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Abstract: The composition of passive layer of chalcopyrite was investigated by X-ray photoelectron spectroscopy (XPS),
accompanied with cyclic voltammetry (CV). The leaching experiment shows that the extraction rates of Cu with leaching for 30 d by
sterile control and microorganisms are 4.0% and 21.5%, respectively. In comparison, 3.8% and 10.5% Fe are leached by sterile
control and microorganisms, respectively. The results of XPS studies suggest that Fe atoms dissolve preferentially from the
chalcopyrite lattice, and disulfide (S,%"), polysulfide (S,”) and elemental sulfur (S°) are identified on the chalcopyrite surfaces
leached by sterile control and microorganisms. Additionally, sulfate (SO,%") is detected on the chalcopyrite surfaces leached by
microorganisms, and most of it probably originates from jarosite. The analysis of CV results reveals that metal-deficient sulfide
(Cu;—Fe S5 -, y>x) and elemental sulfur (S passivate the surface of chalcopyrite electrode. The elemental sulfur and/or jarosite
coating on the chalcopyrite surface may have impact on the leaching process; however, the disulfide, polysulfide or metal-deficient

sulfide plays a more key role in the chalcopyrite leaching.
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1 Introduction

Chalcopyrite is the main source of copper in the
world [1-3]. More than 80% copper is available as
chalcopyrite, and around 20% copper in the world is
obtained through hydrometallurgical process [3]. Much
attention has also been paid to the bioleaching of
chalcopyrite [4—8]. The mesophiles (30—40 °C),
moderate thermophiles (about 50°C) and extreme
thermophiles (>65 °C) microbes are usually used to
oxidize or assist in the oxidation of chalcopyrite, and
such microbes are able to oxidize Fe*" and/or S [1].
Moreover, it has generally been found that the use of
moderate thermophiles and thermophiles are beneficial
for chalcopyrite leaching [9-11]. Many researchers
further suggested that there was clear benefit in leaching
chalcopyrite within low solution potential, compared
with high potential leaching [11-13].

The chalcopyrite is recalcitrant to both chemical and
biological leaching due to the passivation of the mineral

surface [6,14], and the passivation layer of chalcopyrite
may be affected by leaching conditions such as the pH
value and redox potential. Elemental sulfur [15—-17],
disulfide [15,16,18,19] polysulfide [16,18,20] and
jarosite [16,17,21-23] identified on chalcopyrite surfaces
leached by chemicals or microorganisms, have all been
proposed as KLAUBER
et al [15,16] reported that the main species formed on the
chalcopyrite surface are S° and S,>. ACRES et al [18]
identified that there was 16% S,” and 43% S,” on the
surface of chalcopyrite leached in HCI solution for 2 h
with the pH value of 1. ZHU et al [21] and HE et al [22]
suggested that the jarosite might be the major component
of the passivation layer of the chalcopyrite leached by
thermophilic archaea.

passivation candidates.

Hence, it needs to further understand the
component of a passivation layer of chalcopyrite
bioleaching for successful industrial bioleaching
implementation. The objective of the research was to
investigate the sulfur speciation during chalcopyrite

leaching at 50 °C.
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2 Experimental

2.1 Chalcopyrite

The high grade chalcopyrite was obtained from
Daye, Hubei Province, China. The samples were
splintered into small fragments with a geological
hammer and dry ground in a porcelain ball mill. The
product size was screened to less than 0.074 mm for
bioleaching experiments. The chemical analysis of the
sample shows 33.91% Cu, 30.62% Fe, 32.90% S,
0.039% Pb and 0.018% Zn (mass fraction). The X-ray
diffraction analysis of the sample shows that the mineral
is chalcopyrite.

2.2 Enrichment culture

A mixed moderately thermophilic culture was
enrichment cultured from a leaching solution sample,
which was obtained from Inner Mongolia, China, in
250 mL shake flasks using an orbital incubator with a
stirring speed of 160 r/min at 50 °C. The medium used
for cell cultivation consisted of the following compo-
nents [24]: 3.0 g/L (NH4),SO,, 0.1 g/L KCl, 0.5 g/L
MgSO,7H,0, 0.5 g/l K,HPO,, 0.01 g/L Ca(NOs), and
0.02% yeast extract. All the cultures were sub-cultured
into basal salts medium supplemented with 2% ore
powder as the energy source. The resulting mixed culture
was used as inoculums for all experiments. Three species
(Sulfobacillus  thermosulfidooxidans, Acidithiobacillus
caldus, Ferroplasma sp.) were detected by community
structure analysis as described by QIN et al [25].

2.3 (Bio)leaching experiments

For leaching experiments, the cells were inoculated
into 250 mL flasks containing 100 mL sterilized culture
medium and 2 g chalcopyrite. The initial cells
concentration was 1.0x10" cell/mL. The flasks were
placed in an orbital shaker at 50 °C with a stirring speed
of 160 r/min. The parallel experiments without cells, but
with the same culture medium and chalcopyrite, were run
as the sterile experiments. All leaching experiments were
supplemented with 0.02% yeast extract. The solution pH
value was controlled at 1.6—-2.0 with diluted sulfuric
acid. Water lost by evaporation was supplemented
periodically by adding sterile water until the mass of the
flask equaled its initial mass.

2.4 Electrochemical measurements

Massive electrodes were prepared by cutting a high
quality natural chalcopyrite sample into approximately
cylinder shapes with areas of 1 cm® exposed to the
solution. Before every electrochemical experiment, the
working electrode surface was polished with carbide
papers from 800 to 3000 grit, and then rinsed with
deionized water.

Electrochemical experiments were carried out using
a conventional three-electrode electrolytic cell with a
graphite rod as the counter electrode and the prepared
chalcopyrite electrode as the working electrode. A
saturated Ag/AgCl electrode was used as the reference
electrode for all the electrochemical tests.
Electrochemical response was measured on a Princeton
Model 283 potentiostat (EG&G of Princeton Applied
Research) coupled to a personal computer with the M270
software. The electrolyte solution was prepared as
follows: 3.0 g/L (NHy4),SO,, 0.1 g/L KCI, 0.5 ¢g/L
MgSO47H20, 0.5 g/L K2HPO4, 0.01 g/L Ca(NO3)2 with
the pH value of 1.6. All the electrochemical experiments
were performed at 50 °C in the electrolyte solution.

2.5 Analytical techniques

The mineralogical compositions of solid samples
were examined by X-ray diffraction (XRD) (Rigaku
D/max—2000). Solubles Cu and Fe were determined by
atomic absorption spectroscopy (AAS). The pH value of
the supernatant was measured with a pH meter
(BPP-922, BELL) and the redox potentials in the
leaching solution were measured with a Pt electrode with
reference to a saturated Ag/AgCl electrode.

XPS was conducted with an ESCALAB 250Xi
spectrometer with a monochromatic Al excitation
(1486.6 eV) operating at 200 W. High resolution core
level spectra were collected using a pass energy of 20 eV
and an energy step of 0.1 eV. The chamber pressure was
set to the limit of 1x107" Pa. The binding energy
calibration was based on C 1s at 284.6 eV.

3 Results and discussion

3.1 (Bio)leaching characteristics of chalcopyrite

Figure 1(a) shows that the extraction rates of Cu for
the leaching by sterile control and microorganisms for
30 d are 4.0% and 21.5%, respectively. In comparison,
the Fe extraction rates are lower than those of Cu, only
3.8% and 10.5% Fe are leached by sterile control and
microorganisms (Fig. 1(b)), respectively. The Fe
extraction rate decreases due to the precipitation of the
soluble ferric iron as the jarosite during bioleaching
(Eq. (1)) [11,26]. Figure 1(c) shows that the acid is
consumed in the whole leaching process. The redox
potential of leaching with the microorganisms reaches
and stabilizes at about 630 mV due to ferrous ions being
oxidized to ferric ions by the microorganisms, while the
redox potential of leaching by sterile control stabilizes at
about 370 mV (Fig. 1(d)).

M* +3Fe** +2803 +6H,0 —

MFe, (SO, ), (OH), + 6H" (1)

where M is a monovalent cation, e.g., H;0", Na’, K" and
NH,".
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Fig. 1 Copper extraction (a), iron extraction (b), pH value (c) and redox potentials (d) in leach liquors during (bio)leaching of

chalcopyrite

In the previous study [11], the authors showed that
the extraction rate of Cu for bioleaching of chalcopyrite
by a mixed moderately thermophilic culture under the
similar conditions was 92.5%, and concluded that the
chalcopyrite dissolution rate depended on the redox
potential of the solution. HIROYOSHI
et al [27] found that the leaching rate was significantly
enhanced by the addition of 0.50 mol/L Fe*' and
0.0l mol/L Cu*" together with 0.03 mol/L Fe''.
SANDSTROM et al [28] suggested that in sulfuric acid
media, a low redox potential (620 mV (vs SHE)) was
beneficial to chalcopyrite leaching when compared with
a higher redox potential (800 mV (vs SHE)). In order to
understand this phenomenon, HIROYOSHI et al [27]
and GU et al [12] proposed a two-step reaction model for
chalcopyrite leaching at low redox potential. Firstly,
chalcopyrite is reduced by ferrous to form chalcocite,
and then the formed chalcocite is oxidized by ferric.
Electrochemical studies have shown that chalcocite
might be a possible intermediate compound [12,29,30].
GU et al [12] reported that chalcopyrite was reduced to
chalcocite at a low redox potential locating at initial 8 d
of bioleaching process, but no reduced product was
detected at a high redox potential of about 550 mV

Similarly,

(vs SCE). Thus, the dissolution of chalcopyrite would be
favored when the redox potential was less than 450 mV
(vs Ag/AgCl), or at an appropriate ratio of n(Fe*")/
n(Fe*") [11,12,27,28,31,32].

3.2 XRD and XPS analyses of chalcopyrite and
leaching residues

Figure 2 shows the XRD patterns of chalcopyrite
and residues leached by sterile control and
microorganisms. It can be seen that the peaks of
tetragonal chalcopyrite are identified. Less amounts of
jarosite forms during the bioleaching (Fig. 2(c)).

In order to further investigate the composition of
leaching residues, the chalcopyrite and leaching residues
were analyzed using XPS. Figures 3(a)—(c) show the
S 2p core level peaks. The S 2p peaks also occur as
doublets, S 2p3, and S 2p;p, as a result of spin—orbit
splitting. The S 2p spectra are fitted using a 2:1 peak area
ratio for S 2p;, to S 2py, and 1.2 eV splitting. The peaks
fitted to the spectra use a summed Gaussian—Lorentzian
(SGL) function to describe the convoluted Gaussian—
Lorentzian line shapes of the peaks. The weighting used
was 70% Gaussian and 30% Lorentzian. The background
of the spectrum was obtained using the Shirley method.



Shi-fa WU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 41104118

®— Chalcopyrite

10 20 30 40 50 60 70 80
20/(°)

®— Chalcopyrite

10 14 1822 26 30
200°)
*— Chalcopyrite
e ®— Jarosite

L

10 20 30 40 50 60 70 80
200(°)

Fig. 2 XRD patterns of chalcopyrite (a), and residues leached
by sterile control (b) and microorganisms (c)

Figure 3(a) shows the S 2p core level peaks of
chalcopyrite which consist of three major doublets, and
the S 2p;;, peaks of three doublets in Fig. 3(a) center at
161.3, 161.9 and 162.8 eV, respectively. It was reported
that the S 2p;, peak originating from chalcopyrite, i.e.
monosulfide (S*), centers at about 161.4 eV [20,33].
The low intensity S 2ps, peaks centered at 161.9 and
162.8 eV are assigned to S,* [18,34] and S, [18,35],
respectively. Many authors claimed that the S,” species
rapidly form a layer on freshly fractured chalcopyrite
surfaces [15,18,19,34]. In recently, de OLIVEIRA
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Fig. 3 XPS spectra of S 2p peaks of chalcopyrite exposed to air
for no more than a few minutes (a), leached by sterile control (b)
and microorganisms (c), and composition of Cu, Fe and S on

surface of chalcopyrite before and after leaching (d)
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et al [3,36] applied the DFT/plane waves methodology to
study the surface of chalcopyrite reconstruction. The
results showed the formation of S,> and S, on the
chalcopyrite surfaces. In addition, a low intensity 2p
peak component was obtained at 164.3 eV, which was
related to the energy-loss satellite due to the S 3p—Fe 3d
excitation [18,34].

Figure 3(b) shows a high-resolution spectrum of
S 2p for chalcopyrite leached by sterile control. Four
fitting peaks center at 161.3, 162.2, 163.3 and 164.1 eV,
arising from the monosulfide [20,23,33,37,38],
disulfide [18,35,38], polysulfide [18,23,35] and
sulfur [1,23,39,40], respectively. Figure 3(c) shows a
high-resolution spectrum of S 2p for chalcopyrite
leached by microorganisms. Five fitting peaks center at
161.2,162.0, 163.1, 164.0 and 168.8 eV, arising from the
monosulfide [20,23,33,37,38], disulfide [18,35,38],
polysulfide [18,23,35], sulfur [1,23,39,40] and
sulfate [1,15,38], respectively, most of which probably
originate from jarosite. The formation of S,> and S,” is
due to the dissolution of Cu and Fe atoms from the
crystal lattice of chalcopyrite, especially, Fe atoms
dissolve preferentially from the chalcopyrite lattice
(Fig. 3(d)), and this result is in agreement with the
previous works [20,41].

Figure 4(a) shows high-resolution spectra of Cu 2p
for original chalcopyrite and residues leached by sterile
control and microorganisms. The fitting results of peaks
reveal that the Cu 2p;, peak of three samples is in the
binding energy range of 932.0 to 932.2 eV, this value is
close to the binding energy for the Cu 2ps;, in
chalcopyrite [33,37,42]. It is worth mentioning that the
presence of Cu*" usually results in the appearance of
satellite peak around the binding energy of
942 eV [20,43,44]. Since the satellite peak is absent in
the Cu 2p core level peaks in Fig. 4(a), cupric is absent
on the mineral surface even after being leached by
microorganisms.

The high-resolution spectra of Fe 2p for
chalcopyrite exposed to air for no more than a few
minutes, leached by sterile control and microorganisms
are provided in Fig. 4(b). The Fe 2p spectrum shows that
the chalcopyrite exposed to air for only a few minutes is
oxidized. The peak near 708 eV can be assigned to
Fe—S [20]. The peaks in the binding energy range of
710 to 712 eV can be assigned to Fe(II[)—0O, —OH or
— OOH [18,20,23,42]. For the bioleached Fe 2p
spectrum, the component near 712 eV binding energy
can be assigned to jarosite.

3.3 Cyclic voltammetry

Figure 5(a) shows the cyclic voltammograms of
massive chalcopyrite electrodes. The potential of
the electrode was initially swept from the open circuit
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Fig. 4 XPS spectra of Cu 2p peak (a) and Fe 2p peak (b) of
chalcopyrite exposed to air for no more than a few minutes,

leached by sterile control and microorganisms

potential (OCP) (475 mV) in a positive-going direction
with a scan rate of 20 mV/s. The peak Al is related to the
selective dissolution of iron from the chalcopyrite lattice
according to Eq. (2) [45,46]. The peak A2 should be
assigned to the massive dissolution of chalcopyrite to
copper ions, elemental sulfur and/or sulfate [46—48], as
shown in Egs. (3) and (4). The explanation of other
peaks is irrelevant to the direct dissolution and
passivation of chalcopyrite and not of interest in this
study.

CuFeS, - Cu,_,Fe, S, _+xCu® +

yFe® +28° +2(x+ y)e, (>x) ()
CuFeS, — Cu®" +28° + Fe’* + 5e (3)
CuFeS, +8H,0 —

Cu?* +Fe** +2S03 +16H" +17¢ (4)

Figure 5(b) shows that the anodic oxidation current
decreases from 0.74 to 0.66 mA, with increasing the
potential from 710 to 800 mV, which indicates that the
product of chalcopyrite dissolution in the potential range
of 520 to 710 mV accumulates on the surface, and
passivates the electrode surface.
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Figure 6 shows the multi-cyclic voltammograms (10
cycles) of the chalcopyrite electrode in the potential
window of 475 to 1000 mV. The electrodes were initially
swept from 475 mV to 600, 700, 800, 900 and 1000 mV,
respectively, and then swept from 550 mV in the
following 9 cycles. Figure 6 shows that the anodic
oxidation current decreases with increasing the number
of cycles, which indicates that the product of
chalcopyrite dissolution accumulates on the surface, and
passivates the electrode surface. Figures 5 and 6 also
show that the passive film formed in the potential
window of 475 to 700 mV will be oxidized when the
sweeping potential is above 800 mV.

ZHU et al [21] and HE et al [22] suggested that
jarosite might be the major component of the passivation
layer of chalcopyrite leached by thermophilic archaea.
However, D'HUGUES et al [49] did not find any
evidence of jarosite hindrance to leaching chalcopyrite
with extreme thermophiles at 78 °C. GU et al [12]
reported that the jarosite formed on the chalcopyrite
surface was porous and loose, therefore, it cannot be an
effective component of a passivation layer to hinder the
copper extraction [12]. In the previous study [11], the
XRD analysis indicated that a significant amount of
elemental sulfur and jarosite formed on the chalcopyrite
surface after bioleaching, but the extraction fraction of
Cu reached 92.5%. KLAUBER et al [15] found that the
main candidates for passivation layer were S° and S,* .
ACRES et al [18] identified 16% S,* and 43% S, on
the surface of chalcopyrite leached in HCI solution for 2
h with the pH value of 1. MIKHLIN et al [2] identified
the presence of S;¥ and S, on the surface of
chalcopyrite after the leaching. The results of
electrochemical and XPS studies by GHAHRE-
MANINEZHAD et al [20] have suggested that a
metal-deficient sulfide film passivated the surface of
chalcopyrite electrode. MAJUSTE et al [50] suggestesd
that the Cu,,Fe,,S, ., CusFeS, and CuS hindered the
electrochemical dissolution of chalcopyrite. S° was also
detected on the chalcopyrite surfaces, but had no impact
on the chalcopyrite dissolution [21,50]. Therefore, the
disulfide (S,%), polysulfide (S,”) or metal-deficient
sulfide (Cu;Fe;S,.) plays a more key role in the
chalcopyrite leaching.

4 Conclusions

1) Fe atoms dissolve preferentially from the
chalcopyrite lattice. Disulfide, polysulfide and elemental
sulfur are identified on the chalcopyrite surfaces leached
by sterile control and microorganisms. Additionally,
sulfate is detected on the chalcopyrite surfaces leached
by microorganisms, and most of sulfate probably
originated from jarosite.

2) The metal-deficient sulfide and elemental sulfur
passivate the surface of chalcopyrite electrode.

3) The elemental sulfur and/or jarosite coating on
the chalcopyrite surface may have impact on the leaching
process. However, the disulfide, polysulfide or
metal-deficient sulfide plays a more key role in the
chalcopyrite leaching.
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