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Abstract: The relatedness between catalytic effect of activated carbon and passivation phenomenon during chalcopyrite bioleaching
by mixed thermophilic Archaea culture (Acidianus brierleyi, Metallosphaera sedula, Acidianus manzaensis and Sulfolobus
metallicus) at 65 °C was studied. Leaching experiments showed that the addition of activated carbon could significantly promote the
dissolution of chalcopyrite for both bioleaching and chemical leaching. The results of synchrotron-based X-ray diffraction, iron
L-edge and sulfur K-edge X-ray absorption near edge structure spectroscopy indicated that activated carbon could change the
transition path of electrons through galvanic interactions to form more readily dissolved secondary mineral chalcocite at a low redox
potential (<400 mV) and then enhanced the copper dissolution. Jarosite accumulated immediately in the initial stage of bioleaching
with activated carbon but copper dissolution was not hindered. However, much jarosite precipitated on the surface of chalcopyrite in
the late stage of bioleaching, which might account for the decrease of copper dissolution rate. More elemental sulfur (S°) was also
detected with additional activated carbon but the mixed thermophilic Archaea culture had a great sulfur oxidation activity, thus S°
was eliminated and seemed to have no significant influence on the dissolution of chalcopyrite.
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the formation of a passivation layer on the mineral
surface [2].
Over the past decades, although comprehensive

1 Introduction

As the most abundant but refractory copper sulfide,
chalcopyrite has still not been successfully bioleached on
a commercial scale [1]. However, with the increasing
consumption of global copper resources and the
decreasing reserves of high grade copper ores, it is
necessary to extend the application of bioleaching, which
is eco-friendly for the treatment of low grade copper
sulfide. Commercial application of chalcopyrite
bioleaching has been restricted by its extremely slow
dissolution kinetics and low copper recovery because of

investigations employing surface analytical methods
(such as X-ray photoelectron spectroscopy, X-ray
absorption spectroscopy, and Raman spectroscopy) have
been conducted to evaluate the passivation layer,
researchers have not yet reached a consensus about the
chemical compositions of the passivation layer, for
example, ferric precipitates (jarosite) [3], elemental
sulfur (S°) [4] and polysulfide (Sﬁ_) [5] were reported.
On the other hand, in order to enhance the leaching
rate and overcome the inhibitory effect of the passivation
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layer, several strategies have been proved to be
beneficial to increasing the copper recovery rate, for
instance, bioleaching of chalcopyrite with thermophilic
Archaea strains, adding modifier (surfactants, activated
carbon and silver) and controlling the redox potential.
WAN et al [6] exhibited for the first time that the
formation of chalcopyrite/carbon aggregates enhanced
the dissolution rate of chalcopyrite in the ferric sulfate
leaching. After that, many researchers paid much
attention to the positive effects of activated carbon on
chalcopyrite bioleaching [7—11], which indicated that the
catalytic effect was attributed to the galvanic interaction
between chalcopyrite and activated carbon. Galvanic
interaction is based on the contact between chalcopyrite
and activated carbon with different rest potentials. The
activated carbon with higher rest potential acts as
cathode (Eq. (1)) and chalcopyrite with a lower rest
potential serves as anode and is oxidized (Eq. (2)) [7].

0,+4H "+4e—2H,0 (1)
CuFeS,— Cu*"+Fe’ +28%+5¢ )

Chalcopyrite dissolution is a complex process
including the chemical speciation transformation and
evolution of three elements (S, Fe and Cu) on
chalcopyrite surface [12—14]. When introducing
activated carbon, the transition path of electrons could be
changed and the composition and properties of
chalcopyrite surface could be modified, finally affecting
the sulfur oxidation activity of leaching microorganisms
and the further dissolution of chalcopyrite [2]. It is still
unclear how the passivation layer and the catalytic effect
of additional activated carbon interact with each other to
influence the dissolution of chalcopyrite.

The intermediate compounds formed during
bioleaching are the keys to clarify the decomposition
mechanism of chalcopyrite; however, usually their
amounts are too small to be detected. Up to date,
synchrotron radiation X-ray diffraction (SR-XRD) and
X-ray absorption near edge structure (XANES)
spectroscopy analysis have shown efficiency to study the
composition on chalcopyrite surface with high spatial
resolution and high sensitivity [15]. Therefore, by
combining SR-XRD and XANES spectroscopy analysis,
more details can be provided during chalcopyrite
bioleaching with additional activated carbon.

In the present study, the relatedness between
catalytic effect of activated carbon and passivation
phenomenon during chalcopyrite bioleaching by mixed
thermophilic Archaea culture (Acidianus brierleyi,
Metallosphaera sedula, Acidianus manzaensis and
Sulfolobus metallicus) and chemical leaching was
investigated by combining iron L-edge and sulfur K-edge
XANES spectroscopy as well as SR-XRD. It could be
valuable for better understanding the dissolution

mechanism of chalcopyrite during bioleaching by mixed
thermophilic Archaea culture with additional activated
carbon.

2 Experimental

2.1 Metal sulfide sample and activated carbon

The standard mineral samples including
chalcopyrite (CuFeS,), chalcocite (Cu,S), covellite (CuS),
bornite (CusFeS4), elemental sulfur (S”) and jarosite
(KFe3(SO4),(OH)g) used in this study were provided by
the School of Minerals Processing and Bioengineering,
Central South University, China. The X-ray fluorescence
analysis (Axios mAX, PANalytical, the Netherlands)
showed that the original chalcopyrite contained
33.69% Cu, 29.62% Fe, 34.34% S, 1.91% O, 0.31% Si,
0.04% Al, 0.02% Ca, 0.01% Se and 0.02% P. XRD
analysis (DX—2700, Haoyuan Instruments, Danyang,
China) showed that the original chalcopyrite mineral is
basically pure. Before the original
chalcopyrite and activated carbon (spectrum grade) were
first milled to powder and passed through a sieve of
3774 um.

experiment,

2.2 Microorganisms and leaching experiments

It was reported that mixed culture of thermophilic
Archaea could significantly promote the leaching rate of
chalcopyrite due to a higher sulfur oxidation activity than
that of the pure culture [16]. Consequently, a mixed
culture of thermophilic Archaea containing Acidianus
brierleyi, Metallosphaera sedula, Acidianus manzaensis
and Sulfolobus metallicus was used as inoculum in the
bioleaching experiment. The detailed description of these
four thermophilic Archaea strains was as referred to
Ref. [17]. The basal medium used for cell cultivation
contained the following components: 3.0 g/L. (NH4),SO,,
0.5 g/L MgS0O4 7H,0, 0.5 g/L. K,HPO,, 0.1 g/L KCl,
0.01 g/L Ca(NO3),, and 0.2 g/L yeast extracts. The initial
pH of the basal medium was adjusted to 1.5 with dilute
sulfuric acid.

Bioleaching experiments were carried out in
250 mL of Erlenmeyer flasks containing 100 mL
sterilized medium and 1 g chalcopyrite. According to
previous research [11], the optimum concentration of
activated carbon enhanced copper dissolution was 2 g/L
during chalcopyrite bioleached by Acidianus manzaensis
and the same concentration was applied in the present
study. Activated carbon was mixed with chalcopyrite
concentrate in a porcelain mortar and pestle for 5 min
before they were added to the bioleaching system. The
mixed thermophilic Archaea in the presence of 2 g/L or
absence of activated carbon was incubated at 65 °C and
170 r/min in a high-temperature water-bath rotary shaker.
The initial cell density was 1x10" cell/mL. The two
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chemical leaching experiments (one contained 2 g/L
activated carbon, the other was free of activated carbon)
were carried out as sterile controls. All experiments were
performed in triplicate under the same conditions.

In the process of cultivation, 0.2 mL of samples was
taken out every 24 h to monitor cell densities, pH values,
total [Fe], [Fe’"] and [Cu®*]. The loss due to sampling
every time was compensated by adding equal amount of
sterilized basal medium. In addition, the loss of the water
due to evaporation at 65 °C was also compensated with
adding sterilized ultra-pure water based on mass loss
during cultivation. The cell densities were determined by
direct counting with a blood corpuscle counter
(XB-K—25). The pH values of the culture solution were
measured with a pH meter (PHS—-3C). The redox
potential values were measured with a platinum (Pt)
electrode, using a calomel electrode (Hg/Hg,Cl,) as
reference. The total [Fe], [Fe’'] and [Cu®'] were
determined by atomic absorption spectrophotometer.

2.3 Mineral surface morphology

The surface morphology of chalcopyrite was
observed by the scanning electron microscopy (SEM)
(Nova™ NanoSEM 230, FEI, USA). The samples of
mineral for morphology observation were collected into
a 1.5 mL tube at the end of experiments. Before SEM
analysis, mineral samples were thoroughly washed with
ultra-pure water and dried in vacuum. The samples for
SEM observation were first fixed in a 2.5% phosphate
buffered glutaraldehyde solution for 2 h, post-fixed in
1% osmium tetroxide solution, washed in 0.1 mol/L
phosphate buffer solution (pH 7.2), dehydrated using
graded ethanol, immersed in tert-butyl alcohol for about
2 h, and freeze-dried, then coated with gold by a sputter
(JEOL, JFC-1600, Japan) and introduced into the SEM
chamber for observation.

2.4 SR-XRD

Before SR-XRD analysis, the original mineral
sample and leaching residues at the end of day were
thoroughly washed with ultra-pure water and dried in
vacuum. All the samples were stored at 4 °C in nitrogen
atmosphere until analysis. The composition changes of
the samples were characterized by SR-XRD recorded at
beam-line BL14B1 in Shanghai Synchrotron Radiation
Facility (SSRF), China. The energy and the spot size of
the X-ray were 10 keV and 0.5 mm x 0.5 mm,
respectively.

2.5 Iron L-edge and sulfur K-edge XANES

In order to investigate the transformation of Fe/S
speciation on chalcopyrite surfaces, both the original
mineral samples and leaching residues at different
leaching time were characterized by iron L-edge and

sulfur K-edge XANES spectroscopy, respectively. Iron
L-edge and sulfur K-edge XANES spectroscopy analyses
were carried out at 4B7B beam-line and 4B7A
beam-line, respectively, at Beijing Synchrotron Radiation
Facility, China. The operational approaches, data
acquisition and analysis were performed as described
previously [15,18,19].

3 Results and discussion

3.1 Leaching parameters

The leaching behaviors by mixed thermophilic
Archaea culture at 65 °C in the presence of 0 and 2 g/L
activated carbon and during two chemical leaching
experiments are shown in Figs. 1(a)—(f), respectively. It
can be seen from Fig. 1(f) that after 8 d, the final copper
ion concentration of chalcopyrite leached by mixed
thermophilic Archaea in the presence of 2 g/L of
activated carbon was (1.89+£0.05) g/L, but it was
(1.56+£0.02) g/L in the absence of activated carbon.
Alternatively, the copper ion concentration in the
presence of 2 g/L activated carbon was (1.12+0.05) g/L,
but it was (0.53+0.01) g/L when activated carbon was
absent. Figure 1(a) showed that cells number in the
presence of 2 g/L activated carbon decreased from initial
(11£1.4)x10° to (0.5240.1)x10° cell/mL after 1 d, which
indicated the attachment of Archaea cells to activated
carbon because activated carbon had strong ability of
adsorbing microorganisms. According to the previous
study [20], adsorption by activated carbon would
probably decrease the possibility of attachment of cells
onto the mineral surface. It is generally accepted that the
attachment of cells onto the mineral surface is essential
for the dissolution of chalcopyrite in the initial leaching
process [21]. However, such negative effect was
insignificant because the catalytic effect of activated
carbon played a dominant role. Figure 1(f) showed that it
was during the initial 3 d the dissolution kinetics of
bioleaching with 2 g/L activated carbon was the highest.
After that, cells number increased to the similar number
to that in the absence of activated carbon and showed
little difference in the rest of leaching time.

The dissolution of chalcopyrite during leaching can
be represented by Egs. (3)—(6) [21]. According to these
equations, chalcopyrite could be dissolved by protons
and ferric ions in acidic solution. The main role of
microorganisms in chalcopyrite bioleaching was
regeneration of protons and ferric ions. As shown in
Fig. 1(b), the pH demonstrated an increasing trend
during chemical leaching in the two sterile controls
throughout the whole leaching process. This could be
explained by the consumption of protons, leading to the
increase of pH. Especially, the pH of chemical leaching
with activated carbon increased from the beginning until
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day 5 and reached the maximum of pH (2.5+0.1). More
consumption of protons indicated that the addition of
activated carbon could promote the dissolution of
chalcopyrite during chemical leaching. While in
bioleaching with activated carbon, the pH rose a little in
the initial stage, and then stayed around the initial pH 1.5.
And in bioleaching without activated carbon, the pH
stayed around the initial pH 1.5. Moreover, the steady of
pH during bioleaching could be explained by the
oxidation of S” formed as the intermediate sulfur
compounds, which regenerated the protons consumed at
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Redox potential of leaching solution was an
important factor influencing the dissolution of
chalcopyrite [2, 22]. Besides the pH, redox potential of
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leaching solution showed obvious differences between
chemical leaching and bioleaching. It can be seen from
Fig. 1(c) that the redox potential of two chemical
leaching experiments stayed around the initial value
through whole leaching process. In contrast, the redox
potential in bioleaching experiments with/without
activated carbon increased rapidly in initial 3 d and then
basically unchanged. It has been confirmed the copper
extraction rate in bioleaching experiment was higher than
that in chemical leaching experiment, partially due to
higher redox potential and [Fe’] in bioleaching than that
in chemical leaching (Eq. (4)). By comparing the two
bioleaching groups, it was interesting to find that during
the initial 3 d, the dissolution kinetics of bioleaching
without activated carbon was lower than that with
activated carbon although the former had higher redox
potential and [Fe’"] (Figs. 1(c) and (d)). This
phenomenon indicated that the additional activated
carbon might change the transition path of electrons

through galvanic interactions in contact with
chalcopyrite to form more easily dissolved intermediates,
thus the analysis of mineral surface components during
leaching process was necessary.

It should be noted that with the increase of ferric ion
concentration, the formation of jarosite could be also
accelerated (Eq. (7)) [23], which was corresponding to
the gradual decrease of [Fe''] from day 4 (Fig. 1(d)) in
bioleaching experiment with 2 g/L activated carbon.

M*+3Fe**+ 2802~ +6H,0 — MFes(SO4),(OH)g+6H
(7

where M™ is a monovalent cation, such as H;O", K, Na*

and NH,".

3.2 Surface morphology

As shown in Fig. 2, the surface morphologies of the
chalcopyrite residues leached by mixed Archaea culture
at 65 °C and in chemical leaching experiments with/

Fig. 2 SEM images of original chalcopyrite (a), chalcopyrite residue after bioleaching at 65 °C with 2 g/L activated carbon (b) and

without activated carbon (c), and chalcopyrite residue after chemical leaching with 2 g/L activated carbon (d) and without activated

carbon (e¢) after 8 d
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without activated carbon respectively were observed by
SEM. Obviously, the surface morphology of bioleached
chalcopyrite residue without activated carbon (Fig. 2(c))
was corroded seriously and much rougher than original
chalcopyrite (Fig. 2(a)). By contrast, the residue grain
size of chalcopyrite bioleached with 2 g/L activated
carbon (Fig. 2(b)) became smaller than that without
activated carbon (Fig. 2(c)), which indicated that the
addition of activated carbon caused the corrosion of
chalcopyrite much more serious. Similarly, chemical
leaching residue with 2 g/L activated carbon (Fig. 2(d))
was rougher than that without activated carbon (Fig.

1379

2(e)). According to the previous study [7], the addition of
activated carbon can promote the dissolution of
chalcopyrite through galvanic interaction between
activated carbon and chalcopyrite, during which
activated carbon acted as the cathode and accelerated the
anodic dissolution of chalcopyrite.

3.3 SR-XRD analysis

The surface chemical components of original
chalcopyrite, leaching residues by mixed thermophilic
Archaea culture and chemical leaching residues after 8 d
were studied by SR-XRD (Fig. 3). Results showed that

(@) . (b) - .
® — Chalcopyrite
A—80
m— Chalcopyrite © — Jarosite
u
[ ]
[ ]
= - ” g
J 1 RO D W 4 SN - 0 O U
10 20 30 40 50 60 10 20 30 40 50 60
20/(°) 260/(°)
(c) " (d) ™
m — Chalcopyrite m — Chalcopyrite
—80 o — Covellite
o — Jarosite aA—80
© — Jarosite
| ]
© A g ’a
©
Wi o
10 20 30 40 50 60 10 20 30 40 50 60
20/(°) 200(%)
(e) v ,
® — Chalcopyrite
< — Jarosite
-
- ]
- L |
<& [
mwnmw MR g s
10 20 30 40 50 60
26/(%)

Fig. 3 XRD patterns of original chalcopyrite (a), chalcopyrite residue after bioleaching at 65 °C with 2 g/L activated carbon (b) and

without activated carbon (c), and chalcopyrite residue after chemical leaching with 2 g/L activated carbon (d) and without activated

carbon (e¢) after 8 d
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both the residues after bioleaching with activated carbon
and without activated carbon contained the diffraction
signals of S” and jarosite but the signal intensities were
different (Figs. 3(b) and (c)). The chemical leaching
residue with 2 g/L activated carbon showed diffraction
signals corresponding to covellite, S° and jarosite
(Fig. 3(d)). By contrast, only a little jarosite was detected
after chemical leaching without activated carbon
(Fig. 3(e)). The SR-XRD analysis indicated that in
bioleaching additional activated carbon did not change
the species of final leaching products, which was
consistent with previous study [11]. While in chemical
leaching with activated carbon, covellite and S° were
detected, which indicated that through galvanic
interaction between activated carbon and chalcopyrite,
the transition path of electrons was changed. Further
analysis by XANES spectroscopy at different time
during leaching process could provide more details on
the chemical speciation transformation on the mineral
surface.

3.4 Iron L-edge and sulfur K-edge XANES analyses
The iron L-edge XANES spectra of the standard
samples (chalcopyrite, ferrous sulfate, bornite and
jarosite) and chalcopyrite during bioleaching in the
presence of 2 g/L and absence of activated carbon are
shown in Fig. 4. It can be seen from Fig. 4(a) that the
differences in the shape of the L;-edge and the L,-edge
among standard samples were significant. Briefly, for
iron L;-edge, chalcopyrite had only one obvious peak
(peak a). The intensity of peak a for ferrous sulfate was
significantly higher than that of peak b. However, the
intensities of peak b for bornite and jarosite were much
higher than those of peak a, but with different absorption
energy positions. The iron L-edge XANES spectra of
chalcopyrite during bioleaching with activated carbon
(Fig. 4(b)) changed dramatically from day 1 to day 2, in
which peak a decreased from high intensity to a low
level accompanying with the appearance of peak b
instantly. Instead, results in Fig. 4(c) showed that during
bioleaching without activated carbon, the intensities of
peaks a and c gradually decreased with prolonging time,
while the intensity of peak b gradually increased. By
comparing with the standard spectra, the transformation
of these peaks could be assigned to the formation of
jarosite. In addition, chemical leaching residue in the
presence of 2 g/L activated carbon (Fig. 4(b)) showed a
similar spectra pattern to jarosite. While the iron spectra
of chemical leaching without activated carbon (Fig. 4(c))
showed the similar features to the bioleaching without
activated carbon at day 4 during which the intensity of
peak a decreased and those of peaks & and ¢ increased.
The iron K-edge spectra patterns indicated that
during initial process of bioleaching jarosite formed

immediately with the catalytic effect of activated carbon.
But the leaching kinetics still remained higher than that
in the absence of activated carbon, which indicated that
copper dissolution was not hindered. In the late stage of
bioleaching with activated carbon, a large amount of
jarosite precipitated on the chalcopyrite surface, which
could partially account for the decrease of copper
dissolution rate (Fig. 1(f)).

(a) L3L-Tedge
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Ferrous sulfate

[

Jarosite

710 715 720 725 730 735 740
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b : 1d
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Fig. 4 Normalized iron L-edge XANES spectra of reference
compounds (a), normalized spectra of chalcopyrite during
bioleaching at 65 °C with 2 g/L activated carbon (b) and
without activated carbon (c) at different time (a and b represent
low energy shoulder and high energy shoulder of Ls-edge,
respectively; ¢ represents Ly-edge)
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The normalized sulfur K-edge XANES spectra of
reference samples and chalcopyrite during bioleaching at
65 °C in the presence of 2 g/L and absence of activated
carbon are shown in Fig. 5. The spectra of standard
samples (chalcopyrite, bornite, chalcocite, covellite,
elemental sulfur, jarosite) showed significant differences
in the position intensity and width of the absorption
peaks (Fig. 5(a)), which were in accordance with
previous study [24]. Figure 5(b) showed that during
bioleaching with 2 g/L activated carbon, the peak at
2.470 keV became weaker and weaker, and the new peak
at 2.472 keV appeared at day 1 and then gradually
increased until day 4, but decreased to a low intensity at
day 6. And the peak at 2.480 keV gradually became the
main peak. By contrast, the peak at 2.470 keV decreased
gradually and the peak at 2.480 keV increased to the
main peak overtime in the spectra of chalcopyrite
bioleached without activated carbon (Fig. 5(c)). It is
worthy to note that a new peak appeared at 2.472 keV in
the spectra of chemical leaching with activated carbon
comparing with that without activated carbon (Figs. 5(b)
and (c)).

In order to quantify sulfur speciation on the mineral
surface, the sulfur K-edge XANES spectra of these

unknown samples (Figs. 5(b) and (c)) were fitted for
their linear composition using the reference spectra of
sulfur-compounds (Fig. 5(a)). The fitted spectrum of
chalcopyrite in bioleaching with activated carbon at day
2 was taken as an example to show the quality of the
fitting results (Fig. 5(d)). The fitted results (Fig. 5(d))
showed sulfur species on the mineral surface of
bioleaching with activated carbon after 2 d were
composed of 39.1% chalcopyrite, 7.5% chalcocite, 8.1%
covellite, 28.7% S° and 10.3% jarosite. The fitting results
of XANES spectra of chalcopyrite during bioleaching at
different time are summarized in Tables 1 and 2.
According to the results, chalcocite was detected at day 1,
and both chalcocite and covellite were detected at day 2
when the redox potential was below 400 mV during
bioleaching with activated carbon. By contrast, neither
chalcocite nor covellite was detected during bioleaching
without activated carbon. Similarly, covellite was just
detected in the residue of chemical leaching with
activated carbon.

Activated carbon was beneficial at low redox
potential because the dissolution process went through
chalcocite oxidation which was more efficient [11]. In
this study, chalcocite was detected on the mineral surface
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Fig. 5 Normalized sulfur K-edge XANES spectra of reference compounds (a), normalized spectra of chalcopyrite during bioleaching

with 2 g/L activated carbon (b) and without activated carbon (c) at different time, and fitted spectra of chalcopyrite bioleaching with

2 g/L activated carbon for 2 d (d)
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Table 1 Fitted results of sulfur K-edge XANES spectra of chalcopyrite bioleached in the presence of 2 g/L activated carbon using

reference spectra

Contribution of standard spectra/%

Sample

Chalcopyrite Chalcocite Covellite s° Jarosite
Sterile with activated carbon 79.3 0 2.9 13.7 4.1
Day 1 68.1 3.4 0 25.3 3.1
Day 2 39.1 7.5 8.1 35.0 10.3
Day 4 24.1 0 33 46.6 26.0
Day 6 18.0 0 7.6 74.4
Day 8 16.8 0 0 7.7 75.5

Table 2 Fitted results of sulfur K-edge XANES spectra of chalcopyrite bioleached in the absence of activated carbon using reference

spectra
Sample Contribution of standard spectra/% 0
Chalcopyrite Chalcocite Covellite S Jarosite

Sterile 96.6 0 0 0 3.4
Day 1 98.9 0 0 0 1.1
Day 2 932 0 0 0 6.8
Day 4 86.4 0 0 1.1 13.1
Day 6 71.6 0 0 8.2 20.3
Day 8 62.8 0 0 1.1 36.1

at day 1 and day 2 at a low redox potential (<400 mV)
during bioleaching with activated carbon (Table 1). In
the presence of activated carbon, the more readily
dissolved secondary mineral chalcocite was formed by
reduction of the chalcopyrite with Cu®" and Fe** at low
redox potential (Egs. (8) and (9)) [2]. Then, the
chalcocite was quickly oxidized by Fe’" and dissolved O,
to release Cu’’. Accompanying with the formation of
chalcocite, S” was also formed (Eq. (8)). The formation
of S° could explain the detection of more S’ during
bioleaching with activated carbon as well as the S° in
chemical leaching residue with activated carbon.
Covellite was also detected during bioleaching with
activated carbon at day 2 and day 4, which indicated that
covellite was the transient intermediate compound during
bioleaching of chalcopyrite. ZHU et al [16] and HE
et al [24] also found covellite using Acidianus
and mixed thermophilic = Archaea
respectively to bioleach chalcopyrite. Because covellite
could be formed through the oxidation of chalcocite by
ferric sulphate, we speculated that the covellite at day 2
and day 4 was the oxidation product of chalcocite formed
when the redox potential was below 400 mV. And the
covellite found in chemical leaching residue with
activated carbon at day 8 which was consistent with the
result of SR-XRD could be the oxidation product of
chalcocite. In addition, if we check the dissolution
kinetics of chalcopyrite bioleached by mixed
thermophilic Archaea (Fig. 1(f)), we can find that during

manzaensis

the first 3 d, the dissolution kinetics with activated
carbon was much higher than that without activated
carbon. This indicated that activated carbon could change
the transition path of electrons to form more readily
dissolved chalcocite through galvanic interaction and
finally enhanced the copper dissolution.

CuFeS,+Cu?"— Cu,S+Fe*"+8°

CuFeS,+3Cu? +3Fe* —2Cu,S+4Fe*"

(®)
©)

It is noteworthy that more S” and jarosite were
detected in the bioleaching residues with activated
carbon. Previous studies [15,25] indicated that the
extreme thermophile Archaea possessed strong capacity
of sulfur elimination. Thus, the by-product S° could be
reduced gradually and seemed to have no influence on
the dissolution of chalcopyrite. However, as jarosite
accumulated overtime, the leaching rate of copper with
activated carbon slowed down and the passivation
phenomenon was observed from Fig. 1(f) in which
copper concentration ceased to increase from day 6 to the
last day. Jarosite is a common leaching by-product
and has been reported as a passivation factor
previously [26,27]. And at elevated temperatures, jarosite
readily formed and deposited onto the surface of
chalcopyrite, thus preventing the contact of the
microorganisms with chalcopyrite and hindering the
bioleaching process [16]. In this study, more jarosite was
found in the late stage of chalcopyrite bioleaching with
activated carbon (Table 1). More jarosite on the mineral
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surface might account for the decrease of copper release
rate in the late stage.

4 Conclusions

1) The addition of 2 g/L activated carbon could
significantly promote the dissolution of chalcopyrite for
both bioleaching and chemical leaching at 65 °C.

2) The results of SR-XRD and XANES spectra
analysis indicated that activated carbon could change
transition path of electrons through galvanic interaction
at a low redox potential (<400 mV) to form more readily
dissolved secondary mineral chalcocite and finally
enhanced the copper dissolution.

3) Jarosite accumulated immediately in the early
stage of bioleaching with activated carbon, but the
copper dissolution was not hindered. While more jarosite
precipitated on the surface of chalcopyrite in the late
stage of bioleaching, which could partially account for
the decrease of copper dissolution rate.

4) More S° was also detected with additional
activated carbon. However, the extreme thermophile
Archaea had a strong S° oxidation activity and S° was
gradually eliminated by them, thus the S’ seemed to have
no significant
chalcopyrite.

influence on the dissolution of
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EAEAEELE 65 CEYRLERT JEFEERA
fELERFISE LI RBYME R L

Lo, xeg!, B2 ESE N RBAE!
RIEER S, DS, A 0F3, S, Lomd

1. R Ry RIEIN LS TR, Kb 410083;
2. MERY EVIREHE N ESLRE, Kb 410083;
3. mEERER SRR BT A O EP RS E, bR 100049;
4. PEBEER DM AYER T BEFEPESEE, B 201800

8 F. WA YRR DY Pk S B eE Gl IR A 55 IR W) (Acidianus  brierleyi, Metallosphaera sedula, Acidianus
manzaensis F Sulfolobus metallicus){t. 65 °C B3 B 2E WA H 1o A2 A g Mom A0 M AN EE AL I R AR OG 1 o 32
SIS R I, TEVER B A RO L S AR R A R . FE T RID ARG HORK) X AT B L1
FIBR ) K—12 X S SR OE L S5 68 54 20 A W), 7R AR O AR vh 2 S8 AT SR AL AL IR (<400 mV)I, iR
RE I Ji Pt B A AR P AR AR, AR B SV R AR R, TR SR SR R o ARSI R
HAEYE L AR AT, SRR R AMEAR B T IR R R 2 B, SRR AR i JE ), R e
BROVDTUEAER W3R, AT SR R0t — VA i . AEAS IS MR N A 21 1 58 22 RO B, (E el T Pl 1
RE IR AR EABAE P, T DU RS S BT L AR, AT, RGN0 380 s SO A S 25 5
KRR EHE; AR E MR FLILG: IRAVENH
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