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Abstract: Interactions between chalcopyrite and bornite during bioleaching by moderately thermophilic bacteria were investigated mainly by
X-ray diffraction, scanning electron microscopy, and electrochemical measurements performed in conjunction with bioleaching experiments.
The results showed that a synergistic effect existed between chalcopyrite and bornite during bioleaching by both Acidithiobacillus caldus and
Leptospirillum ferriphilum and that extremely high copper extraction could be achieved when chalcopyrite and bornite coexisted in a
bioleaching system. Bornite dissolved preferentially because of its lower corrosion potential, and its dissolution was accelerated by the gal-
vanic current during the initial stage of bioleaching. The galvanic current and optimum redox potential of 390-480 mV vs. Ag/AgCl pro-
moted the reduction of chalcopyrite to chalcocite (Cu,S), thus accelerating its dissolution.
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1. Introduction

Chalcopyrite (CuFeS,;) and bornite (CusFeS,) are the
most abundant copper-bearing minerals in the world [1-3].
Smelting is still the major process used to extract copper
from these two primary copper sulfide minerals. The hy-
drometallurgical processes, especially the bio-hydrome-
tallurgical processes, have been successfully applied to the
processing of secondary copper sulfide minerals, and hy-
drometallurgical technology is more promising than smelting
because it is simpler, more efficient, and more eco-friendly.
However, chalcopyrite and bornite are too refractory to be
treated using bio-hydrometallurgical methods [4-5].

Chalcopyrite and bornite usually coexist in raw ores; thus,
their interaction and relationship during dissolution proc-
esses are an important and valuable research topic. Some
researchers [6—9] have reported that chalcopyrite is reduced
to bornite during the initial stage of bioleaching and that this
first step is also the rate-limiting step. Acres et al. [10] ob-
served that bornite can decrease the oxidation rate of chal-

Corresponding author: Jun Wang, wjwq2000@126.com; Guan-zhou Qiu, E-mail: qiuguanzhoucsu@126.com

copyrite and can also slow its leaching rate in the presence
of hydrochloric acid.

Different strains of microorganisms can result in different
dissolution efficiencies and dissolution pathways in the
bioleaching of sulfide minerals, and three main types of mi-
croorganisms can be classified according to their optimum
growth temperature: mesophiles, moderately thermophilic
bacteria, and extremely thermophilic bacteria. Extremely
thermophilic bacteria are sensitive to high shear force at
high pulp density because of the absence of a cell wall,
which restricts their further industrial application [11-12].
Mesophiles can easily cause the passivation of chalcopyrite
and result in low copper extraction. Moderately thermo-
philic bacteria, in contrast, have extensive application pros-
pects because of their advantages in accelerating the disso-
lution of chalcopyrite and in inhibiting the formation of pas-
sivation layer [12—14].

Therefore, in the present work, the bioleaching of chal-
copyrite and bornite in the presence of moderately thermo-
philic bacteria Acidithiobacillus caldus (A. caldus) and Lep-
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tospirillum ferrviphilum (L. ferriphilum) was conducted to
investigate the interactions between chalcopyrite and bor-
nite.

2. Experimental
2.1. Minerals and reagents

Chalcopyrite samples were obtained from the Geological
Museum of Guangxi Province, China, and bornite samples
were obtained from Meizhou, Guangdong Province, China.
X-ray diffraction (XRD) analysis (Fig. 1) indicated that the
samples were extremely pure. Chemical analysis showed
that the chalcopyrite sample contained 34.46wt% Cu,
31.53wt% Fe, and 33.12wt% S and that the bornite sample
contained 61.59wt% Cu, 10.04wt% Fe, and 27.10wt% S.
Copper concentrates were obtained via the flotation process,
and XRD analysis (Fig. 1) confirmed that the chalcopyrite
and bornite were the main mineralogical compositions.
Elemental analysis indicated that the copper concentrates
mainly contained 40.23wt% Cu, 24.00wt% Fe, and
32.53wt% S. Ore samples were ground and sieved to less
than 0.074 mm before being used for bioleaching experi-
ments. High-purity chalcopyrite and bornite samples were
cut into cylindrical electrodes with a diameter of approxi-
mately 1.5 cm, a thickness of approximately 5 mm, and an
area of 1 cm®. All of the chemicals used in this work were of
analytical grade.
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Fig. 1. Mineralogical composition analysis (XRD) results of
untreated chalcopyrite, bornite, and copper concentrates.

2.2. Microorganisms and culture conditions

Moderately thermophilic bacteria, including 4. caldus
and L. ferriphilum, were obtained from the Key Lab of
Biohydrometallurgy of the Ministry of Education, Central
South University, Changsha, China. The bacteria were cul-
tured in a bacteria culture medium consisting of (NH4),SO,

Int. J. Miner. Metall. Mater., Vol. 22, No. 8, Aug. 2015

(3.0 g/L), MgS0,7H,0 (0.5 g/L), K;HPO,4 (0.5 g/L), KCI
(0.1 g/L), and Ca(NOs), (0.01 g/L). The temperature and pH
value were maintained at 45°C and 1.70, respectively. A.
caldus and L. ferriphilum were sub-cultured into a basal
salts medium supplemented with 10 g/L sulfur and 44.7 g/L
ferrous sulfate (FeSO47H,0) as the energy sources, respec-
tively. The resulting culture was used as inocula for the
bioleaching experiments.

2.3. Bioleaching experiments

For bioleaching of chalcopyrite and bornite, a 250-mL
shake flask containing 90 mL of bacteria culture medium, 3
g of minerals with different mass ratios of chalcopyrite and
bornite, and 10 mL of bacterial cultures was placed into an
orbital shaker at 170 r/min and at 45°C; the pH value of the
resulting mixture was regularly adjusted to 1.70 with sulfu-
ric acid, and water lost by evaporation was supplemented
periodically by adding deionized water. Bioleaching of
copper concentrates was conducted in a 5-L stirred reactor
containing 300 mL of bacterial cultures, 2700 mL of bacte-
ria culture medium, and 90 g of copper concentrates. The
culture medium was previously sterilized in an autoclave
under a pressure of 0.1 MPa and a temperature of 121°C for
30 min. Mineral samples were sterilized by ultraviolet light.
During all of the leaching processes, the pH meter and po-
tentiometer were sterilized with ethyl alcohol. Cupric con-
centrations were monitored by inductively coupled plasma
atomic emission spectrometry (ICP-AES) (America Baird
Co. PS-6). The pH values were measured with a pH meter
(PHSJ-4A), and the redox potentials of the leaching solu-
tion were measured using a Pt electrode with reference to an
Ag/AgCl electrode (3.0 mol/L KCI) (BPP-922).

2.4. Electrochemical measurements

A conventional three-electrode system consisting of a
working electrode, a graphite rod as the counter electrode,
and an Ag/AgCl (3.0 mol/L KCl) electrode as the reference
electrode was used in the electrochemical measurements.
The working electrodes were polished with #3000 silicon
carbide paper before each electrochemical measurement.
The basic electrolyte was sterile bacteria culture medium;
the pH value of the electrolyte was adjusted to 1.70 by add-
ing sulfuric acid, and its temperature was maintained at
45°C. The electrochemical measurements were performed
on a Princeton model 283 potentiostat (EG&G of Princeton
Applied Research) coupled to a personal computer. Cyclic
voltammetry (CV) tests were all conducted at a sweep rate
of 20 mV/s, Tafel tests were performed at a sweep rate of
0.5 mV/s, and all of the potentiostatic tests were performed
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for 240 s. All potential values in the present work are stated
with reference to an Ag/AgCl electrode vs. Ag/AgCL

2.5. XRD and SEM/EDS analysis

The mineralogical compositions of solid samples were
examined by XRD (DX-2700). A scanning electron micro-
scope (JSM—-6360 LV) equipped with an energy-dispersive
X-ray spectrometer was used to analyze the surface of solid
samples. The leaching samples were filtered and rinsed with
deionized water three times and were then dried in a vacuum
drying oven (DZF-6050) before XRD and SEM/EDS
analyses.

3. Results and discussion
3.1. Bioleaching experiments

Fig. 2 shows the bioleaching results for mixtures with
different mass fractions of chalcopyrite and bornite. After 30
d of bioleaching with 4. caldus, the copper extractions of
individual chalcopyrite and individual bornite were 23% and
41%, respectively. However, the total copper extractions
were 88%, 85%, and 70% for the mixtures with chalcopy-
rite-to-bornite mass ratios of 2.5:0.5, 1.5:1.5, and 0.5:2.5,
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respectively. If bornite is assumed to be totally extracted
from the aforementioned mixtures, the corresponding cop-
per extractions of chalcopyrite are 83% and 58%, respec-
tively. Similarly, if chalcopyrite is assumed to be totally ex-
tracted from the aforementioned mixtures, the correspond-
ing copper extractions of bornite are calculated as 54%, 76%,
and 66%, respectively. Thus, copper extractions of chal-
copyrite and bornite both increased significantly when they
were both present during bioleaching. Therefore, a synergis-
tic effect existed between chalcopyrite and bornite during
bioleaching in the presence of A. caldus. A more obvious
synergistic effect was observed in bioleaching by L. fer-
riphilum, as shown in Fig. 2(b). The total copper extractions
of all the mixtures containing chalcopyrite and bornite were
greater than 90% after 30 d of bioleaching, compared to just
35% of individual chalcopyrite and 48% of individual bor-
nite. If bornite is assumed to be totally extracted from the
mixtures, the copper extractions of chalcopyrite are 93%
and 72% for the 2.5:0.5 and 1.5:1.5 chalcopyrite-to-bornite
mixtures, respectively. If chalcopyrite is assumed to be to-
tally extracted from the mixtures, the copper extractions of
bornite are 81%, 84%, and 88% for the 2.5:0.5, 1.5:1.5, and
0.5:2.5 chalcopyrite-to-bornite mixtures, respectively.
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Fig. 2. Bioleaching of chalcopyrite and bornite in shake flasks: (a) copper extraction (4. caldus); (b) copper extraction (L. ferriphi-
lum); (c) redox potential (4. caldus); (d) redox potential (L. ferriphilum).
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Therefore, chalcopyrite and bornite were promoted mu-
tually during bioleaching, and a synergistic effect existed
between chalcopyrite and bornite during bioleaching by 4.
caldus and by L. ferriphilum.

Figs. 2(c) and 2(d) present the changes of redox potential
during bioleaching by 4. caldus and by L. ferriphilum, re-
spectively. The copper extractions of bioleaching of mix-
tures increased slowly when the redox potentials were less
than 390 mV and started to increase sharply when the redox
potentials reached approximately 390 mV. For bioleaching
by L. ferriphilum, the copper extractions increased sharply
when the redox potentials were greater than 390 mV, and
the dissolution almost stagnated when the redox potentials
exceeded 480 mV. The redox potential can be maintained
within a certain range for a long period of time during bio-
leaching because of the blend of chalcopyrite and bornite.

An extremely high copper extraction greater than 90%
was obtained from bioleaching of copper concentrates by L.
ferriphilum (Fig. 3). Similarly, the copper extraction in-
creased sharply when the redox potential exceeded 390 mV
and stopped when the redox potential exceeded 480 mV.

The redox potential is considered an important factor,
even a determining factor, in the leaching of chalcopyrite.
Numerous researchers [7,15—18] have hypothesized that a
relatively low redox potential facilitates the effective disso-
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lution of chalcopyrite in the presence of bacteria or ferric
sulfate and that extremely high redox potentials can easily
cause passivation of chalcopyrite, thus inhibiting its further
dissolution. Ahmadi ef al. [19] used an electro-bioreactor to
control the redox potential of a leaching solution during
bioleaching of chalcopyrite flotation concentrates and ob-
served that copper could be effectively extracted by control-
ling the redox potential between 400 and 425 mV vs.
Ag/AgCl. Third et al. [16] controlled the redox potential of
leaching solution by oxygen limitation during bioleaching of
chalcopyrite and proposed that a constant redox potential
(380 mV vs. Ag/AgCl) resulted in significantly greater cop-
per extraction. Hiroyoshi et al. [20-21] proposed that chal-
copyrite can be reduced to chalcocite (Cu,S) in the presence
of cupric ions and ferrous ions and that the formed chal-
cocite (Cu,S) can be more amenable to oxidation than chal-
copyrite. In the present work, the redox potentials during
bioleaching of mixtures were maintained within the ap-
proximate range from 390 to 480 mV, which was consid-
ered an optimal range of redox potentials for the dissolution
of chalcopyrite by numerous other researchers
[15,17,19,22-26]. Therefore, the control of redox potential
within a certain range of approximately 390 to 480 mV is
likely one of the main causes of the synergistic bioleaching
of chalcopyrite and bornite.
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Fig. 3. Bioleaching of copper concentrates containing chalcopyrite and bornite in a stirred reactor: (a) copper extraction; (b) redox

potential vs. Ag/AgCL

Fig. 4 presents the effects of cupric and ferrous ions on
the redox potential of a leaching solution in the presence or
absence of ferric ions. Fig. 4(a) indicates that a linear rela-
tionship exists between the redox potential and the loga-
rithm of the concentration ratio of ferric ions to ferrous ions;
the slope of the redox potential to the logarithm of the con-
centration ratio was approximately the same as the theoreti-
cal value calculated by the Nernst equation shown in Eq. (1),

thereby demonstrating that the redox potential was mainly
determined by the concentration ratio of ferric ions to fer-
rous ions. Figs. 4(b), 4(c), and 4(d) show the effect of cupric
ions on the potential of a solution in the absence of ferric
ions. This figure reveals that the redox potential was deter-
mined primarily by the concentration of ferrous ions and
that the influence of cupric ions on the redox potential can
be ignored. Therefore, the redox potential during bioleach-
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ing of a mixture containing chalcopyrite and bornite was
controlled within an appropriate range mainly by controlling
the concentrations of ferric ions and ferrous ions. The
Nernst equation is as follows:
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Fig. 4. Effects of cupric ions on the redox potential of the leaching solution in the (a) presence or (b, ¢, d) absence of ferric ions.

To further investigate the intermediate species during
bioleaching, XRD analysis was used to analyze the minera-
logical phase transformation of a 1:1 chalcopyrite-to-bornite
mixture after the mixture had been subjected to bioleaching
for 5 or 20 d. Figs. 5(a) and 5(b) show the mineralogical
compositions of the 1:1 mixture leached by A. caldus for 5
and 20 d, respectively. After just 5 d of bioleaching, bornite
was totally extracted, whereas a large amount of chalcopy-
rite remained, indicating that bornite dissolved before chal-
copyrite and that the dissolution of bornite was significantly
accelerated by the addition of chalcopyrite. After 20 d of
bioleaching, large amount of jarosite and elemental sulfur
formed, but the copper extraction still increased sharply, in-
dicating that jarosite and elemental sulfur did not signifi-
cantly hinder the further dissolution of chalcopyrite. Similar
results were obtained when the 1:1 mixture was bioleached
by L. ferriphilum (Figs. 5(c) and 5(d)). Additionally, chal-

cocite (Cu,S) was detected as the main intermediate species
in the initial stage of bioleaching of the 1:1 mixture by both
A. caldus and L. ferriphilum.

To further interpret the effect of jarosite and elemental
sulfur on bioleaching of minerals, SEM analysis was util-
ized to analyze the surface of the 1:1 mixture leached for 20
d. Fig. 6(a) shows that numerous leaching products were
adsorbed onto the mineral surfaces after 20 d of bioleaching
by 4. caldus; XRD analysis revealed that the adsorbed
products consisted primarily of jarosite and elemental sulfur.
However, the product film was loose and in the shape of
floccules, which cannot effectively hinder the diffusion of
reactants to the minerals’ surface. Therefore, a significant
amount of jarosite and elemental sulfur did not hinder the
further dissolution of chalcopyrite in this work. Similar con-
clusions were obtained in in the case of bioleaching by L.
ferriphilum, as shown in Fig. 6(b).
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Fig. 5. Mineralogical compositions of a mixture leached for different times in the presence of 4. caldus and L. ferriphilum: (a) 5 d

(A. caldus); (b) 20 d (A. caldus); (c) 5 d (L. ferriphilum); (d) 20 d (L. ferriphilum).

Fig. 6. SEM micrographs of the 1:1
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3.2. Electrochemical measurements

3.2.1. Electrochemical dissolution process of chalcopyrite

and bornite

CV is a widely used electrochemical method for investi-
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mixture leached for 20 d in the presence

A R

(b)

of (a) A. caldus and (b) L. ferriphilum.

gating qualitative and semi-quantitative behavior, especially
for the analysis of the availabilities of oxidation and reduc-
tion reactions. In the positive scan route, scanning started

toward the anodic direction, then reversed to the cathodic
direction, and finally switched toward the anodic direction
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again. In the negative scan route, scanning started toward the
cathodic direction, then switched toward the anodic direction,
and finally reversed to the cathodic direction. Fig. 7(a) shows
that the current density of peak al was significantly higher in
the negative scan route than in the positive scan route, indi-
cating that the dissolution of chalcopyrite can be accelerated
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by the reduction of chalcopyrite. However, the reduction of
bornite did not significantly affect its dissolution (Fig. 7(b)).

To characterize the potential range where the oxidation
and reduction reactions of chalcopyrite occurred, potentio-
static oxidation and reduction experiments were performed,;
the results are shown in Fig. 8. The relationship between the
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Fig. 7. Cyclic voltammograms of (a) chalcopyrite and (b) bornite electrodes in different scan routes.
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total charge (evaluated from the current-time curves of the
chalcopyrite electrode) and the applied potential is shown in
Fig. 9, which indicates that chalcopyrite was more prone to
reduction than bornite and that bornite was much more eas-
ily oxidized than reduced.

3.1.2. Electrochemical interactions between chalcopyrite
and bornite

To investigate the electrochemical interactions between
chalcopyrite and bornite, we constructed a working elec-
trode as shown in Fig. 10. Two different electrodes were
placed together in the new working electrode, and just one
side of the electrode (chalcopyrite or bornite electrode) was
exposed to the electrolyte. Therefore, one side of chalcopy-
rite electrode was exposed to the electrolyte when investi-
gating the effects of the bornite electrode on the electro-
chemical behaviors of the chalcopyrite electrode, and vice
versa.

Initially, the potential in the CV tests was scanned from
—0.8 V to 0.8 V and then back to —0.8 V. Fig. 11(a) presents
the results of CV tests when chalcopyrite electrode was fac-
ing with the reference electrode. The two obtained curves
were similar, indicating that the presence of bornite did not
change the oxidation or reduction process of chalcopyrite.
Peak al of chalcopyrite was mainly considered as the reduc-
tion of chalcopyrite to secondary sulfide species of chal-
cocite (Cu,S), as shown in Eq. (2) [27-28]. The peak poten-
tial of peak a2 significantly shifted toward the positive di-
rection compared to that of peak al. Therefore, the presence
of bornite did not change the oxidation or reduction reac-
tions of chalcopyrite, but accelerated the reduction of chal-
copyrite to secondary sulfide species of chalcocite (Cu,S).
Fig. 11(b) shows the results of CV tests when the bornite
electrode was facing the reference electrode. No obvious
differences were observed between the two curves, indicat-

ing that the presence of chalcopyrite did not change the oxi-
dation or reduction process of bornite.

(@ (b)

Elec-
trode B

Elec-
trode A

Working
electrode

Fig. 10. Structure of the working electrode: (a) profile plane;
(b) frontal plane.

2CuFeS,+6H" +2¢~ — Cu,S+2Fe*" +3H,S )

Tafel tests can be used to analyze the corrosion kinetics
of materials, and the relationship between polarization po-
tential and current density can be described by the Tafel
equation. Anodic polarization is described as Eq. (3), and
cathode polarization is described as Eq. (4) [29]

2.3RT 2.3RT
Y-y =—"" o] +=2""" |g] 3
na l// l//oo ﬂnF g 0 ﬂnF g a ( )
23RT 23RT
nc:Wm_l//:_ 1g10+ 1g]C (4)
anF onF

When |/| = 1,
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7 = 2.3RT g, + 2.3RT o] 5)
pnF pnF
CO B 1-a ;a
I,=nFKC,| 2| =nFKC ™G 6)
R

where 77 is the polarization overpotential, /, is the exchange
current density, ¢ and [ are the electronic transmission co-
efficients, K is the electronic reaction rate constant, n is the
electron transfer number, C; is the concentration of the oxi-
dation product, Cy is the concentration of the reduction
product, R is the gas constant, T is the absolute temperature,
1, is the anodic current density, / is the anodic current den-
sity in the presence of reductant or oxidant, and F is the
Faraday constant.

The value of corrosion potential (E..,) is a parameter that
reflects the corrosion resistance abilities of materials; a
lower corrosion potential indicates that materials are more
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easily corroded or oxidized. Fig. 11(c) shows the Tafel po-
larization curves of the chalcopyrite and bornite electrodes.
The corrosion potential of chalcopyrite was higher than that
of bornite, indicating that a galvanic cell consisting of chal-
copyrite and bornite can form when they coexist. Fig. 11(d)
shows the galvanic current density between chalcopyrite and
bornite. In the galvanic current tests, a three-electrode sys-
tem consisting of a chalcopyrite electrode, a reference
electrode, and a grounded bornite electrode was used. A
current density of approximately 0.6 pA/cm® existed be-
tween the cathodic part of chalcopyrite and the anodic part
of bornite. The galvanic effect can accelerate the oxidation
of the anodic part of bornite and the reduction of the ca-
thodic part of chalcopyrite. Therefore, the galvanic effect is
also a potential cause of the synergistic bioleaching of chal-
copyrite and bornite, especially during the initial stage of
bioleaching.
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Electrochemical behaviors of chalcopyrite and bornite in bacteria culture medium: (a) cyclic voltammograms of chalcopy-

rite and the mixed electrode; (b) cyclic voltammograms of bornite and the mixed electrode; (c) Tafel curves of chalcopyrite and bor-

nite; (d) galvanic current density.

3.3. Interactions between chalcopyrite and bornite

During the initial stage of bioleaching, bornite dissolved
preferentially because of its relatively low corrosion poten-

tial. The galvanic current between chalcopyrite and bornite
can accelerate the dissolution of bornite, thereby making
chalcopyrite more prone to be reduced to the secondary
copper sulfide of chalcocite (Cu,S), which dissolves much
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easier than chalcopyrite.

The preferential dissolution of bornite can provide a large
amount of cupric ions and ferrous ions (Eq. (7)) [30], thus
promoting the reduction of chalcopyrite to the secondary
copper sulfide of chalcocite (Cu,S), which is easily dis-
solved (Eq. (8)) [20-21].

Cu,FeS,+12Fe’” — 5Cu™ +13Fe* +4S’ 7

CuFeS, +3Cu> +3Fe* — 2Cu,S+4Fe* (8)

The Gibbs free energy (AG) of the reaction in Eq. (8) is
given by
3+\4
AG=AG® + RTIn— ) pp, ©)
(aFe™) (aCu™)
where R is the gas constant, 7 is the absolute temperature, a
is ionic activity, F is the Faraday constant, and £ is the po-
tential of the reaction.

The standard Gibbs free energy (AG,®) of formation for
the involved species is shown in Table 1, and the value of
the standard Gibbs free energy (AG®) of the reaction in Eq.
(8) was calculated to be 35.02 kJ/mol. Per the Nernst equa-
tion shown in Eq. (1), the standard potential ( E®) was cal-
culated to be 681 mV vs. SHE (standard hydrogen electrode)
or 482 mV vs. Ag/AgCl. This result implies that the reduc-
tion reaction in Eq. (8) occurred when the redox potential
was lower than 482 mV vs. Ag/AgCl under the standard
conditions.

Table 1. Standard Gibbs free energy of formation for the in-
volved species ( AGi@) kJ/mol

2+ 2+
Cu Fe Fe*

64.98 -84.94 -10.5

CuFeSz CUQS
—190.6 —86.73

Additionally, the oxidation of chalcocite (Cu,S) follows
the reaction shown in Eq. (10):

2Cu,S — 4Cu> +28°+8¢™ (10)

Similarly, the standard potential ( £°) was calculated to
be 600 mV vs. SHE or 401 mV vs. Ag/AgCl, indicating that
chalcocite (Cu,S) would be oxidized to cupric ions if the
redox potential was greater than 401 mV vs. Ag/AgClL.

Therefore, chalcopyrite can be reduced to chalcocite
(Cu,S) and then dissolved into cupric ions if the redox po-
tential is in the range from 401 to 482 mV vs. Ag/AgCl,
which is almost in agreement with the results of bioleaching
experiments (390—480 mV).

The redox potential of the leaching solution during
bioleaching of mixtures can be controlled through numerous
factors, including solution composition, complex chemical
reactions, and bacterial activity. Further work investigating
the factors governing the redox potential of leaching solu-
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tions is currently in progress.
4. Conclusions

A synergistic effect was observed between chalcopyrite
and bornite in bioleaching by both 4. caldus and L. fer-
riphilum.

Bornite dissolved preferentially because of its lower cor-
rosion potential. The galvanic current accelerated the disso-
lution of bornite and made chalcopyrite prone to be reduced
to chalcocite (Cu,S) during the initial stage of bioleaching.
Additionally, the dissolution of bornite controlled the redox
potential within the range from 390 to 480 mV, which fa-
cilitated the reduction of chalcopyrite to chalcocite (Cu,S),
thus accelerating its dissolution.
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