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Abstract: The electrochemical dissolution process of chalcopyrite and bornite in acid bacteria culture medium was investigated by
electrochemical measurements and X-ray photoelectron spectroscopy (XPS) analysis. Bornite was much easier to be oxidized rather
than to be reduced, and chalcopyrite was difficult to be both oxidized and reduced. The relatively higher copper extraction of bornite
dissolution can be attributed to its higher oxidation rate. Covellite (CuS) was detected as the intermediate species during the
dissolution processes of both bornite and chalcopyrite. Bornite dissolution was preferred to be a direct oxidation pathway, in which
bornite was directly oxidized to covellite (CuS) and cupric ions, and the formed covellite (CuS) may inhibit the further dissolution.
Chalcopyrite dissolution was preferred to be a continuous reduction—oxidation pathway, in which chalcopyrite was initially reduced

to bornite, then oxidized to covellite (CuS), and the initial reduction reaction was the rate-limiting step.
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1 Introduction

Chalcopyrite (CuFeS,) and bornite (CusFeS;) are
the most abundant copper-bearing minerals in the world,
both having three crystal forms [1,2]. Smelting is still the
major process for extracting copper from the two
copper sulfide minerals [3]. The
hydrometallurgical processes,
bio-hydrometallurgical processes, have been successfully
applied to the processing of secondary copper sulfide
minerals, and this technology has a brighter prospect as it
is simpler, more efficient and eco-friendly. However,
chalcopyrite and bornite are still refractory to
bioleaching  process, especially under normal
temperature (30—35 °C), mainly due to the lack of

primary
especially the

understanding of the dissolution process during
bioleaching [4—6].
Many researchers have studied the reaction

mechanisms and rate-determining factors of chalcopyrite
dissolution in both bioleaching medium and sole sulfuric
acid medium, but different conclusions were obtained.

Though most of the researchers attributed the slow rate
of chalcopyrite dissolution to its passivation, the specific
compositions of passivation film as well as the
dissolution process are still being debated. Some
researchers identified that metal deficient polysulfide
formed during chalcopyrite dissolution can inhibit the
further dissolution by controlling the diffusion process of
ions [7-9]. However, some others proposed that the
passivation should be caused by elemental sulfur and
jarosite [10—12].

To investigate the dissolution process of bornite in
bioleaching medium or sole sulfuric acid medium,
PRICE and CHILTON [13] studied the dissolution
process in sulfuric acid by electrochemical, solution,
electronic probe, and X-ray diffraction analysis,
demonstrating that Cu, sFeS, was the stable intermediate.
PESIC and OLSON [14] studied the bornite dissolution
process in sulfuric acid medium. With the preferential
dissolution of iron atoms, iron deficient sulfide (CusFeS,)
was identified to be formed first in the inner structure of
bornite particles, followed by covellite (CuS) and
CuszFeS, on the surface structure and in the inner
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structure, respectively. BEVILAQUA et al [15]
concluded that sulfur and jarosite formed only in the
presence of A. ferrooxidans, while covellite (CuS) was
detected as a secondary phase under all experimental
conditions. Some other researchers found that chalcocite
and nonstoichiometric copper sulfides also formed
during the oxidation and reduction of bornite [16,17].

Chalcopyrite and bornite are associated together
most of the time in raw ores, so their interaction and
relationship during dissolution process are important
topics. Some researchers pointed out that chalcopyrite
was reduced to bornite in the initial stage of bioleaching
and this first step was also a rate-limiting step [18,19].
ACRES et al [20] found that bornite can decrease the
oxidation rate of chalcopyrite, and also slow its leaching
rate in hydrochloric acid solution and potassium
hydroxide solution. On the contrary, ZHAO et al [21]
proposed that a synergistic effect existed between
chalcopyrite and bornite bioleaching in the presence of 4.
ferrooxidans.

Moreover, most of the studies were carried out in
sole sulfuric acid or in the presence of different strains of
bacteria. However, the former ignored the interference of
salt compositions in bioleaching medium, and the latter
ignored the interference of different bacteria and
different chemical substances as the inoculation of
bacteria. Therefore, a comparative study on
chalcopyrite and bornite dissolution in acid bacteria
culture medium was carried out to investigate the
dissolution processes of chalcopyrite and bornite. This
work will contribute to a deeper understanding of
chalcopyrite and bornite dissolution process, as well as
their possible interactions during bioleaching.

2 Experimental

2.1 Electrodes

Chalcopyrite and bornite samples were obtained
from Meizhou, Guangdong Province of China. X-ray
diffraction analysis showed that they were of extremely
high purity. Chemical analysis showed that chalcopyrite
contained 34.46% Cu, 31.53% Fe, and 33.12% S (mass
fraction), and bornite contained 61.59% Cu, 10.04% Fe,
and 27.10% S (mass fraction), respectively. High-purity
chalcopyrite and bornite samples were cut into cylinders
with diameter of about 1.5 c¢cm, thickness of about 5 mm,
with exposed area of 1 cm”. The electrodes were polished
using 600-grit metallographic abrasive paper before
every electrochemical experiment.

2.2 Electrochemical experiments
For all the electrochemical
conventional three-electrode

experiments, a

system consisting of

working electrode, graphite rod as counter electrode and
Ag/AgCl (3.0 mol/L KCI) electrode as reference
electrode was used. The electrolyte of bacterial culture
medium was composed of the following compositions:
3.0 g/L (NHy)»'SO4, 0.1 g/L KCl, 0.5 g/L K,HPO,,
0.5 g/L MgSO,4/L and 0.01 g/L Ca(NO;),, with pH value
of 1.8 and temperature of 35 °C. The electrochemical
experiments were conducted on a Princeton Model 283
potentiostat (EG&G of Princeton Applied Research)
coupled to a personal computer.

Cyclic voltammetry measurements were all carried
out at a sweep rate of 20 mV/s, and the potentiostatic
tests were all performed for the duration of 120 s. All the
potentials were expressed with respect to the Ag/AgCl
system.

2.3 X-ray photoelectron spectroscopy

To investigate the phase transformation of mineral
surfaces in the initial stage of dissolution, chalcopyrite
and bornite leached in acid culture medium (pH=1.8) for
7 d were analyzed by X-ray photoelectron spectroscopy
(XPS). Leached samples were filtered and rinsed with
deionized water three times, and then transferred to
vacuum drying oven (DZF-6050) to prevent any further
oxidation. Finally, dry samples were transferred to the
spectrometer in an argon atmosphere before test.

X-ray photoelectron spectroscopy (XPS)
measurements were carried out on the model of
ESCALAB 250Xi. Spectra were recorded at constant
pass energy of 20 eV and energy step size of 0.1 eV,
with Al K, X-ray as source. Binding energy calibration
was based on C 1s at 284.6 eV. XPS PEAK 4.1 software
was used for fitting the XPS peaks.

3 Results and discussion

3.1 Cyclic voltammetry experiments

Figure 1 shows the cyclic voltammograms of
chalcopyrite and bornite electrodes in two different scan
routes. The positive scan route started scanning towards
anodic direction, then reversed to cathodic direction, and
finally switched towards anodic direction again. The
negative scan route started scanning towards cathodic
direction, then switched towards anodic direction, and
finally reversed to cathodic direction. Figure 1(a) shows
the cyclic voltammograms of chalcopyrite electrode
scanning from 0.3 V. Distinct differences can be found
between the positive and negative scan route. The
corresponding reactions of each peak according to the
other researches were summarized as follows.

Peak 1 appearing in the range of 0 to 0.3 V was only
detected significantly in the positive scan route.
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Fig. 1 Cyclic voltammograms of chalcopyrite and bornite

electrodes in different scan routes: (a) Chalcopyrite; (b) Bornite

This peak was described by many researchers using

Egs. (1) to (8) [19,22-25]:
Cu®* +8%+2¢™ - CuS

Cu®* +CuS+2¢” — Cu,S
2CuS+2H" +2¢” — Cu,S+H,S

Cu®* +2¢” > Cu’

CuFeS, +3Cu** +4e~ — CusFeS, + Fe?*

CuFeS, +3Cu*" +4e~ — 2Cu,S+Fe®*

9CuFeS, +4H" +2¢~ — CugFegS,¢ +2H,S + Fe?*

(1
2)
3)
Q)
(%)
(6)
(7)

5CuFeS, +12H* +4e~ —> CusFeS, + 6H,S+4Fe** (8)

Peak 2 was mainly attributed to the reactions of
Eqgs. (9) and (10) as reported in Refs. [19,22—-24]:

2CuFeS, +6H" +2e~ — Cu,S+2Fe" +3H,S

S +2H" +2¢” — H,S

%)
(10)

Peak 3 was mainly associated with the reactions of

Egs. (11) and (12) as [19,22—-24]:

2CuFeS, +4H" +2¢” — Cu’ +2H,S + Fe** (11)

(12)

In the anodic scan from —0.8 V to 0.8 V, five anodic
peaks can be detected in both of the two cyclic
voltammograms. Peak 4 was attributed to the oxidation
reactions of metal copper to chalcocite (Cu,S) according
to Eq. (13) [19,22-24]:

Cu,S+2H" +2¢~ —2Cu” +H,S

2Cu’ +H,S — Cu,S+2H" +2¢” (13)

For the following continuous anodic peaks named
peak 5 and peak 6, the possible reactions were
summarized as Egs. (14) and (15) [19,22—24]:

H,S —S"+2H" +2¢” (14)

(15)

Peak 7 was commonly considered the oxidation of
chacocite (Cu,S) to a series of sulfides, including
djurleite (Cu,; 9,S), digenite (Cuy6S) and covellite (CuS)
as shown in Eq. (16) [19,22—-24]:

CuFeS, — CuS+S” + Fe?* +2¢”

Cu,S — Cu, S+(2—x)Cu?* +(4—-2x)e” (16)

The pre-wave of peak 8 can represent the oxidation
reactions as shown in Eq. (17) to Eq. (19) [19,22—-24]:

CuFeS, — Cu,_,Fe, /S, _+xCu®" +yFe’" +

28 +2(x+ y)e~ (17)
CuS— Cu?* +8% +2¢” (18)
2CuFeS, +5H,0 — 2CuO + Fe,0, + 4S8’ + 10H* +10e”

(19)

It is evident that higher current density of peak 8
during negative scan route can be detected. Peak § was in
the potential range of about 0.3 V to 0.8 V, where the
main oxidation reactions of releasing Cu®" ions took
place, indicating that the dissolution of chalcopyrite can
be significantly accelerated due to the reduction reactions.
The evident cathodic peak 1 detected during positive
scan route can be mainly attributed to the higher rate of
reduction reactions with Cu®>" ions involved, which
should be released by the direct oxidation process during
the anodic scan.

The cyclic voltammograms of bornite electrode
scanning from 0.2 V is shown in Fig. 1(b). The possible
reactions were summarized as follows according to the
other research.

Peak a can only be significantly detected in the
positive scan route, and it mainly represented the
reactions of Eq. (1) to Eq. (4) mentioned above. Peak b
occurred in both of the two curves, and this peak was
mainly attributed to the reactions of Egs. (10), (12) and
(20). Similarly, peak c¢ and peak d detected can be



306 Hong-bo ZHAO, et al/Trans. Nonferrous Met. Soc. China 25(2015) 303—313

associated with the reactions of Egs. (13) and (14),
respectively. However, when the potential was more than
0.25 V (vs SCE), the following reactions of Eq. (21) to
Eq. (23) can take place [13,24-26].

3CusFeS, + 6H' +2¢~ — 5Cu,S+3H,S+2Fe**  (20)
CusFeS, — Cus_ FeS, + xCu?" +2xe” (21)
Cus_ FeS, +6H" — CuS+(4—x)Cu®* +

3H,S+Fe** +(5-2x)e (22)

Cus  FeS, - (5-x)Cu?* +Fe’* +48° +(13-2x)e”
(23)

The Cu®" ions were released in the direct oxidation
process, thus accelerating the reduction reactions
corresponding to peak a. However, the current densities
of peak e in the two curves were similar, verifying that
the reduction of bornite had no obvious influence on its
further dissolution.

During the negative scan route, the effects of initial
scan potentials on the electrochemical behaviors of
chalcopyrite and bornite electrodes are shown in Fig. 2.
Figure 2(a) shows that the current densities of anodic
peaks in the range of 0.3 V to 0.8 V increased with
increasing initial scan potential, indicating that a higher
initial scan potential in negative scan route was
beneficial to the oxidation of chalcopyrite. This can be
mainly because of the accelerated reduction reactions
and the accumulated reduzate during the cathodic scan in
a wider scan potential range. For the electrochemical
behaviors of bornite shown in Fig. 2(b), it can be found
that the two patterns were similar except for the cathodic
peak around 0.2 V, where the reduction reactions were
accelerated as the Cu’" ions releasing at a higher
potential. Therefore, the further dissolution of bornite
during the negative scan route was neglectfully
influenced by the initial scan potential or the initial
reduction.

Figure 3(a) reveals that no specific relationship
between the initial scan potential and electrochemical
behaviors of chalcopyrite existed in the positive scan
route. The four similar curves indicated that chalcopyrite
was difficult to be oxidized even in a relatively higher
potential. While for cyclic voltammograms of bornite
shown in Fig. 3(b), the direct oxidation reactions in the
potential range of 0.2 to 0.8 V were significantly
accelerated with the increase of initial scan potential.
Additionally, the rate of reduction reactions increased
with increasing initial scan potential. Therefore, a
relatively higher potential can enhance the oxidation of
bornite significantly.

Comparative results of the cyclic voltammograms
of chalcopyrite and bornite electrodes are shown in
Fig. 4. Their respective anodic and cathodic peaks
appeared almost in the same potential ranges, indicating
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Fig. 2 Cyclic voltammograms of chalcopyrite and bornite
electrodes in negative scan route at different initial scan
potentials: (a) Chalcopyrite; (b) Bornite

that similar oxidation and reduction reactions took place
during the electrochemical dissolution processes of
chalcopyrite and bornite. This implies that the
dissolution process of chalcopyrite may contain the
dissolution process of bornite, as reported by some other
researchers [18,19,27]. However, the current density of
almost every peak of bornite electrode was higher than
that of chalcopyrite, verifying that the reaction rates of
both oxidation and reduction reactions of bornite were
higher than those of chalcopyrite in acid culture medium.

3.2 Potentiostatic tests

To characterize the potential range where oxidation
and reduction reactions of dissolution process took place,
potentiostatic experiments were performed in different
potential ranges. Figure 5 shows the relationship between
time and current density of chalcopyrite electrode. It
reveals that the potential range of less than 0.2 V was the
region of reduction reactions, and the oxidation reactions
took place in the potential range of more than 0.3 V.
Moreover, the current density increased with the
decrease of applied potential in the reduction region,
while it was contrary in the oxidation region.
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The relationship between time and current density
of bornite electrode is shown in Fig. 6, which indicates
that the reduction reactions of bornite took place in the
potential range of less than 0.2 V, and the region of
oxidation reactions was in the potential range of more
than 0.3 V. Similarly, the current density increased with
the decrease of applied potential in the reduction region,
and contrary in the oxidation region.

The total charges evaluated by the integral of
current density and time of the potentiostatic tests can
represent the corresponding reaction rate at a certain
potential. The relationship between the total charges and
applied potential is shown in Fig. 7. For the chalcopyrite
dissolution process, Fig. 7(a) shows that three different
regions existed from —0.6 V to 0.7 V, the smallest slop in
the region I (0—0.4 V) indicates that the reactions in this
potential range should be the main rate limiting step
during chalcopyrite dissolution process. This range was
also the main potential range during the initial stage of
chalcopyrite bioleaching. Therefore, the slow rate of both

oxidation and reduction reactions contributed to the slow
dissolution rate of chalcopyrite.

The relationship between total charges and applied
potential during bornite dissolution process is shown in
Fig. 7(b). This reveals that the reduction reactions in the
region | should be the main rate limiting step, and the
direct oxidation reactions should be the fastest as shown
in the region III.

Figure 8(a) shows the total charges of chalcopyrite
and bonite in oxidation region and reduction region,
respectively. The direct oxidation rate of bornite was
significantly higher than that of chalcopyrite. This should
account for the higher dissolution rate of bornite during
leaching process. While for the reduction region shown
in Fig. 8(b), the total charges of both chalcopyrite and
bornite in the potential range of 0 V to 0.2 V were very
low, indicating that the reduction reactions rates of
chalcopyrite and bornite during dissolution were very
slow. When the potential was less than 0 V, bornite can
be easier to reduce than chalcopyrite.
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3.3 XPS analysis

The dissolution process can be described as a
superficial corrosion process, during which mineral
surfaces can be reconstructed to form very thin layer of
new compounds. XPS can provide reliable data on the
chemical states of the mineral surface, and it can help to
investigate the intermediate species during dissolution
process. The initial step of dissolution of chalcopyrite
and bornite is vital for the further dissolution.
Additionally, chalcopyrite and bornite dissolved fast in
the initial stage, but slower in the later stage because of
the passivation. Therefore, the characterization of the
intermediate species in the initial stage of dissolution can
contribute to the study of dissolution pathways of
chalcopyrite and bornite. XPS spectra of chalcopyrite
and bornite leached in acid culture medium for 7 d are
shown in Fig. 9.

Figure 9(a) presents the Cu 2p peaks of the above
two samples. It shows that the peaks of leached
chalcopyrite and leached bornite were almost the same.
The two peaks should be the Cu 2p;, and Cu 2p;),, and

they were centered at about 932.4 and 952.2 eV,
respectively. It has been well demonstrated that Cu 2p;,
peak with binding energy of 933.0-933.8 eV and the
presence of a shake-up peak at 939-944 ¢V were the two
major XPS characteristics of cupric species, while a
lower Cu 2p;, binding energy (about 931.8—933.1 eV)
and the absence of the shake-up peak were the
characteristics of cuprous species, including cuprous
oxide (Cu,0O) and cuprous sulfide (CuS and Cu,S). The
Cu 2p3), peaks of Cu,O, Cu,S and CuS were reported to
be centered at 932.8, 932.6 and 932.0 eV, respectively
[7,28]. The Cu LMM peaks of the four samples are
shown in Fig. 9(b), which reveals that the Cu LMM
peaks of leached chalcopyrite and bornite were almost
the same, and they were centered at about 568.7 eV. The
corresponding values of Cu,O, Cu,S and CuS were 569.7,
569.5 and 568.5 eV, respectively [7,20,28,29]. Therefore,
covellite (CuS) can be the most plausible cuprous species
during the dissolution process of chalcopyrite and
bornite.

Figure 9(c) shows the S 2p XPS spectra of leached
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Fig. 9 XPS spectra of leached chalcopyrite and leached bornite in acid 9K medium for 7 d: (a) Cu 2p peaks; (b) Cu LMM peaks;
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chalcopyrite. The first S 2p;, peak at about 161.6 eV
was in agreement with the value of monosulfide (S*)
sulfur species (161.1-161.8 eV), including covellite
(CuS) or iron sulfides (FeS) [30,31]. The second S 2ps),
peak was with the binding energy of 162.5 eV, which
was in consistence with the value of disulfide (S,%)
sulfur species of covellite (CuS) and iron disulfide (FeS,)
[32,33]. Additionally, one more peak centered at the
binding energy of about 163.5 eV agreed well with the
peak position of polysulfide species (S,”) [7,34].
However, the main peaks of S 2ps, were centered at
161.6 and 162.5 eV, respectively. Therefore, covellite
(CuS), with the most probable formulation of Cu;’S,7S,
can be the main intermediate species during chalcopyrite
dissolution in acid culture medium.

Figure 9(d) shows the S 2ps, core level peak of
leached bornite. The first S 2p;, peak centered at 161.6
eV and the second S 2p;, peak centered at about 162.5
eV indicate that covellite (CuS) can be the main
intermediate species during bornite dissolution in acid
culture medium. Additionally, one obvious peak centered
at 163.6 eV indicates that significant amount of
polysulfide species also formed on bornite surface.

From the analysis of XPS spectra above, covellite

(CuS) was determined to be the main intermediate
species during both chalcopyrite and bornite dissolution
in acid culture medium. Polysulfide also formed on the
chalcopyrite and bornite surface.

3.4 Discussion on dissolution pathway of chalcopyrite

and bornite

Figure 10 shows the possible dissolution pathways
of chalcopyrite and bornite in acid culture medium
according to the current work and some other researches.

For the bornite dissolution process in acid culture
medium, the first dissolution pathway was a continuous
reduction and oxidation process, in which bornite was
reduced to chalcocite (Cu,S), and then oxidized. In the
other dissolution pathway, bornite was directly oxidized
to covellite (CuS) and cupric ions. However, the
electrochemical analysis reveals that the reduction
reaction of bornite was very difficult. Moreover, XPS
analysis results also suggested that covellite (CuS)
formed in the initial stage of bornite dissolution.
Therefore, the pathway of direct oxidation should be
preferred in this work. As covellite (CuS) can only be
oxidized in a relatively high redox potential, the formed
covellite (CuS) can inhibit the further dissolution of
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Fig. 10 Dissolution models of chalcopyrite and bornite in acid culture medium

bornite by controlling the diffusion of ions [35,36].

For the chalcopyrite dissolution process, the
electrochemical analysis reveals that the reaction rate of
direct oxidation pathway was very low even at a
relatively high redox potential. The other dissolution
pathway of chalcopyrite can be described as a
reduction—oxidation pathway, which contains reduction
reactions and further oxidation reactions. During this
dissolution pathway, chalcopyrite was initially reduced
to bornite, and then was further oxidized along with the
dissolution process of bornite. The electrochemical
analysis definitely revealed that the dissolution of
chalcopyrite can be significantly accelerated due to the
reduction reactions, and the oxidation—reduction
reactions of chalcopyrite and bornite electrodes were
similar. Moreover, the detected product of covellite (CuS)
by XPS analysis further supported this suggestion.
Therefore, the
reduction—oxidation was preferred in this work.

Based on the above results, the main difficulty in
effective dissolution of chalcopyrite is the initial

reduction reaction, which was considered the main rate

dissolution pathway of continuous

limiting step. The higher reaction rate of direct oxidation
of bornite contributed to a higher copper extraction, and
the further oxidation can be inhibited by the formation of
covellite (CuS). Therefore,
reduction process of chalcopyrite and enhancing the
dissolution of formed covellite (CuS) were conducive to
the effective dissolution of chalcopyrite. And the
enhancement of covellite (CuS) dissolution process can

accelerating the initial

be a key to the effective dissolution of bornite.
4 Conclusions

1) The dissolution rate of bornite is significantly
higher than that of chalcopyrite in acid culture medium
mainly because of its relatively higher oxidation rate.

2) Chalcopyrite and bornite electrodes have similar
similar  dissolution

electrochemical behaviors and

processes. Covellite (CuS) is detected as the main
intermediate species during both chalcopyrite and bornite
dissolution processes.

3) The preferred dissolution pathway of bornite in
acid culture medium is a direct oxidation process to
(CuS)
dissolution pathway of chalcopyrite in acid culture
medium is a continuous reduction—oxidation process, in
which chalcopyrite is initially reduced to bornite, and
then oxidized to covellite (CuS).

4) The oxidation of formed covellite (CuS) may be
one of the main limiting steps of the further dissolution
of bornite. The initial reduction of chalcopyrite can be
the main rate limiting step of chalcopyrite dissolution in

covellite and cupric ions. The preferred

acid culture medium.
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