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Abstract: Bioleaching of chalcopyrite and bornite in the presence of Acidithiobacillus
ferrooxidans was carried out to investigate the influences between each other during
bioleaching. Bioleaching results indicated that bornite accelerated the dissolution of
chalcopyrite, and chalcopyrite also accelerated the dissolution of bornite, it could be
described as a synergistic effect during bioleaching, this synergistic effect might be
attributed to the galvanic effect between chalcopyrite and bornite, and to the relatively
low solution potential as the addition of bornite. Significantly amount of elemental
sulfur and jarosite formed on the minerals surface might be the main passivation film
inhibiting the further dissolution, and the amount of elemental sulfur significantly
increased with the addition of bornite. Results of electrochemical measurements
indicated that the oxidation and reduction mechanisms of chalcopyrite and bornite
were similar, the addition of bornite or chalcopyrite did not change the oxidative and
reductive mechanisms, but increased the oxidation rate.
Key words: Synergistic bioleaching; Chalcopyrite; Bornite; Acidithiobacillus
ferrooxidans
1. Introduction
Bioleaching has been successfully applied in the processing of secondary copper
sulfide minerals, it is still not efficient and economic to process primary copper
sulphide minerals like chalcopyrite (CuFeS2) and bornite (Cu5FeS4)(Bosecker, 1997;
Watling, 2006). However, chalcopyrite and bornite are the most abundant copper
∗
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minerals(Kesler & Wilkinson, 2008; Rohwerder et al., 2003). Therefore, the industrial
application of bioleaching of chalcopyrite and bornite has a broad prospect.
Many authors have concluded that the low extraction rate and dissolution
kinetics of chalcopyrite in bioleaching are caused by passivation film, which was
considered to be jarosite, elemental copper and metal-deficient sulfides (Córdoba et
al., 2008; Hackl et al., 1995; Tshilombo, 2006). Bornite, as its relatively lower lattice
energy, could be better dissolved in bioleaching mediums, while its extraction rate and
dissolution kinetics are still not high enough (Bevilaqua et al., 2010; Rohwerder et al.,
2003; WANG et al., 2008).
Some authors pointed out that higher extraction rate could be obtained by
controlling the solution potential at a relatively low value, even though the specific
mechanisms are still not explicit(Ahmadi et al., 2010; Natarajan, 1992; Qin et al.,
2012). And many researches revealed that the addition of minerals with higher
electrostatic potential could accelerate the dissolution of minerals with lower
electrostatic potential mainly caused by galvanic effect (Attia & El-Zeky, 1990; Li et
al., 2003; Nakazawa et al., 1998).
Acidithiobacillus ferrooxidans was the first strain applied in the bioleaching of
copper sulphide minerals, and also was considered as the dominate population in most
acid mine drainage (AMD) of sulfide minerals mines as its strong abilities to oxidize
ferrous ions and sulfur (Ramírez et al., 2004; Thurston et al., 2010).
Therefore, bioleaching of chalcopyrite and bornite in the presence of
Acidithiobacillus ferrooxidans were carried out to investigate the influences between
each other, and to increase the leaching kinetics and copper extraction rate in
bioleaching the first time.
2. Materials and methods
2.1 Minerals and reagents
The X-ray diffraction analysis and chemical elements analysis of ore samples
showed that both chalcopyrite and bornite were of high purity. Chalcopyrite contains
37.94% of copper, 26.1% of iron, and 31.96% of sulfur. Bornite contains 61.59% of
copper, 9.92% of iron, and 22.52% of sulfur. Ore samples were ground and screened
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to -0.074 mm before used for bioleaching experiment. All chemicals used for
electrochemical measurement were of analytical grade.
2.2 Microorganism and growth conditions
Acidithiobacillus ferrooxidans used was obtained from the Key Lab of
Biohydrometallurgy of Ministry of Education, Central South University, Changsha,
China, bacteria was cultured in 250 mL shake flasks using an orbital incubator with a
stirring speed of 200 r/min at 30℃. The 9K medium used for cell cultivation
consisted of the following components: (NH4)2SO4 (3.0 g/L), MgSO4·7H2O (0.5 g/L),
K2HPO4 (0.5 g/L), KCl (0.1 g/L), Ca(NO3)2 (0.01 g/L). All the bacterial cultures were
sub-cultured into basal salts medium supplemented with ferrous sulphate (FeSO4) as
the energy source. The resulting culture was used as inoculums for the bioleaching
experiments.
2.3 Bioleaching experiment
10 mL cells were inoculated into a 250-mL shake flask containing 90 mL of
sterilized 9 K medium and 5 g minerals, the minerals were composed of chalcopyrite
and bornite with different ratios of 5:0 (1#), 4:1 (2#), 3:2 (3#), 2:3 (4#), 1:4 (5#) and
0:5 (6#). The shake flasks were placed into an orbital shaker at 200 r/min and 30℃,
pH value was adjusted to 1.6 by sulfuric acid regularly, and water lost by evaporation
was supplemented periodically by adding sterile 9K medium. During the bioleaching
process, record the variation of pH values, bacterial concentration and redox
potentials regularly, as well as the copper concentration.
2.3.2 Calculation of acid consumption
The consumption of acid was represented by the amount of H+ consumption for
per gram of ore each day, it could be calculated by the equation as Eq.(1).

N = (10− a − 10−b ) × 1000V / M

(1)

Where N is the consumption of H+ for per gram of ore, with unit of mmol/g; a is
the pH value measured on former day (measured after adding sulfuric acid), b is the
pH value measured on the following day (measured before adding sulfuric acid); V is
the total volum of leaching solution, with unit of L; and M is the weight of added
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minerals, with unit of g.
2.4 Electrochemical measurement
2.4.1 Electrodes
The Carbon Paste Electroactive Electrodes (CPEE) were made by mixing 0.7 g
minerals (-0.038 mm), 0.2 g graphite and 0.1 g solid paraffin. The mixture was heated
and then transferred rapidly into a tablet model for tabletting under the pressure of
500 kg/cm2, and then took out for air drying, the electrodes were polished using
600-grit silicon carbide paper to obtain smooth surface before electrochemical
measurements(Takeuchi et al., 2007; Wang et al., 1998).
2.4.2 Cyclic voltammogram and tafel test
For the cyclic voltammograms test and tafel test, a conventional three-electrode
system consisted of working electrode, graphite rod as counter electrode and Ag/AgCl
(3.0 M KCl) electrode as reference electrode. The electrolyte used was composed of
the following compositions: 3.0 g/L (NH4)2·SO4, 0.1 g/L KCl, 0.5 g/L K2HPO4, 0.5
g/L MgSO4/L and 0.01 g/L Ca (NO3)2, the pH value of solution was adjusted to 1.6 by
sulfuric acid. The electrochemical measurement was conducted on a Princeton Model
283 potentiostat (EG&G of Princeton Applied Research) coupled to a personal
computer, cyclic voltammogram tests were carried out at a sweep rate of 10 mV/s,
and tafel tests were carried out at a sweep rate of 0.5 mV/s.
2.5 Analytical techniques
The mineralogical compositions of solid samples were examined by X-ray
diffraction (XRD) (DX-2700). The bacterial concentration was measured by
microscope (CX31). Copper concentration was determined by inductively coupled
plasma-atomic emission spectrometer (ICP-AES) (America Baird Co. PS-6).The pH
values were measured with a pH meter (PHSJ-4A) and the redox potentials of
leaching solution were measured by a Pt electrode with reference to a Ag/AgCl
electrode (3.0 M KCl) (BPP-922).
3. Results and discussion
3.1 Bioleaching of chalcopyrite and bornite
Fig.1 showed the results of bioleaching, including the variation of bacterial
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concentration, copper extraction rate, redox potential, H+ consumption and
supplement sulfuric acid. Fig.1 (a) showed that the copper extraction rate of both
chalcopyrite and bornite under sterile conditions were very low, and the presence of
Acidithiobacillus ferrooxidans significantly increased the copper extraction of both
chalcopyrite and bornite. The variation of bacterial concentration was shown in Fig.1
(b), the bacterial concentration of chalcopyrite and bornite bioleaching reached at a
platform in the later stage of bioleaching, while the bacterial concentration of mixed
minerals bioleaching still kept increasing, indicating a stronger bacterial activity,
which could be beneficial for the bioleaching process.
Fig.1 (c) showed that the copper extraction rate of single chalcopyrite was about
30% after bioleaching for 30 days, while total copper extraction rate of mixed
minerals increased to about 64% when the ratio of chalcopyrite and bornite was 3:2,
this result indicated that the copper extraction rate of chalcopyrite in the mixture
could be about 40% even if bornite in the mixture was assumed to be leached totally,
thus bornite accelerated the dissolution of chalcopyrite. Similarly, the copper
extraction rate of single bornite was about 60%, but the total copper extraction rate of
mixed minerals increased to about 73% when the ratio of chalcopyrite and bornite
was 1:4, the copper extraction rate of bornite of about 66% could be obtained even if
the chalcopyrite in the mixture was assumed to be totally leached, thus chalcopyrite
also accelerated the dissolution of bornite. Therefore, there was a synergistic effect
between chalcopyrite and bornite during bioleaching.
The variations of redox potential shown as Fig.1 (d) indicated that the addition of
bornite was beneficial for controlling the solution potential at a relatively low level,
which could be beneficial for the dissolution of chalcopyrite as reported by some
researchers, they considered that the first step of reduction of chalcopyrite to bornite
or talnakhite is the rate-limiting step during bioleaching (Ahmadi et al., 2010;
Natarajan, 1992; Qin et al., 2012). And the redox potential reached at a relatively
stable value in the later stage of bioleaching, mainly because of the balance between
consumption and producing of ferric ions as the formation of jarosite.
5

2−

M + + 3Fe3+ + 2SO4 + 6H 2O → MFe3 (SO4 )2 (OH )6 + 6 H +

(2)

Where M is a monovalent cation, such as H3O+, Na+, K+ and NH4+, etc.
Fig.1 (e) showed the variation of acid consumption for per gram of ores regularly,
it indicated that the variations of acid consumption of ores containing bornite were
similar in the first 5 days, and then differences emerged. The results revealed that
bornite might be the main mineral dissolved in the initial stage of bioleaching as its
lower electrostatic potential and lower lattice energy. The copper extraction rate of
minerals containing bornite significantly increased with the increase of amount of
adding chalcopyrite in the first 3 days, this might be attributed to the galvanic effect
between chalcopyrite and bornite. Therefore, bornite was considered as the main
mineral dissolved in the initial stage of mixed minerals bioleaching.
The initial stage of chalcopyrite bioleaching was a period of acid consumption,
which could be mainly described as Eq.(3) and Eq.(4), while the amount of acid
consumption decreased along with the bioleaching process, this might be mainly
attributed to the chemical reactions producing sulfuric acid shown as Eq.(5)(Leahy &
Schwarz, 2009; Zhou et al., 2009).

CuFeS2 + O2 + 4H + → xCu2+ + yFe2+ + Cu1−x Fe1− y S2−z + zS 0 + 2H2O + 2( x + y)e −

(3)

4Fe2 + + O2 + 4H + → 4Fe3+ + 2H 2O

(4)

2−

2S 0 + 3O2 + 2H 2O → 2SO4 + 4H +

(5)

Fig.1 (f) indicated that total amount of supplement sulfuric acid during the whole
bioleaching process increased along with the addition of bornite mainly as the
dissolution of bornite was a process of acid consumption(Bevilaqua et al., 2010; Pesic
& Olson, 1984).

Cu5 FeS4 + O2 + 4H + → 5Cu2 + + Fe2 + + 2H 2O

(6)

X-ray diffraction (XRD) analysis indicated that a significant amount of jarosite
and elemental sulfur was formed on the mineral surface after bioleaching. It could be
observed that the amount of elemental sulfur increased with the addition of bornite,
and jarosite kept at a significant amount with respect to any ratio of chalcopyrite and
6

bornite.
3.2 Electrochemical measurement
3.2.1 Cyclic voltammograms studies
Fig.2 showed the results of cyclic voltammograms test with sweep rate of 10
mV/s. During the anodic scan from -800 mV, three significant peaks of peak a, peak b,
and peak c were detected for all the three electrodes, many researchers attributed them
to the formation and further oxidation of chacocite as shown in Eq.(7)-Eq.(9)(Arce &
González, 2002; Lu et al., 2000; Qin et al., 2012). However, some others preferred
peak c as the oxidation of hydrogen sulfide to elemental sulfur (Eghbalnia & Dixon,
2011; Elsherief, 2002; Liang et al., 2011).

2Cu + HS − → Cu2 S + H + + 2e−

(7)

Cu2 S → Cu2−x S + xCu2+ + 2 xe−

(8)

Cu2−x S → CuS + (1 − x)Cu 2+ + 2(1 − x)e−

(9)

For the pre-wave of peak d at about 300-700 mV, it represented the
decomposition of chalcopyrite and bornite to intermediate species as shown in
Eq.(10)-Eq.(11)(Eghbalnia & Dixon, 2011; Zeng et al., 2013; Zeng et al., 2011). The
current density of mixed minerals electrode was larger than that of the other two
electrodes, indicating a higher oxidation rate, which was consistent with the
bioleaching results.

CuFeS2 → xCu 2+ + yFe2 + + Cu1− x Fe1− y S2 − z + 2( x + y )e−

(10)

Cu5 FeS4 + 6H + → CuS + (4 − x)Cu2+ + 3H 2 S + Fe3+ + (5 − x)e−

(11)

In the reverse scan from 800 mV to -800 mV, two distinct peaks of peak e and
peak f were observed for the three electrodes, peak e was reported as the reduction of
ferric ions, copper ions and elemental sulfur (Eq.(12)-Eq.(14)), and peak f could be
associated with reduction of covellite to chacocite shown as Eq.(15), which was a
reverse reaction of peak a(Cai et al., 2012; Ghahremaninezhad et al., 2010; Liu & Li,
2011).
Fe3+ + e − → Fe 2 +

(12)
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Cu 2 + + S 0 + 2e − → CuS

(13) Cu 2 + + 2e − → Cu 0
(14)

Cu2 S + H + + 2e− → 2Cu0 + HS −

(15)

Results of cyclic voltammograms tests indicated that the oxidation and reduction
mechanisms of chalcopyrite and bornite were similar. The addition of bornite or
chalcopyrite did not change the oxidative and reductive mechanisms, but increased
the current density during oxidation process at 300-700 mV, that was in accordance
with the bioleaching results.
3.2.1 Tafel studies
Fig.3 showed the tafel curves of the three electrodes, the sweep rate was 0.5
mV/s. The electrochemical parameters of corrosion potential (Ecorr), corrosion current
density (icorr) and polarization resistance (Rp) were calculated. The corresponding
corrosion potential of chalcopyrite, bornite and mixed mineral was 450 mV, 401.1
mV and 432.4 mV, the corresponding corrosion current density was 19.18 µA/cm2,
6.114 µA/cm2 and 29.41 µA/cm2, the corresponding polarization resistance was 3.46
KΩ•cm2, 6.97 KΩ•cm2 and 2.25 KΩ•cm2, respectively. It indicated that the mixed
mineral has the largest corrosion current density and the lowest polarization resistance,
resulting in a higher oxidation rate, which was consistent with the bioleaching results.
3.3 The model of interaction between chalcopyrite and bornite
A model of interaction between chalcopyrite and bornite during bioleaching was
provided as shown in Fig.4. The surfaces of minerals were bacterial corrosion regions,
where the complex interface reactions take place. It revealed that the galvanic effect
accelerated the oxidative dissolution of bornite. And in the turn, the low solution
potential mainly caused by the dissolution of bornite could be beneficial for the
dissolution of chalcopyrite.
4. Conclusions
The synergistic effect between chalcopyrite and bornite existed during
bioleaching in the presence of Acidithiobacillus ferrooxidans, it might mainly be
8

attributed to the galvanic effect between chalcopyrite and bornite, and to the relatively
low solution potential as the addition of bornite.
Significant amount of elemental sulfur and jarosite could be the main passivation
film inhibiting the further dissolution, and the amount of elemental sulfur significantly
increased with the addition of bornite.
Electrochemical measurements revealed that the addition of bornite or
chalcopyrite did not change the oxidative and reductive mechanisms, but increased
the oxidation rate.
5. Prospects and future work
The relationship between chalcopyrite and bornite with different crystal
structures during bioleaching in the presence of different strains of bacteria will be
investigated, and the detailed transformation of surface phases will be studied in the
future work.
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FIGURE CAPTIONS

Fig.1 The copper extraction rate of chalcopyrite and bornite by sterile leaching and
bioleaching (a), the bacterial concentration (b), copper extraction rate (c), the redox
potential (d), the H+ consumption for per gram of ore (e) and the total supplement
sulfuric acid (f) during bioleaching process (From1#~6#, chalcopyrite : bornite=5:0,
4:1, 3:2, 2:3, 1:4, 0:5)

Fig.2 Cycle voltammograms of three electrodes

Fig.3 Polarization curves of three electrodes

Fig.4 The model of interaction between chalcopyrite and bornite in bioleaching
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Highlights

(1) A synergistic effect between chalcopyrite and bornite existed during
bioleaching.
(2) Galvanic effect and low solution potential caused the synergistic
effect.
(3) Addition of bornite or chalcopyrite did not change the dissolution
mechanisms.
(4) Oxidation rate increased as the addition of chalcopyrite or bornite.

17

