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Formation and evolution of secondary minerals during bioleaching of
chalcopyrite by thermoacidophilic Archaea Acidianus manzaensis
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Abstract: The formation and evolution of secondary minerals during bioleaching of chalcopyrite by thermoacidophilic Archaea
Acidianus manzaensis were analyzed by combining synchrotron radiation X-ray diffraction (SR-XRD) and S, Fe and Cu Kα X-ray
absorption near edge structure (XANES) spectroscopy. Leaching experiment showed that 82.4% of Cu2+ was dissolved by
A. manzaensis after 10 d. The surface of chalcopyrite was corroded apparently and covered with leaching products. During
bioleaching, the formation and evolution of secondary minerals were as follows: 1) little elemental sulfur, jarosite, bornite and
chalcocite were found at days 2 and 4; and 2) bornite and chalcocite disappeared, covellite formed, and jarosite gradually became the
main component at days 6 and 10. These results indicated that metal-deficiency sulfides chalcocite and bornite were first formed
with a low redox potential value (360−461 mV), and then gradually transformed to covellite with a high redox potential value
(461−531 mV).
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1 Introduction

Biohydrometallurgy is an emerging technology and
takes an important role in copper recovery from low
grade metal sulfides with attractively economic,
environmental and social benefits [1]. Among these
metal sulfides, chalcopyrite is the most abundant and
widespread. However, it is the most refractory and
recalcitrant to both chemical and biological leaching
because of the forming of surface layer and iron deficient
secondary minerals [2,3].
During the dissolution of chalcopyrite, the release
of iron into electrolyte was usually faster than copper,
and the iron deficient secondary minerals covellite,

chalcocite, and metastable layers (Cu1−xS or Cu1−xFe1−yS2)
were assumed [4−7]. However, the consistent evidence
about metal-deficient sulfides was rarely reported. One
difficulty for studying the surface chemicals of
chalcopyrite during bioleaching is that some of the
metal-deficient secondary minerals are less abundant and
could be unstable transition states [2]. This problem
could be resolved with emerging of the third generation
synchrotron radiation (SR) [8], which is an ideal X-ray
source with high spatial resolution and high sensitivity
for probing trace metallic elements [9].
In our previous studies, SR-based X-ray absorption
near edge structure (XANES) spectroscopy was used to
study the surface sulfur speciation during bioleaching
of chalcopyrite [10−12]. However, some important
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fraction, %): Cu, 32.6; S, 31.05; Fe, 27.11; O, 2.7; Zn,
1.94; Ba, 0.50; Ca, 0.43; Si, 0.37; Al, 0.17; Mg, 0.09.
The mineral was ground to fine powder, which was
passed through a sieve of 75 μm but was retained by a
sieve of 38 μm, guaranteeing the particle size was
37−75 μm.
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2.3 Bioleaching experiment
Before the bioleaching experiments, the strain was
initially activated and pretreated according to LIANG
et al [15]. Then A. manzaensis was incubated in 500 mL
Erlenmeyer flasks containing 200 mL sterilized basal
medium and 2 g chalcopyrite in a high-temperature bath
rotary shaker (SHZ-GW) at 65 °C and 170 r/min. The
initial pH of the culture medium was firstly adjusted to
1.85 with dilute sulfuric acid. The initial inoculated cell
density was 2×107 cells/mL. The abiotic control groups
(without A. manzaensis) were carried out with the same
culture medium. All above experiments were performed
in triplicate at the same conditions for 10 d. Evaporated
water was compensated with sterilized ultra-pure water
based on mass loss at twelve-hour intervals.
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information in the dissolution process could be missed
merely based on sulfur speciation, because the role of
copper and iron speciation also makes contribution to the
leaching process. In order to learn the concrete details of
the dissolution mechanism, the comprehensive analyses
based on Cu, Fe and S speciation transformation should
be combined. The SR-based X-ray diffraction (SR-XRD)
has an advantage over conventional XRD because of
higher signal/noise ratio and spatial resolution and it can
be of value for analyzing the structures and composition
of compounds on surface of minerals [13]. Therefore, by
combining SR-XRD and XANES, the surface chemical
species can be qualitatively and quantitatively analyzed,
which could provide more convincing results and be
useful for understanding the dissolution mechanism of
chalcopyrite.
On the other hand, bioleaching of chalcopyrite with
extremely thermoacidophilic microorganisms has
become a focus recently, because they could grow at
high temperature (>60 °C ), accelerate the reaction rate
and dissolve the highly refractory ores, thus leading to
higher metal recovery compared with mesophiles and
moderate thermophiles [1,14]. Therefore, in the present
study, the formation and evolution of secondary minerals
during bioleaching of chalcopyrite by typically
thermoacidophilic Archaea Acidianus manzaensis were
analyzed by combining SR-XRD and S, Fe and Cu Kα
XANES spectroscopy. It could be useful for better
understanding the dissolution mechanism of chalcopyrite
during bioleaching.
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2.1 Strain and culture medium
The thermoacidophilic Archaea strain A.
manzaensis YN-25 (accession number of 16S rDNA in
GeneBank: EF522787) was provided by the Key
Laboratory of Biometallurgy of Ministry of Education of
China, Changsha, China. The basal medium for A.
manzaensis cultivation consisted of the following
components: 3.0 g/L (NH4)2SO4, 0.5 g/L MgSO4·7H2O,
0.5 g/L K2HPO4, 0.1 g/L KCl, 0.01 g/L Ca(NO3)2, and
0.2 g/L yeast extracts.
2.2 Mineral samples
The standard chalcopyrite (CuFeS2), covellite (CuS),
chalcocite (Cu2S) and jarosite (KFe3(SO4)2(OH)6)
samples used in this study were provided by School of
Minerals Processing and Bioengineering, Central South
University, Changsha, China. The mineralogical
compositions tests (by XRD) indicated that the original
chalcopyrite minerals are mainly chalcopyrite. X-ray
fluorescence spectroscopic analysis showed that the
content of the original chalcopyrite contained (mass

2.4 Analysis methods
During leaching of chalcopyrite by A. manzaensis,
sample solutions were taken out at 2 d intervals to
monitor cell densities, pH and redox potential values,
[Fe2+], [Fe3+] and [Cu2+] according to the previous
descriptions [16,17]. The surface morphology of
chalcopyrite residues during leaching experiment was
observed by scanning electron microscopy (SEM)
(Nova™ NanoSEM 230, FEI, USA) according to
previous description [18].
In order to investigate the formation and evolution
of secondary minerals on mineral surfaces, both the
original mineral samples and leaching residues at
different leaching time were characterized by SR-XRD
and S, Fe, Cu K-edge XANES spectroscopy, respectively.
The SR-XRD analysis was recorded at beamline
BL14B1 of Shanghai Synchrotron Radiation Facility
(SSRF), Shanghai, China, at a step of 0.01 ° and a dwell
time of 0.5 s at each point. The S, Fe, Cu K-edge
XANES spectra were recorded according to previous
descriptions [17,19]. Then, the XANES spectra were
normalized and fitted for their linear combinations using
the standard spectra with IFEFFIT program [20].

3 Results and discussion
3.1 Leaching parameters of chalcopyrite by A.
manzaensis
The leaching parameters of chalcopyrite by A.
manzaensis and in sterile control experiment were
characterized in terms of the cell density, pH and redox
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Fe concentration reached the maximum value at day 2,
and gradually dropped to approach zero, which probably
was caused by the growth of A. manzaensis. Results in
Fig. 1(d) showed that in sterile control experiment the
total iron ions concentration was fast increased initially
and then changed little. Meanwhile, the Fe3+
concentration was basically zero.
The dissolution of chalcopyrite is very complex,
which could be attacked by Fe3+ or proton in acid
solutions, generally presented as Eqs. (1)−(2) [1,23], in
which ferric ions or oxygen are the oxidant and the
sulfide components of chalcopyrite are oxidized to
elemental sulfur. Then the intermediate, e.g., elemental
sulfur and ferrous ions, can be oxidized by sulfur
oxidizing
microorganism
and
iron
oxidizing
microorganism and regenerate the proton and Fe3+
consumed at the beginning Eqs. (3) and (4) [24].
Chemical
CuFeS2+4Fe3+ 
 Cu2++2S0+5Fe2+

(1)

p.

Chemical
 Cu2++2S0+Fe2++2H2O (2)
CuFeS2+4H++O2 
Sulfur oxidizing microbial
 2SO 24 +4H+ (3)
2S 0+2H 2O+3O 2 

Chemical/Iron oxidizing microbial
4Fe2++4H++O2 

3+
4Fe +2H 2O

na

potential values, and copper and iron ions concentrations
(Figs. 1(a) and (d)), respectively. Results in Fig. 1(a)
showed that the cell density in the bioleaching
solution reached a maximum of 3.07×108 cell/mL at day
6, and then decreased. After 10 d, the Cu2+ concentration
was 2.72 g/L, corresponding to 82.4% copper
extraction, compared with that of 0.36 g/L in sterile
control experiment (Fig. 1(c)), indicating that the
thermoacidophilic Archaea A. manzaensis could
significantly promote copper extraction, which was in
accordance with the results of LIANG et al [21] and
GERICKE et al [22].
During bioleaching, the pH value decreased with
the increase of time, and decreased rapidly at days 2−6
(Fig. 1(a)). The redox potential value increased with time
and tended to slow when reached 531−550 mV, which
showed similar trend as Cu2+ concentration (Fig. 1(a)).
By contrast, results in Fig. 1(c) showed that, in the sterile
control experiment, pH values were slowly increased
with the increase of time. Redox potential values were
gradually increased at day 0−6 from 308 to 328 mV and
then basically unchanged.
It can be seen from Fig. 1(b) that the concentrations
of total iron ions and Fe3+ apparently increased and
reached the maximum values at day 4, and then dropped
apparently at day 6 and finally remained unchanged. The
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Copper extraction from chalcopyrite is an acid

Fig. 1 Leaching behavior of chalcopyrite by A. manzaensis (a, b) and in sterile control experiment (c, d)
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M++3Fe3++ 2SO 24 +6H2O 

MFe 3 (SO 4) 2 (OH) 6 +6H +

(5)

where M is a monovalent cation, such as H3O+, K+, Na+
or NH 4 .
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3.2 Surface morphology and S, Fe and Cu speciation
analyses
The surface morphologies of the chalcopyrite

residues during bioleaching and chemical leaching were
observed by SEM (Figs. 2(a−f)). SEM results of
bioleaching residues showed that the surfaces of
chalcopyrite were attacked gradually by A. manzaensis
and forming structured community on mineral surface
(Figs. 2(b−e)). The surface of the original chalcopyrite
was smooth. Several bacterial colonies were formed at
days 2 and 4, while the leaching products and bacterial
colonies were covered over the whole surfaces of the
chalcopyrite particles at days 6 and 10. Interestingly,
there were some small granules spread visibly on the
surface (arrows in Fig. 2). Previous study indicated that it
could probably be jarosite [12], which was an important
factor in the biofilm formation [26,27]. By contrast,
result in Fig. 2(f) showed that little product formed in
sterile control experiment and a smooth mineral surface
could still be observed after 10 d of leaching.
The results of SR-XRD analysis in Fig. 3(b) showed
only little elemental sulfur produced after chemical
leaching. However, the SR-XRD patterns of chalcopyrite
leached by A. manzaensis (Figs. 3(c−f)) became much
more complex and the chemical composition changed
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consuming process (Eq. (2)), which is assured by the
slow increasing of pH values in the sterile control
experiment (Fig. 1(c)). The rapid decrease in pH values
at days 2−6 in bioleaching process may partially result
from the oxidation of elemental sulfur (Eq. (3)) [25]. At
days 4−6, the concentration of total iron ions declined
rapidly (Fig. 1(b)), probably caused by the forming of
jarosite (Eq. (5)), which could be accumulated on the
surface of chalcopyrite and might be a major factor of
hindering copper extraction [2]. It should be noted that
jarosite precipitation is an acid-generating reaction
(Eq. (5)), so it could also contribute to the pH decline in
Fig. 1(a).
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Fig. 2 SEM images of original chalcopyrite (a), and chalcopyrite leached by A. manzaensis cells after 2 d (b), 4 d (c), 6 d (d) and
10 d (e), and in sterile control experiment after 10 d (f) (Arrows in Figs. 2(d) and (e) showed that there were some small granules
spread visibly on the surface)
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Fig. 3 SR-XRD patterns of original chalcopyrite (a), chalcopyrite leached in sterile control experiment after 10 d (b) and leached by
A. manzaensis after 2 d (c), 4 d (d), 6 d (e) and 10 d (f)

over time. Results showed that little elemental sulfur,
bornite and chalcocite were produced at day 2 (Fig. 3(c)).
At day 4, the residue contained jarosite, bornite,
chalcocite and elemental sulfur besides chalcopyrite
(Fig. 3(d)). At day 6 and day 10, covellite was produced
and jarosite gradually became the main component,
while the diffraction signals of bornite and chalcocite
disappeared (Figs. 3(e−f)).
The S, Fe and Cu K-edge XANES spectra of
standard samples (Figs. 4(a), 5(a) and 6(a)) showed clear
differences in the peak position and peak intensity and in
their absorption edges. Compared with the spectra of

standard chalcopyrite, the change of the S, Fe and Cu
K-edge XANES spectra of chalcopyrite residues in
sterile control experiment (Figs. 4(b), 5(b) and 6(b)) was
negligible. However, for the S, Fe and Cu K-edge
XANES spectra of chalcopyrite leached by A.
manzaensis (Figs. 4(b), 5(b) and 6(b)), the intensity of
some peaks in the spectra changed gradually. It indicated
that, after bioleaching, the S, Fe and Cu speciation of
original chalcopyrite was probably gradually transformed
into other S, Fe and Cu species.
In order to quantify S, Fe and Cu speciation
transformation, the S, Fe and Cu K-edge XANES spectra
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Fig. 4 Normalized S K-edge XANES spectra of standard compounds chalcopyrite, bornite, covellite, chalcocite, jarosite and
elemental sulfur (a), and normalized spectra of chalcopyrite leached by A. manzaensis at different time (2 d, 4 d, 6 d, 10 d) and in
sterile control experiment at day 10 and fitted spectra of bioleaching residue at day 4 (b)

Fig. 5 Normalized Fe K-edge XANES spectra of standard compounds chalcopyrite, bornite, jarosite (a), and normalized spectra of
chalcopyrite leached by A. manzaensis at different time (2 d, 4 d, 6 d, 10 d) and in sterile control experiment at day 10 and fitted
spectra of bioleaching residue at day 4 (b)

Fig. 6 Normalized Cu K-edge XANES spectra of standard compounds chalcopyrite, bornite, covellite and chalcocite (a), and
normalized spectra of chalcopyrite leached by A. manzaensis at different time (2 d, 4 d, 6 d, 10 d) and in sterile control experiment at
day 10 and fitted spectra of bioleaching residue at day 4 (b)
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Sample

Percentage of contribution of standard spectra/%
Chalcopyrite Bornite Covellite Chalcocite Jarosite S0

Sterile

90.1

1.4

−

0.3

2d

81.4

1.9

−

4d

65.3

2.4

−

6d

29.7

−

10 d

9.2

−

control

2.1

6.1

6.1

7.4

5.2

8.2

19.7

4.4

4.8

−

60.6

4.9

8.3

−

78.8

3.7

si

na

Table 2 Fitted results of Fe K-edge XANES spectra of
measured samples (chalcopyrite leached by A. manzaensis at
different time (2 d, 4 d, 6 d, 10 d) and in sterile control
experiment at day 10) with standard spectra of chalcopyrite,
bornite and jarosite
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Table 1 Fitted results of S K-edge XANES spectra of measured
samples (chalcopyrite leached by A. manzaensis at different
time (2 d, 4 d, 6 d, 10 d) and in sterile control experiment at
day 10) with standard spectra of chalcopyrite, bornite, covellite,
chalcocite, jarosite and elemental sulfur (S0)

chalcopyrite, 1.9% of bornite, 6.1% of chalcocite, 7.4%
of jarosite and 5.2% of S0 at day 2, then changed to
65.3% of chalcopyrite, 2.4% of bornite, 8.2% of
chalcocite, 19.7% of jarosite and 4.4% of S0 at day 4; the
composition became 29.7% of chalcopyrite, 4.8% of
covellite, 60.6% of jarosite and 4.9% of S0 at day 6, and
9.2% of chalcopyrite, 8.3% of covellite, 78.8% of
jarosite and 3.7% of S0 at day 10 (Table 1). The fitted
results of Fe K-edge XANES spectra showed that the
iron species comprised 88.3% of chalcopyrite, 7.3% of
bornite and 4.4% of jarosite at day 2, then changed to
69.3% of chalcopyrite, 4.2% of bornite and 26.5% of
jarosite at day 4; the composition became 34.8% of
chalcopyrite and 65.2% of jarosite at day 6, and 29.6% of
chalcopyrite and 70.4% of jarosite at day 10 (Table 2).
The fitted results of Cu K-edge XANES spectra showed
that the copper species comprised 85.6% of chalcopyrite,
6.6% of bornite and 7.8% of chalcocite at day 2, then
changed to 79.4% of chalcopyrite, 10.2% of bornite and
10.4% of chalcocite at day 4; the composition became
63.7% of chalcopyrite and 36.3% of covellite at day 6,
and 58.8% of chalcopyrite and 41.2% of covellite at day
10 (Table 3). By contrast, only little bornite, chalcocite,
jarosite and elemental sulfur were detected for the sterile
control experiment.
It should be noted that bornite and chalcocite
appeared in the residues at days 2 and 4, and then
disappeared from day 6; covellite appeared at day 6 and
then increased (Tables 1−3). During bioleaching, jarosite
increased with the increase of time and became the main
composition gradually (Tables 1 and 2), and elemental
sulfur was detected in the whole experiment. These fitted
results showed similar trend to SR-XRD results (Fig. 3).
The surface chemistry of chalcopyrite during
bioleaching has been studied [2,3,28,29]. According to
KLAUBER [2], the dissolution of chalcopyrite could be
divided into four stages: 1) an initial reaction of a “fresh”
chalcopyrite surface with a high reaction rate and a low
redox potential, which is assured in the present study
(Fig. 1(a)); 2) thick elemental sulfur layer hinders
dissolution; 3) sulfur layer is peeled from the mineral
surface; 4) jarosite could be spontaneously formed and
precipitated. In the present study, as shown in Fig. 3 and
Table 1, elemental sulfur was produced in the initial
stage, and the jarosite occurred at day 2 and gradually
became the main components at day 10. It can be seen
from Fig. 1(a) that with the rapid accumulation of
jarosite, copper extraction rate rapidly decreased.
Meanwhile, the fitted results of sulfur and iron K-edge
XANES spectra showed that, after 10 d of bioleaching,
jarosite species accounted for >70% of the leaching
residues. It indicated that jarosite might be an important
factor hindering the dissolution of chalcopyrite.
According to HARMER et al [3], the observed

p.

of these unknown samples (Figs. 4(b), 5(b) and 6(b))
were fitted for their linear composition using the
standard spectra of sulfur-compounds (Fig. 4(a)),
iron-compounds (Fig. 5(a)) and copper-compounds
(Fig. 6(a)), respectively. The fitted results are shown in
Tables 1−3, respectively.

Bornite

Jarosite

Sterile control

95.3

1.8

2.9

2d

88.3

7.3

4.4

4d

69.3

4.2

26.5

34.8

−

65.2

29.6

−

70.4

6d
10 d
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Percentage of contribution of standard spectra/%

Sample

Table 3 Fitted results of Cu K-edge XANES spectra of
measured samples (chalcopyrite leached by A. manzaensis at
different time (2 d, 4 d, 6 d, 10 d) and in sterile control
experiment at day 10) with standard spectra of chalcopyrite,
bornite, covellite and chalcocite
Sample

Percentage of contribution of standard spectra/%
Chalcopyrite

Bornite Chalcocite Covellite

Sterile
control

91.5

4.9

3.6

−

2d

85.6

6.6

7.8

−

4d

79.4

10.2

10.4

−

6d

63.7

−

−

36.3

10 d

58.8

−

−

41.2

The fitted results of S K-edge XANES spectra
showed that the sulfur species comprised 81.4% of
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S2−→Sn2−→S9

(6)
3+

0

5CuFeS2→Cu5FeS4+4Fe +6S +12e

(7)

Cu5FeS4→Cu5−xFeS4+xCu2++2xe
+

(8)

2+

3+

ht
tp

://

ir.

si

na

Cu5−xFeS4+6H →CuS+(4−x)Cu +3H2S+Fe +(5−x)e
(9)
In a two-step dissolution model proposed by
HIROYOSHI et al [32], the dissolution of chalcopyrite
was speculated to be reduced firstly by Fe2+ to chalcocite
(Cu2S) at low potential (Eq. (10)). This study showed
that chalcocite observed at days 2 and 4 (Figs. 3(c) and
(d)) and the composition of chalcocite on the surface of
chalcopyrite is 7.8% and 10.4%, respectively (Table 3),
where the redox potential value was about 360 mV and
461 mV, respectively (Fig. 1(a)). Previous studies also
showed that covellite could be converted by chalcocite in
the bioleaching of chalcopyrite by thermophiles, as
presented by (Eq. (11)) [10,21,23], which was assured by
the observed covellite in this study at days 6 and 10.

the unknown spectra may be not always reliable when
the spectra of standard samples are not fully or properly
selected [33−35]. The combining SR-XRD and XANES
spectroscopy could well solve this shortage. The
composition is first qualitatively analyzed by SR-XRD,
and then the mineral surface is quantitatively analyzed to
make sure the content of each composition by XANES
spectroscopy. On the other hand, since some peaks of the
XANES spectra of the standard minerals are so similar,
they may also affect the identity of the composition of
the unknown spectra (Figs. 4(a), 5(a) and 6(a)). However,
though there may exist some errors when these unknown
spectra are linearly fitted by using the standard spectra,
the comprehensive analyses based on the SR-XRD
analysis and the XANES spectroscopy of all of the three
elements (i.e., S, Fe and Cu) will provide more
convincing results. And these results could verify each
other.
In the present study, the redox potential value curve
(Fig. 1(a)) during bioleaching of chalcopyrite by A.
manzaensis showed that the redox potential value was
increased with the increase of time at days 2 and 4, and
then tended to slow when reached 531−550 mV.
Furthermore, S, Fe and Cu speciation also showed that
bornite and chalcocite presented in the bioleaching
residues at days 2 and 4, thereafter disappeared, and then
covellite appeared at day 6 and then increased (Tables
1−3). Jarosite and elemental sulfur were also formed in
the bioleaching process (Fig. 3, Tables 1 and 2) and
jarosite was gradually increased with increase of time,
and became the major component at the end of
bioleaching. Therefore, this study indicated that
metal-deficiency sulfides chalcocite and bornite could be
first formed at the initiation of bioleaching at a low redox
potential value (360−461 mV), and then gradually
transformed to covellite with a high redox potential value
(461−531 mV).
By using the SR-XRD and XANES spectroscopy,
we confirmed that metal deficiency metal sulfide can be
formed and further quantified the composition on the
surface of chalcopyrite during bioleaching of
chalcopyrite by A. manzaensis. Based on the above
discussion, we can speculate that the dissolution of
chalcopyrite is as follows (Eq. (12)).
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elemental sulfur (Fig. 3 and Table 1) was probably
formed by a chemical polymerization process from
monosulfide (S2−) of bulk chalcopyrite via surface Sn2−
species to S8 (Eq. (6)), which was resulted from the
preferential dissolution of metal ions. According to the
electrochemical studies by MIKHLIN et al [4] and
GHAHREMANINEZHAD et al [5], the release of iron
into electrolyte is usually faster than copper, and the iron
deficient secondary minerals could be formed. In the
present study, the secondary minerals bornite and
chalcocite were found in the initial dissolution process.
The formation of bornite was considered as a result of
the electron transfer in chalcopyrite under oxidizing
conditions (Eq. (7)) [7,30]. According to electrochemical
behavior of bornite by ARCE and GONZÁLEZ [31],
covellite was proposed as oxidation product, as presented
by Eqs. (8) and (9).
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CuFeS2+3Cu2++3Fe2+→2Cu2S+4Fe3+
3+

2+

2+

Cu2S+2Fe →Cu +2Fe +CuS

(10)
(11)

3.3 Formation and evolution of second minerals
during bioleaching based SR-XRD and XANES
spectroscopy
By combining SR-XRD and XANES spectroscopy,
this study also presents a new method to analyze the
surface chemical species qualitatively and quantitatively.
In the previous description merely based on S K-edge
XANES analysis [12], only covellite was identified as
transient intermediate compound, while other secondary
minerals cannot be assured. In addition, the quantitative
analysis of unknown XANES spectra is always done by
linear combination fitting with the assistance of
standards [20,33]. Though the quantitative analysis
method has been widely accepted used, the calculation of

4 Conclusions
1) Bioleaching experiment of chalcopyrite showed
that the copper concentration was 2.72 g/L after 10 d of
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嗜酸热古菌 Acidianus manzaensis 浸出
黄铜矿过程中次生矿物的形成及演变

刘红昌 1,2，夏金兰 1,2，聂珍媛 1,2，文 闻 3，杨 云 1,2，马陈燕 4，郑 雷 4，赵屹东 4
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1. 中南大学 资源加工与生物工程学院，长沙 410083；

2. 中南大学 生物冶金教育部重点实验室，长沙 410083；
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3. 中国科学院 上海应用物理研究所 上海光源，上海 201204；
4. 中国科学院 高能物理研究所 北京同步辐射装置，北京 100049
要：基于同步辐射 X 射线衍射(SR-XRD)和硫/铁/铜 K 边 X 射线吸收近边结构(XANES)光谱学等技术，研究

si

摘

了嗜酸热古菌 Acidianus manzaensis 浸出黄铜矿过程中次级产物的形成和演变机制。浸出实验结果表明，经过 10 d
的生物浸出黄铜矿的浸出率为 82.4%，此时黄铜矿的表面被显著腐蚀且覆盖了一层浸出产物。在生物浸出过程中，

ir.
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矿物表面次级产物的形成及演变有如下规律：1)第 2 d 和第 4 d 检测了少量单质硫、斑铜矿和辉铜矿；2)第 6 d 和
10 d 斑铜矿和辉铜矿消失，但是铜蓝开始产生，并且黄钾铁矾逐渐变成主要产物。这些结果表明浸出过程中首先

://
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在低电位(360~461 mV)下形成金属缺失型辉铜矿和斑铜矿，随着电位升高，在高电位(461~531 mV)下逐渐转化为
了铜蓝。
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