipore).
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Fig. 1. Nyquist (a) and Bode (b) plots.
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Fig. 2. Nyquist (a) and Bode (b) plots in the presence of semi-infinite linear diffusion.

3.3. Bacterial strain

The strain used was At. ferrooxidans LR, isolated from an acid
leachate of uranium mineral from Lagoa Real in Bahia State, Brazil
(Garcia Jr, 1991).

3.4. Cell suspension

The 108 cells/mL suspensions employed in the EIS tests were
obtained using the T&K culture medium composed of solutions A
(described above) and B (33.3 g/L FeSO4-7H,0), both at pH 1.8,
adjusted with concentrated H,SO,4 (Tuovinen and Kelly, 1973).
Solution A was sterilized by autoclaving (120 °C, 20 min, 1 atm),
and solution B was filtered using a previously autoclaved system
containing a cellulose ester membrane filter (0.45 pm pore diame-
ter, Millipore HAWP 04700). Prior to use, solutions A and B were
mixed in a proportion of 4:1. The cells used for the electrochemical
analysis were obtained after growth for 48 h in a shaker (150 rpm,
30°C), with successive washing and centrifugation (5000g) to
eliminate residual ferric ions from the medium. The washed sus-
pension was further centrifuged at 12,000g for 25 min, washed
twice in Milli-Q water (18 MQ cm), and finally suspended in
10 mL of solution A of the T&K culture medium, using analytical
grade chemicals and Milli-Q water. This procedure removed the
exopolymeric substances (EPS) from the cellular envelope
(Gehrke et al., 1998). Hence, the bacterial suspensions used in
the electrochemical studies did not initially contain any EPS. The
cell suspension was standardized using absorption measurements
(Barron and Lueking, 1990).

3.5. Electrochemical studies

Before use, solution A and the iron-containing solution were
sterilized as described in Section 3.4. Firstly, electrochemical stud-
ies were conducted using an electrode without the sulfide mineral
in order to evaluate the behavior of the carbon paste electrode in
solution A in the absence or presence of ferrous ions (at concentra-
tions of 0.10 and 0.30 mol L™!). Electrochemical measurements
were then performed using the carbon paste electrode modified
with chalcopyrite, in the absence or presence of ferrous ions and
At. ferrooxidans. These concentrations were used because the salt
solution employed for bacterial growth contained 0.12 mol L™!
Fe?*, while Fe?* ion concentrations of up to 0.3 mol L-! were used
in the shake flask experiments.

The open circuit potential (Eoc) was measured before and after
each EIS measurement, and the potential values read before the
measurements were plotted against time; no significant differences
were observed for Eqc values obtained before and after each EIS

analysis. EIS diagrams were obtained in the frequency range from
10° to 5 x 103 Hz, applying an AC potential amplitude of 10 mV
rms on the Eqc and recording 10 points per frequency decade. The
measurements were performed with a Gamry Instruments poten-
tiostat (Model FAS2 Femtostat). Sequential EIS measurements were
performed for 97 h, and for each condition the EIS measurement was
only started after the Eqc had stabilized. The impedance of a carbon
paste electrode modified with chalcopyrite was at least 50-fold
lower than that of an unmodified electrode, so the impedance mea-
sured was dominated by the modifying component. The Lissajous
figures were observed in real time using the Gamry system, and no
distortions were detected. All the electrochemical measurements
were performed using unstirred or stirred and naturally aerated
solutions. Additionally, EIS measurements were performed at the
Eoc, but using the rotating disk electrode of carbon paste modified
with chalcopyrite at 1500 rpm in the non-inoculated systems during
the EIS measurements. Quantitative analyses of the EIS data will be
presented in a future paper, due to the complexity of the modeling
and to avoid greatly extending the present article. All the electro-
chemical experiments were performed at 25 °C.

3.6. Bioleaching and chemical leaching

All the bioleaching tests were performed using an orbital shaker
at 150 rpm and 30 °C, with Erlenmeyer flasks containing mineral
salts medium (Tuovinen and Kelly, 1973) at pH 1.80 plus ferrous
sulfate as energy source at different concentrations (0, 0.10, 0.20,
and 0.30mol L), 2.5% (w/v) of chalcopyrite sample, and 5.0%
(v/v) of At. ferrooxidans LR. Abiotic conditions were also employed.
The experiments were carried out in duplicate, with a final volume
of 150 mL. Compensation for evaporation was achieved by adding
sterile distilled water. Aliquots of the slurries in the vials were
removed at the end of bioleaching tests, for analysis of the solid
phase. The starting material and the solid residues were analyzed
by X-ray diffraction (XRD) using a Siemens D5000 diffractometer.
The surfaces of the chalcopyrite and the leaching assay residues
were examined by EDS coupled to scanning electron microscopy
(SEM), using a JEOL JSM-7500F field emission electron microscope
(FEG) and a NORAN System 6 energy dispersive X-ray spectrometer
(EDS). The leaching and bioleaching assays were conducted at 30 °C.

4. Results and discussion
4.1. Starting material characterization
The chalcopyrite morphology and the particle size distribution

of the starting material used to prepare the carbon paste electrodes
are illustrated in Fig. 3.
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Analysis of the chalcopyrite powder surface by EDS revealed the
presence of copper, iron, sulfur, and oxygen. The detection of oxy-
gen in the chalcopyrite powder, at around 8 wt.%, indicated the
presence of a metallic oxide-based layer on the surfaces of the par-
ticles. According to a recent review (Li et al., 2013), the film present
on the chalcopyrite surface could be composed of iron oxides/
hydroxides (Fe,03 and FeOOH), Cu,0, Cu,S, and possibly sulfates
(depending on the time of oxidation in air). In the same review,
it was also reported that these kinds of layers are present at thick-
nesses in the range from 1.2 to 40 nm, and that they may slowly
undergo further oxidation or even subsequent aqueous leaching.
However, the X-ray diffractograms (Fig. 4) only revealed the pres-
ence of a sulfide phase in the chalcopyrite. No metals other than
copper and iron were detected. Therefore, the results obtained here
indicated the presence of a thin oxide layer that was undetectable
by XRD under the conditions employed, and the presence of the
chalcopyrite phase alone.

4.2. Electrochemical studies

Although the Eoc was found to become stabilized following 12 h
of immersion in all the systems studied, the data shown consider
the results for the period from 14 h to 97 h of immersion, since
for most of the systems studied there were no significant differ-
ences in the EIS diagrams obtained after longer times.

Firstly, a study of different concentrations of ferrous ions in
solution A was performed with the carbon paste electrode (control
experiment), to enable comparisons with more complex systems.
EIS diagrams recorded at Eoc (0.42 V) for the carbon paste elec-
trode in contact with solution A were found to display a single
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Fig. 4. X-ray diffractogram of the chalcopyrite starting material. C: chalcopyrite;
lateral bar: peak intensity; numbers above the peaks show the interplanar distance
(d, in A) of each crystalline phase.

and slightly flattened semicircle, with a high polarization resis-
tance (>5MQ), which was in agreement with the expected
quasi-ideal polarizable behavior of graphite particles in such a
solution, and was much higher than the impedance values mea-
sured for all the other systems studied here.

4.2.1. Carbon paste electrode in the presence of Fe?* ions
EIS measurements were then performed with the carbon paste
electrode immersed in solution A containing 0.10 or 0.30 mol L™!
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Fig. 3. (a) SEM micrograph of chalcopyrite powder; (b) highlight of one of the surface regions and EDS spectrum of the surface of particle #1.
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ferrous ions, in order to evaluate the response of this electrode in
the presence of ferrous ions without chalcopyrite. EIS diagrams
obtained after 97 h for the assays with solution A containing 0.10
or 0.30 mol L! iron(Il) are shown in Figs. 5 and 6, respectively.
The presence of ferrous ions in the solution led to a considerable
decrease in the impedance response, compared to the carbon paste
electrode, with the decrease being more pronounced at the higher
concentration of ferrous ions.

The evolution of the Eoc measured prior to the beginning of
each electrochemical impedance experiment is shown in the
inserts of Figs. 5A and 6A. It is noteworthy that for the first 67 h
of immersion in solution A containing 0.10 mol L~! Fe?* ions, there
was an almost linear small increase (from 0.27 to 0.29 V), with a
low slope (0.33 mV h™') that was constant until the end of the per-
iod (insert of Fig. 5A). At Eqc, parallel reduction and oxidation reac-
tions occurred simultaneously. In an acidic solution containing Fe?*
ions, such reactions can be attributed to oxygen reduction and iron
(II) oxidation. Slight turbidity of the solution was observed at long
immersion times, although precipitates were not observed in the
bottom of the cell, even after 97 h of the experiment. The results
could be qualitatively explained based on the chemical behavior
of the salts solution containing ferrous ions. The slight increase
in the Eqc (inset of Fig. 5A) could be explained by the slow oxida-
tion of Fe?* to Fe* by oxygen, as has been observed in air (Baes Jr.
and Mesmer, 1976). The oxidation of ferrous ions by oxygen occurs
according to Eq. (1):

300 A
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Fig. 5. (A) Experimental complex plane and (B) Bode plots for carbon paste
electrodes in aerated and unstirred solution A containing 0.10 mol L~! ferrous ions,
recorded for 97 h. Inset in (A): Open circuit potential vs. time.
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Fig. 6. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes in natural aerated salts solution with the addition
of 0.30 mol L~! ferrous ions, recorded for 97 h. Inset in (A): Open circuit potential vs.
time.

2Fe** 4+ 2H" + 1/20, — 2Fe** + H,0 (1)

Kinetic studies of this reaction have led to different activation ener-
gies and rate laws, with values of the reaction order from —0.25 to
—0.35, with respect to the proton (Verbaan and Crundwell, 1986).
Until recently, the steps of the mechanism were not explicitly
described (Crundwell, 2013).

This reaction acts to increase the pH of the solution by removing
protons from the medium. Here, the use of an unstirred solution
resulted in ferrous ions oxidation being strongly dependent on
the diffusion of oxygen (Baes Jr. and Mesmer, 1976). The fact that
the solution pH was not corrected during our experiment led to
hydrolysis of the ferric ions. The hydrolysis of Fe* ions begins at
about pH 1, with the formation of different charged species in
the acidic medium, depending on the nature and concentration
of the anions, temperature, rate of oxygenation, and so on (Gotic
and Music, 2007; Khoe and Robins, 1988; Parida and Das, 1996a,
b). These studies indicated that the oxide/hydroxide formed is
extremely dependent on experimental conditions. The SO3~/Fe**
molar ratio determines the types of oxides and their structure
and properties: goethite is produced at SOZ /Fe** < 0.5, while
SOZ/Fe>* > 1 results in formation of the FeSO} complex and the
polymerization of hydroxy complexes, with decreased precipita-
tion of goethite. Therefore, for ratios > 1, generation of the FeSOj
complex becomes extremely important for the formation of
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compounds such as iron hydroxysulfate. The aqueous solution con-
taining the products of partial or complete hydrolysis of Fe3* ions
has a colloidal character. The chemical process proceeds with for-
mation of a gel-like material and/or precipitates, depending on the
Fe?* ions concentration, leading to the expected production of iron
oxide, hydroxide, and sulfate species. Precipitates were not
observed when the electrode was used in 0.1 mol L™! ferrous ions
solution.

Fig. 5A also shows complex plane plots with a large capacitive
semicircle followed by a diffusional component at low frequencies.
The size of the semicircle increased with immersion time up to
82 h, especially from 14 to 29 h, and there was a slight decrease
between 82 and 97 h. At low frequencies, the impedance modulus
plots (Fig. 5B) followed the same trend observed for the complex
plane plots. The plots of Bode phase angle against log f (Fig 5B)
showed a broad phase angle in the medium frequency region
and a diffusion feature in the low frequency region (see Section 2).
The phase angle showed a small increase and a slight shift to lower
frequency values between 14 and 29 h of immersion, and then
remained almost constant until the end of the experiment.

The small enlargement of the semicircle in the complex plane
plots, as well as the increase of impedance modulus at low fre-
quencies, were related to changes at the electrode/solution inter-
face. The observation of a degree of turbidity at the end of the
experiment was indicative of the occurrence of surface changes,
even at short immersion times, with evolution to a gel-like mate-
rial and consequent modification of the impedance response.

Fig. 6 shows the EIS diagrams recorded with addition of
0.30 mol L~! Fe?* ions to the salts solution.

The inset in Fig. 6A shows that the Eqc increased at ~0.9 mV h™!
up to 50 h of immersion, and at 0.5 mV h™! for longer immersion
times, with a total increase of ~70 mV. This increase was consid-
ered to be a consequence of the continuous chemical oxidation of
Fe2* to Fe** by oxygen, as mentioned previously, resulting in a pre-
cipitate over the entire electrode surface. A typical color corre-
sponding to the presence of iron(lll) ions in solution was
observed with increasing immersion time.

The impedance followed an inverse trend, compared to the EIS
diagrams shown in Fig. 5, with the size of the capacitive semicircles
only decreasing with immersion time, while the semi-infinite lin-
ear diffusion feature at low frequency was not evident. The real
impedance values were lower than measured for the salts solution
containing 0.10mol L~! Fe?* ions. At low frequencies (LF), the
impedance modulus values were also found to decrease with
immersion time (Fig. 6B). The increase in the ferrous ions concen-
tration, and consequently the increase in ferric ions, was responsi-
ble for a corresponding decrease over time of the semicircle and
impedance modulus at low frequencies. This was associated with
the formation of charged ions such as FeSOj, a gel-like material,
and then precipitates on the electrode surface. The Bode phase
plots apparently showed one time constant, but the plots were
asymmetric, indicating the existence of more than one time con-
stant (see Section 2). The phase angle decreased from —83° to
—76°, and the frequency at the maximum remained practically
constant. The width at half-height of the peak (frequency interval)
decreased with the immersion time, with values of 3775-0.96 Hz
at 14 h and 1500-3 Hz at 97 h, suggesting that the two time con-
stants overlapped each other.

Turbidity of the solutions was observed from the beginning of
the experiments, different to the behavior seen using the more
dilute Fe?* solution. The general explanation for the chemical
behavior of 0.30 mol L' Fe?* ions in solution was essentially the
same as for solution A with 0.10 mol L~! Fe?*. It was assumed that
an increase in the ferrous ions concentration in solution promoted
the initial formation of more ferric ions, hence causing an
accumulation of products from the Fe* hydrolysis, leading to the

precipitation of iron oxyhydroxide on the electrode surface, since
the active species in solution were iron and oxygen/H*. The hydrol-
ysis of Fe>* ions begins at about pH 1, with the formation of iron
oxides/hydroxides containing more or fewer sulfate ions and some
water of hydration, followed by the precipitation of different struc-
tures of FeSO; and FeO(OH), which could be hydrated. The forma-
tion of iron oxyhydroxide-sulfate and dissolved species is dynamic
and the electrical properties of the layer can change with the
immersion time, as observed in the EIS diagrams (Fig. 6). The EIS
diagrams did not allow separation of the effects of the iron
oxyhydroxide-sulfate layer and the charge transfer process occur-
ring on the electrode surface, suggesting that this layer was con-
ductive and porous. Further studies will be needed in order to
know whether the charge transfer process mainly involves ferric
or ferrous ions from the bulk solution and/or from the iron
oxide/hydroxide-sulfate layer.

The precipitation of gel-like Fe in ferrous solution was therefore
probably in the form of jarosite or hydroxy-sulfate iron(III) salt. A
gel-like material was clearly observed using 0.3 mol L™! ferrous
ions, but the small amount of precipitated material obtained from
the electrode surface (unmodified carbon paste with a small area)
was not sufficient for analysis of its composition. A gel-like mate-
rial was also observed at the end (after 96 h) of the experiment
with 0.1 mol L™! ferrous ions. For this reason, it was difficult to
define the chemical nature of the precipitated Fe.

4.2.2. Chalcopyrite-modified carbon paste electrode in the absence and
presence of Fe’* ions

Fig. 7 shows the EIS spectra recorded for the chalcopyrite-
modified carbon paste electrode, and the inset in Fig. 7A shows
the evolution of the Eqc during the almost 100 h of the experiment.
In the first 50 h, the potential showed an almost linear decrease of
12 mV (from 280 to 268 mV), while an increase of 43 mV (from 268
to 311 mV) was observed in the subsequent 50 h. The first decrease
could be attributed to the partial or total removal of metallic
(mainly iron) oxides from the chalcopyrite surface by the acid solu-
tion, considering that the chalcopyrite surface contained metallic
oxides (as described above). The ferric ions released from the sur-
face increased their concentration near the electrode surface,
hence enabling the increase of the potential for longer immersion
times. Once formed, the iron(Il) ions could be oxidized by oxygen,
but the amount of ferric ions released was unlikely to be sufficient
to produce a significant iron oxyhydroxide layer, as, for instance,
obtained using solution A with 0.3 molL~! Fe?* jons. Therefore,
the chalcopyrite surface modification can be understood as
changes caused by the partial or total dissolution of native metallic
oxides, with slow release of copper and iron from the mineral,
resulting in a new surface composed of secondary phases and/or
metal-deficient polysulfides (Bevilaqua et al, 2004, 2013).
Recently, Zhao et al. (2015) demonstrated that chalcopyrite could
be reduced at E < ~0.3 V and oxidized at E > ~0.3 V/Ag|AgCl|KCls,,
and that polysulfide could be formed by direct oxidation of
chalcopyrite.

The impedance response of chalcopyrite changed completely
between 43 and 67 h of immersion (Fig. 7), and the size of the
semicircles mainly decreased during this period (Fig. 7A). For
t>43h, a smaller semicircle in the medium frequency region
was observed, followed by a feature that resembled a diffusion
component at low frequency.

The Bode phase angle plots (Fig. 7B) depicted at least two time
constants for all the impedance diagrams, with the one at low fre-
quencies being related to different processes, depending on the
immersion time. A peak with a phase angle close to —60° was
observed at around 100Hz, and remained almost constant
throughout the period of the experiment. At frequencies below
1 Hz, the second time constant changed, suggesting more complex
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Fig. 7. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in aerated solution A,
recorded for 97 h. Inset in (A): Open circuit potential vs. time.

behavior, followed by a diffusion feature after 43 h of immersion,
which was clearly observed in the modulus of impedance (with a
continuous increase in the |Z| values; see Section 2).

The time constant in the higher frequency region was attributed
to the charge transfer processes occurring at the chalcopyrite/solu-
tion interface, because it was always present and was related to the
chalcopyrite oxidation/reduction and oxygen/H" reduction reac-
tions. The second time constant (LF), for t < 43 h, was related to
the presence of a native metallic oxide-based layer on the chal-
copyrite surface, as demonstrated previously, which partially or
totally dissolved with time in the acid solution. The influence of
this layer was dependent on the initial state of the chalcopyrite
particle surface, the composition of the solution, and the exposure
time. This layer became less significant after 43 h of immersion in
solution A, but the impedance of the system continued to increase
with time, suggesting the deposition/formation of a new layer.
Therefore, a parallel experiment (not shown) was performed: a
chalcopyrite-modified carbon paste electrode was rotated at
1500 rpm in solution A. Under these conditions, precipitates of iron
oxyhydroxide (iron was not added to this solution) could not
become attached to the electrode surface, but the capacitive semi-
circle increased with time, indicating that the partial dissolution of
chalcopyrite led to the formation of a new and more resistive layer,

which was probably a non-stoichiometric metal-deficient sulfur-
enriched layer (Li et al., 2013), as already mentioned. However,
no passivation of the chalcopyrite surface was observed.

Fig. 8 shows the EIS diagrams obtained with the carbon paste
electrode modified with chalcopyrite and immersed in solution A
containing 0.10 mol L~! ferrous ions in the absence of bacteria.
The inset in Fig. 8A shows that the potential values increased lin-
early with immersion time. This system was more complex due
to the presence of iron(Il), since the Fe>*/Fe?" reaction could theo-
retically occur on both the graphite and the chalcopyrite particles.
The assays performed with the carbon paste-graphite electrode
and iron(Il) (Fig. 5) showed a much higher resistance, compared
to the assays using the carbon paste-graphite electrode modified
with chalcopyrite (Fig. 7). Moreover, the carbon paste contained
a proportion of chalcopyrite, favoring the occurrence of reactions
with (and on) the mineral sulfide. However, further studies will
be needed in order to know if chalcopyrite dissolution and ferrous
ions oxidation can be observed separately in EIS diagrams obtained
using carbon paste electrodes.

The complex plane plots (Fig. 8A) showed two capacitive semi-
circles for immersion times up to around 29 h, after which the semi-
circles seemed to evolve to a single capacitive semicircle, followed
by a diffusion contribution for longer times. The real measured
impedance was higher than obtained under the conditions of
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Fig. 8. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in natural aerated salts
solution containing 0.10 mol L™! ferrous ions, recorded for 97 h. Inset in (A): Open
circuit potential vs. time.
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Fig. 7. The Bode phase angle plots (Fig. 8B) showed at least two time
constants up to around 29 h. The time constant at higher frequency
had a phase angle of ~—70°, and a shift of the maximum from 100 to
40 Hz was related to the interfacial processes mentioned previ-
ously, which now also involved the reduction of Fe3* species.

The time constant at LF showed a very low phase angle for
t <30 h, which could be attributed to the presence of a metallic
oxide layer on the chalcopyrite surface, as already discussed. For
t>43 h, this time constant evolved to a diffusion feature, and
was therefore now associated with the mass transfer of species
(oxidized copper and iron ions) from the electrode surface. The dif-
fusion process also became evident in the |Z| plots at low frequency
values (Fig. 8B). These results suggested that for shorter times, the
diffusion occurred within the pores of the native metallic oxide-
based layer, while for longer times, the diffusion occurred from
the electrode to the solution. Ghahremaninezhad et al. (2012)
attributed this diffusive process to the transport of Fe>*/Fe?" ions
through the pores of the passive layer, which was probably rich
in sulfur present on the surface of chalcopyrite. The electrode sur-
face was not blocked, so the presence of a passive layer could not
be assumed, as suggested elsewhere (Khoshkhoo et al., 2014a,b).

Subsequently, an assay with the chalcopyrite electrode was
conducted using solution A containing 0.30 mol L~ of ferrous ions.
It can be seen from the inset in Fig. 9A that the Eqc value increased
from 260 to 320 mV, due to the changes on the electrode surface
and iron(Il) oxidation by oxygen, as shown previously (Fig. 6A).
The Nyquist plots showed a semicircle followed by a diffusion fea-
ture (Fig. 9A). The Bode phase angle plots (Fig. 9B) showed asym-
metric peaks, with the maxima shifting to lower frequency
values with time, followed by another time constant at low fre-
quency. This shift was related to the increase of impedance associ-
ated with the charge transfer process, due to the surface
modification that hindered chalcopyrite oxidation.

After the electrochemical experiment in the presence of iron(II)
ions, the chalcopyrite-modified electrodes were thoroughly
washed with solution A. The electrodes were then immersed in
fresh solution A and new EIS measurements were immediately
performed. The EIS diagrams (not shown) were found to be very
similar to those obtained in the assays with the carbon paste-
chalcopyrite electrode in the absence of ferrous ions after 97 h of
immersion. This suggested that iron hydroxide-sulfate or jarosite
was partially or completely removed from the electrode surface
by washing with solution A, explaining the similarity between
the EIS diagrams. In a parallel experiment (not shown) under the
same conditions, using a rotating chalcopyrite-modified carbon
paste electrode at 1500 rpm, the amplitude of the capacitive semi-
circle decreased around 10-fold, indicating that the contribution of
the iron oxide/hydroxide-based layer was less significant. This pos-
sibility is supported by the findings of Gu et al. (2013), who con-
cluded that the hindering of chalcopyrite dissolution could not
be attributed to the presence of jarosite, due to the ease with which
it could be lost from the chalcopyrite surface.

As discussed in Section 4.2.1, Fe precipitation from ferrous solu-
tion should be in the form of jarosite or hydroxy-sulfate iron(III)
salts, but due to the small amount of chalcopyrite in the
chalcopyrite-modified carbon paste electrode, it was very difficult
to separate and analyze the products. This was in contrast to the
leaching and bioleaching processes (see below), where greater
amounts of mineral were used and the residues could be easily
analyzed.

4.2.3. Chalcopyrite-modified carbon paste electrode in solution A
inoculated with At. ferrooxidans, in the absence and presence of Fe**
ions

The studies in the presence of the bacteria were very different
in nature, compared to the experiments described up to this point.
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Fig. 9. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in natural aerated salts
solution containing 0.30 mol L~! ferrous ions, recorded for 97 h. Inset in (A): Open
circuit potential vs. time.

The presence of the bacteria enabled the oxidation of ferrous ions
in enzymatic reactions, drastically changing the ferric/ferrous ions
ratio (Bevilaqua et al., 2004). Initially, bacteria attachment mainly
occurs by electrostatic and then by hydrophobic interactions, and
they are attached to sites with visible surface imperfections and/
or low degrees of crystallinity (Vera et al., 2013). The adhesion of
bacteria to mineral surfaces occurs after around 3 h (Bevilaqua
et al., 2003) and stimulates EPS production (Vera et al., 2013).
The exopolysaccharide (EPS) distribution is not homogeneous
and has been observed after three days of incubation (Bevilaqua
et al., 2004). In this work, the biofilm reflected all the effects medi-
ated by bacterial metabolism, including adhesion, EPS production,
Fe?* ions oxidation, mineral solubilization, and the formation of
sulfur and jarosites. All these effects occur simultaneously and
are almost impossible to evaluate individually from impedance
diagrams. The complexity of the surface science involving EPS,
attachment, and biofilm formation was recently reviewed by
Vera et al. (2013).

Subsequent assays were conducted using the carbon paste/chal-
copyrite electrode in the presence of the bacterium At. ferrooxidans
in solution A without and with addition of iron(Il) ions. Figs. 10-12
show the impedance plots obtained using solution A without and
with 0.10 and 0.30 mol L~! ferrous ions, respectively.
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The insets in Figs. 10A, 11A, and 12A show the evolution of Eoc
over the period of the experiment (~97 h) for all the conditions
studied in the presence of the bacteria. It can be seen that the
potential increased with the immersion time after 14 h, as well
as with the iron concentration. This indicated that the bacteria
acted to increase the Fe*" ions concentration in solution, due to
the faster ferrous ions oxidation rate, compared to the rate with
oxygen. The chalcopyrite surface also changed, with a shift of Eoc
to higher values.

In the absence of ferrous ions, and taking into consideration the
design of the electrochemical cell, the influence of the bacteria on
chalcopyrite dissolution was related to the quantity of bacteria
attached to the electrode surface, and the amount of EPS could be
assumed to be negligible, considering the conditions used to obtain
the pellet (Gehrke et al., 1998) and the duration of the study period.
Hence, in our systems containing ferrous ions, the main effect of the
bacteria was expected to be the enzymatic production of ferric ions.
The ferrous ions were completely oxidized within 48 h, with the
Fe3*|Fe?" ratios reaching maxima for both 0.1 and 0.3 mol L™! Fe**.

The impedance diagrams obtained in the presence of bacteria
and absence of ferrous ions showed a well-defined capacitive semi-
circle in the middle frequency range, followed by a diffusion fea-
ture at LF (Fig. 10A). The semicircle was attributed to the charge
transfer process, and the semicircle size increased with immersion
time up to 43 h. For t > 67 h, the semicircle size remained almost
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Fig. 10. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in natural aerated salts
solution in the presence of the bacteria At. ferrooxidans, recorded for 97 h. Inset in
(A): Open circuit potential vs. time.
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Fig. 11. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in natural aerated salts
solution with 0.10mol L' ferrous ions in the presence of the bacteria At.
ferrooxidans, recorded for 97 h. Inset in (A): Open circuit potential vs. time.

constant, indicating no significant changes in the rate of the charge
transfer process. The presence of two time constants was con-
firmed by the Bode plots, where the diffusion feature at low fre-
quencies was evidenced by the continuous increase of the |Z]
values (Fig. 10B).

As mentioned above, in the presence of ferrous ions and bacte-
ria, the fast enzymatic oxidation of iron(Il) ions generated a highly
oxidized solution, modifying the kinetics of chalcopyrite dissolu-
tion. Therefore, the action of the bacteria was expected to be more
important in the solution than on the electrode surface. This was
reflected in the impedance diagrams (Figs. 11 and 12). The complex
plane plots (Figs. 11A and 12A) showed one capacitive semicircle
followed by a diffusion feature at low frequency. The sizes of the
capacitive semicircles were the smallest obtained using the
chalcopyrite-modified electrodes. The Bode phase diagrams indi-
cated the presence of at least two time constants, one in the med-
ium frequency region, related to the charge transfer process
involving the chalcopyrite/solution interface, and another at LF,
associated with the mass transfer process (Figs. 11B and 12B). As
iron(Il) was rapidly oxidized by the bacteria, the Fe**/Fe?* ratio
was >1, so the cathodic reaction could also have involved the
reduction of Fe* ions. The diffusion process was more evident at
shorter times and seemed to be hindered at longer immersion
times, as indicated by the decrease in the slope of the plots of |Z|
against log f (Figs. 11B and 12B).
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Fig. 12. (A) Experimental complex plane and (B) Bode modulus and phase angle
plots for carbon paste electrodes modified with chalcopyrite in natural aerated salts
solution with 0.30 mol L™! ferrous ions in the presence of the bacteria At.
ferrooxidans, recorded for 97 h. Inset in (A): Open circuit potential vs. time.

Quantitative analysis of the experimental data was difficult due
to the complexity of the electrode process for these systems. The
presence of the live bacteria resulted in a dynamic and oxidizing
system, with simultaneous influences on the electrode surface
and the solution, while the chalcopyrite concomitantly presented
an electrochemical response as well. During this complex process,
copper and iron ions were found to be released from the mineral.
Further complications arose from the possible formation of
metal-deficient intermediates that were enriched in sulfur, and
the formation of iron precipitates. The different processes occur-
ring on the surface and in the solution were responsible for the
changes observed at low frequencies. A biofilm containing iron
oxide hydroxy-sulfate derivatives and bacteria (Gehrke et al,,
1998) was formed on the electrode surface under these conditions.

The different models used to interpret the chalcopyrite dissolu-
tion by means of electrochemical measurements always consid-
ered the presence of a layer and/or chalcopyrite modification of
the surface, and the results suggested that the nature and compo-
sition of these features changed according to the experimental con-
ditions (such as the addition of ferrous ions and/or bacteria). These
changes were observed in a relatively short time (a few days), com-
pared to other assays such as bioleaching in shake flasks (which
requires a month or longer).

Another complication in interpreting the results concerns the
fact that the chalcopyrite leaching process is poorly understood
at the molecular and atomic scale. The phenomena become even
more complex when a living system is included. Consequently,
other approaches and techniques have to be used in order to
support electrochemical findings.

4.3. Bioleaching and leaching studies

Parallel bioleaching assays lasting 100 days were conducted
using 0.10, 0.20, and 0.30 mol L~ Fe?* ions, together with the cor-
responding abiotic assays. It is important to point out that bench
scale bioleaching assays are well-established procedures. During
the assays, the liquid phases were monitored by periodically mea-
suring pH, Eh, and the iron(II), iron(Ill), and copper concentrations,
as described by Bevilaqua et al. (2004). For the first 2 weeks, the
copper recovery was almost independent of the presence of the
bacteria or iron(ll) ions, while for longer times the results of
bioleaching assays in the presence of iron(Il) ions showed lower
copper recovery than in the absence of bacteria (values of 17%
and 73%, respectively). The final bioleaching residues were ana-
lyzed by XRD, revealing the presence of chalcopyrite and the for-
mation of jarosites, although no sulfur was detected.

The XRD analysis of the solid residue resulting from leaching in
the presence of 0.10 mol L' ferrous ions revealed the presence of
sulfur and jarosite as secondary phases (Fig. 13). This was indica-
tive of the presence of a layer on the mineral surface after long
immersion times. However, the liquid phase analysis showed cop-
per release of 73%, indicating that any layers present did not nec-
essarily hinder the dissolution of chalcopyrite, in agreement with
the literature (Gu et al., 2013). Additionally, it is worth stressing
that the redox potential for the leaching assay was in the range
350-370 mV, corresponding to the optimal potential range for
the maximization of copper recovery (Hiroyoshi et al., 2008a,b).
It should also be noted that the dissolution of chalcopyrite releases
iron and copper ions to the solution, which is favorable for further
copper recovery.

Other conditions tested were with 0.20 and 0.30 mol L~ ferrous
ions, in order to complement the discussion of the EIS results. The
XRD data showed the presence of jarosite and sulfur, but 90%
(0.20 mol L~ Fe?" ions) and 78% (0.30 mol L' Fe?* ions) of copper
were recovered using chemical conditions (without the presence of
bacteria) after 100 days of monitoring, reinforcing the possibility of
mineral dissolution even in the presence of precipitates (Gu et al.,
2013). The solid residues from the assay containing 0.20 mol L™!
ferrous ions were analyzed using FEG, where sulfur phases were

600 T T T T T T T
C: Chalcopyrite
J: Jarosite
c S: Sulfur
400 b
2
‘B
c
2
£
200 | b
0

Fig. 13. X-ray diffractogram for a leaching (abiotic process) residue obtained after
100 days in the presence of 0.10 mol L' ferrous ions.
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Fig. 14. FEG image and the corresponding EDS spectrum for the leaching assay
using the salts solution in the presence of 0.20 mol L~! ferrous ions for 100 days. Si
originated from the silica in the mineral sample.

detected, showing that the mineral could still be dissolved in the
presence of a sulfur layer (Fig. 14).

The results obtained in this work do not support the hypothesis
of passive film formation that could impede the dissolution of chal-
copyrite, reinforcing the notion that the slow dissolution of chal-
copyrite was due to a mechanism other than surface passivation.
In very recent work, Crundwell (2015) suggested that the slow dis-
solution of chalcopyrite could be explained based on its n-type
semiconductor behavior. According to this mechanism, chalcopy-
rite dissolution can only occur when the Fermi level and the
valence band achieve the same value at the electrode surface,
which occurs for overpotentials higher than 0.6 V. In the potential
region from about —0.2 to +0.5 V/Ag/AgCl/KCls,,, the anodic current
is very low and chalcopyrite dissolution does not occur. This has
sometimes been interpreted as a passive region, which means that
a passive film should be present. Studies in progress in our labora-
tory aim to confirm the applicability of the Crundwell model, and
we hope to be able to continue to deepen understanding of the
mechanisms involved in chalcopyrite dissolution. We have
observed that there is no film growth when applying a potential
from —0.2 to +0.5 V/Ag/AgCl/KCls,.. The Crundwell model also pre-
dicts that iron should be dissolved before copper, as supported by
previous observations (Bevilaqua et al., 2004).

5. Conclusions

Chalcopyrite-modified carbon paste electrodes were studied in
the presence and absence of At. ferrooxidans and ferrous ions in
solution A of T&K medium for around one hundred hours. Leaching
and bioleaching assays were also performed for longer immersion
times, and the solutions and residues were analyzed to obtain
information about chalcopyrite dissolution and modifications of
the mineral surface. The results allowed the following conclusions
to be drawn:

Comparison with leaching and bioleaching processes showed
that electrochemical impedance spectroscopy provides a powerful
tool for inferring the behavior of chalcopyrite-modified carbon
paste electrodes.

The initial process of chalcopyrite dissolution was chemical/
electrochemical attack on the native oxide layer present on the
surfaces of the mineral particles, and the dissolution was
accelerated in the presence of both ferrous ions and bacteria. The
increased oxidizing power of the solution containing both ferrous
ions and bacteria strongly decreased the charge transfer resistance
of the chalcopyrite-modified electrodes.

In the absence of ferrous ions in the solution, At. ferrooxidans
had a low influence on the chalcopyrite-modified electrodes, due
to the small quantity of bacteria that could become attached to
the electrode surface.

New phases were formed as a function of time, due to the fur-
ther oxidation/reduction of chalcopyrite. These new phases were
sulfur, jarosite, biofilm, and a surface enriched with metal-
deficient sulfides and/or iron hydroxy-sulfate species. These new
phases were not able to completely halt chalcopyrite dissolution,
because in many cases they were removed from the surface during
rotation of the electrode. Nonetheless, a slow increase in impe-
dance with time was indicative of further modification of the chal-
copyrite surface.

The presence of ferrous ions caused turbidity of the solution,
and depending on their concentration, there appeared to the for-
mation a gel-like film or a layer based on iron hydroxide-sulfate.
The formation of a biofilm was indicated in the presence of ferrous
ions and bacteria.

In the presence of ferrous ions, the solid residues of leaching
showed the presence of sulfur and jarosite, while only jarosite
was detected after bioleaching. The presence of the ferrous ions
accelerated the dissolution of chalcopyrite.
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