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Abstract: The bioleaching of copper sulphide minerals was investigated by using A. ferrooxidans ATF6. The result shows the preferential
order of the minerals bioleaching as djurleite>bornite>pyritic chalcopyrite>covellite>porphyry chalcopyrite. The residues were characterized
by X-ray diffraction (XRD) and scanning electron microscopy (SEM). It is indicated that jarosite may not be responsible for hindered disso-
lution. The elemental sulfur layer on the surface of pyritic chalcopyrite residues is cracked. The compact surface layer of porphyry chalcopy-
rite may strongly hinder copper extraction. X-ray photoelectron spectroscopy (XPS) further confirms that the passivation layers of covellite,
pyritic chalcopyrite, and porphyry chalcopyrite are copper-depleted sulphide Cu,S;;, S8, and copper-rich iron-deficient polysulphide

CuyFe,So, respectively. The ability of these passivation layers was found as CuyFe,So>CuyS;;>Sg>jarosite.
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1. Introduction

The most successful copper heaping operations have
been mainly applied in copper oxide minerals and secondary
copper sulphide minerals [1]. The leaching rates of secon-
dary copper sulphide minerals, such as chalcocite (Cu,S)
and covellite (CuS), are relatively high, and the bacterial
heap leaching is practiced to recover copper from these
minerals [2]. On the other hand, primary copper sulphide
chalcopyrite (CuFeS,), the most abundant copper mineral in
the world, is also the most refractory mineral regarding
chemical leaching as well as bioleaching [3-4]. The
bioleaching of chalcopyrite is a key industry target [S]. The
slow copper dissolution rate from chalcopyrite has been at-
tributed to the formation of a passivation layer on the min-
eral surface [6]. The passivation layers, such as elemental
sulfur [7-9], polysulphides [10], jarosites [11-13], and
metal-deficient sulphides [14-15], may hinder further copper
extraction by restricting the flow of bacteria, nutrients, oxi-
dants, and reaction production to and from the mineral sur-
face [16]. To tackle the problems of passivation or hindered
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dissolution, it is necessary to know about the passivation
ability of these possible candidates for hindered dissolution.

The research presented here was intended to evaluate the
ability of these passivation candidates to restrict copper sul-
phide minerals bioleaching using A. ferrooxidans ATF6. To
perform this work, the bioleaching of djurleite, bornite,
covellite, pyretic chalcopyrite, and porphyry chalcopyrite
was investigated, X-ray diffraction (XRD) was used to iden-
tify the possible passivation candidates, the chemical com-
position and the morphological feature of leached residues
were analyzed by scanning electron microscopy-energy
dispersive spectra (SEM-EDS), and X-ray photoelectron
spectroscopy (XPS) was used to identify elementals and
their chemical states on the surfaces of mineral residues.

2. Materials and methods

2.1. Minerals

Five copper sulphide minerals were used in the experi-
ments. These minerals included djurleite, bornite, covellite,
pyritic chalcopyrite, and porphyry chalcopyrite, supplied by
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Bofang Copper Mine in Hunan Province, Dongxiang Cop-
per Mine in Jiangxi Province, Zijinshan Copper Mine in Fu-
jian Province, Lizhu Iron Mine in Zhejiang Province, and
Dexing Copper Mine in Jiangxi Province, China, respec-
tively. The chemical analysis of these minerals is shown in
Table 1.

Table 1. Chemical analysis of copper sulphide minerals wt%

Minerals Cu Fe S Purity

Djurleite 71.94 1.22 20.53 90.65

Bornite 50.17 10.67 24.38 79.22

Covellite 60.26 3.20 33.52 90.48

Pyrticchal- =g 36 35 3331 79m
copyrite
Porphyry

. 27.88 28.29 3236 80.62

chalcopyrite

XRD analysis showed djurleite (Cu;zS;6) with a small
amount of chalcocite, bornite and quartz; bornite (CusFeS,)
with a small amount of chalcopyrite, pyrite (FeS,), helvite
and quartz; covellite (CuS) with a small amount of pyrite
and enargite; pyritic chalcopyrite (CuFeS;) with a small
amount of pyrite; and porphyry chalcopyrite (CuFeS,) with
a small amount of pyrite and quartz.

The handpicked samples were ground to small particles
less than 74 um in size using a porcelain ball mill. Samples
were vacuum freeze-dried, and then sealed with nitrogen.

2.2. Bacterial strain used and growth conditions

The optimal cultivation conditions of A. ferrooxidans
ATF6 are the temperature of 30°C, pH 2.0, and the rotation
speed of 160 r/min. ATF6 was isolated from the acid mine
water of a copper mine in Daye, Hubei Province, China, and
then obtained through the different stages of domestication.
The medium used for cell cultivation consisted of the fol-
lowing components (per litre) as (NH4),SO4 2.0 g, K,HPO,
0.25 g, MgSO,7H,0 0.25 g, KC1 0.1 g, and FeSO47H,0
442 ¢. The medium, without FeSO,, was autoclaved at
112°C for 30 min. The FeSO, medium was sterilized
through a 0.2 pum filter and was added aseptically to the iron
free medium.

2.3. Bioleaching experiments

The copper sulphide minerals were pretreated in 250-mL
flasks by a sulfuric acid solution (90 mL, pH 2). When the
pH value was adjusted to 2, the nutrient and 10-mL inocu-
lum were added to the flasks. The initial cell concentration
was 1x10° cellsmL™". The mineral concentration was 2wt%.

The flasks were kept at 30°C and shaken at 160 r/min. The
number of viable bacteria, pH values, redox potential, and
copper ion concentration in the leaching solution were de-
termined at certain intervals. Distilled water was supplied to
compensate the evaporation and maintain a solution volume
of 100 mL in the flasks. The residues were washed with
Milli-Q water, vacuum freeze-dried, and then sealed with
nitrogen.

2.4. Analytical methods

The concentration of dissolved copper ions in the leach-
ing solution was analyzed by atomic absorption spectrome-
try (AAS). The ferrous iron was determined by titration with
potassium dichromate (K,CrO;). The pH value and redox
potential were measured using an S20 SevenEasy pH/Eh
process controller. The bacterial number was determined by
blood cell counting chambers under a ZBM-300E biological
microscope. The morphological feature and chemical com-
position of leached residues were analyzed using SEM and
XRD. XPS was used for the surface analysis of each resi-
due.

3. Results and discussion

3.1. Bioleaching of copper sulphide minerals

The test conditions were established first, and the optimal
concentrations of initial ferrous ions ([F e2+]l-m-ﬁa]) for djurleite,
bornite, covellite, pyritic chalcopyrite, and porphyry chal-
copyrite during bioleaching were 1.5, 0, 4.5, 4.5, and 1.5
g'L™!, respectively. The bioleaching curves of copper sul-
phides in the presence of ATF6 are shown in Fig. 1.
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Fig. 1. Bioleaching curves of copper sulphides in the presence
of ATF6 (30°C, 2wt% pulp density).

The pretreatment results in 36.45%, 18.38%, 9.92%,
0.28%, and 0.34% dissolution of djurleite, bornite, covellite,
pyritic chalcopyrite, and porphyry chalcopyrite, respectively.
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Fig. 1 shows that the copper extraction increases with the
leaching time prolonging. After 48 d, the copper extraction
ratios of djurleite, bornite, covellite, pyritic chalcopyrite, and
porphyry chalcopyrite reach 95.12%, 84.5%, 54.1%,
66.77%, and 18.33%, respectively. The result indicates that
the preferential order of copper sulphide minerals bioleach-
ing is djurleite>bornite>pyritic chalcopyrite>covellite>por-
phyry chalcopyrite, which agrees with Ref. [17] by Dew et
al. Generally, the slow dissolution of chalcopyrite results
from the formation of a tenacious passivation layer [18-19].
It is supposed that a surface phase may restrict the dissolu-
tion of covellite.

3.2. XRD analysis

The residue XRD images of djurleite, bornite, covellite,
pyritic chalcopyrite, and porphyry chalcopyrite are shown in
Figs. 2-6, respectively.

Jarosite is characterized by monovalent cations, typically
K", Na', H;0", and NH,", giving rise to potassium, sodium,
hydronium, and ammonium jarosite [20]. XRD analysis
confirms that jarosite is the main constituent of the leaching

products of djurleite, bornite, and covellite, as shown in Figs.

2, 3 and 4(a). But djurleite and bornite are -easily
bio-oxidized, showing that jarosite does not restrain their bi-
oleaching. Fig. 4 shows that ammoniojarosite is present in
the covellite residues at [Fe%]inmal:4.5 g-L_l, but is not
found at [Fe%]mmaﬁo g~L_1; the corresponding copper ex-
traction ratios for both the covellites are 54.1% and 52.8%,
respectively. The result further indicates that jarosite may
not be responsible for hindered dissolution. The precipita-
tion of jarosite is thought to be an inevitable consequence of
chalcopyrite during bioleaching [21]. However, the XRD
analyses of two chalcopyrite residues can not detect jarosite,
as shown in Figs. 5 and 6.

Cyclooctasulfur (Sg), a dominant stable solid sulphur al-
lotrope [22], exists in the leach residues of djurleite and
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Fig. 2. XRD pattern of djurleite bioleaching residues at
[Fe* inigar=1.5 g-L™".
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Fig. 3. XRD pattern of bornite bioleaching residues at
[Fe* Tinitia=0 g'L™".
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Fig. 4. XRD patterns of covellite bioleaching residues at
[Fe* Tinigai=4.5 g'L™" (a) and 0 g'L™" (b).
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Fig. 5. XRD pattern of pyritic chalcopyrite bioleaching resi-
dues at [Fe**|;iga=4.5 gL\

pyritic chalcopyrite in Figs. 2 and 5. Compared with jarosite,
the content of Sg in the djurleite bioleaching residues is rela-
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Fig. 6. XRD pattern of porphyry chalcopyrite bioleaching
residues at [Fe* |;g=1.5 gL~

tively less; the interactions of jarosite and Sg may weaken
the passivation ability of Sg. However, Sg restrains the dis-
solution of pyritic chalcopyrite. The metal-deficient poly-
sulphide Cuyg3,Fes59S;3; is found in the bioleaching residues
of porphyry chalcopyrite in Fig. 6, which may indicate that
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iron is preferentially leached to copper, and a characteristic
surface phase, which is different from the bulk phase, forms
on the surface of porphyry chalcopyrite residues.

3.3. SEM-EDS analysis

SEM images of djurleite bioleaching residues are shown
in Fig. 7(a). The surface of djurleite is heavily etched and
covered with a polyporous layer, which can not prevent the
flow of bacteria, nutrients, oxidants and reaction production
to and from the mineral surface. According to the corre-
sponding EDS analysis in Fig. 7(b), Cu almost completely
disappears; compared with the minerals before being oxi-
dized, S and Fe obviously increase. The results reveal that
djurleite is not limited in the presence of Sg and jarosite.

Compared with djurleite, the low porosity of the residues
surface layer may explain the poor results of bornite bi-
oleaching in Fig. 8; EDS analysis of the residues further
manifests that jarosite is formed.
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Fig. 7. SEM image (a) and EDS spectrum (b) of djurleite bioleaching residues.
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Fig. 8. SEM image (a) and EDS spectrum (b) of bornite bioleaching residues.

The SEM image and EDS spectrum of covellite biolea-
ching residues are given in Fig. 9. It can be seen that the
surface of covellite bioleaching residues is cracked and
holey. The EDS analysis indicates that the ratio of Cu/S on

the surface of covellite bioleaching residues is different from
that of covellite before being bio-oxidized. The result pre-
dicts the presence of a new phase on the surface of covellite
bioleaching residues.
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The surface of pyritic chalcopyrite bioleaching residues is
cracked as shown in Fig. 10; the analyses of EDS and XRD
reveal the formation of elemental sulphur. In contrast, the
surface of porphyry chalcopyrite bioleaching residues is

-

7 o 22 N .
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smooth and clear as shown in Fig. 11. The presence of a few
small pits exhibits an insignificant dissolution feature. The
compact layer may hinder the copper extraction strongly for

porphyry chalcopyrite.

Fig. 9. SEM image (a) and EDS spectrum (b) of covellite bioleaching residues at [Fe Tinicia=0 g-L_l.

Fig. 10. SEM image (a) and EDS spectrum

Fig. 11.

3.4. XPS analysis

XPS is singularly powerful in giving the direct informa-
tion of surface phases and can be used to identify elements
and their chemical state on the surface of copper sulphide
bioleaching residues [23]. The spectra of Cu2p, Fe2p, and
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SEM image (a) and EDS spectrum (b) of porphyry chalcopyrite bioleaching residues.

S2p are given in Fig. 12. The atomic fractions of Cu, Fe, and
S present on the surface of residues are listed in Table 2.

Table 2 shows that 0% Cu, 19.74% Fe, and 80.26% S are
present on the surface of pyritic chalcopyrite bioleaching
residues, which indicates that the residues surface is mainly
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covered by elemental sulfur (163.7 eV), So, Cu is very dif-
ficult to be detected by XPS, as shown in Fig. 12(a). The
pyritic chalcopyrite bioleaching residues has a weak peak at
711.8 eV, which indicates that Fe(I) in chalcopyrite is oxi-
dized to Fe(Il) [24], and a minor amount of Fe(IIl) adheres
to the surface of elemental sulfur. The passivation layer for
pyritic chalcopyrite consists of elemental sulfur S° (163.7
eV).

In comparison with the theoretical value for CuFeS,, the
bioleaching results in a significant increase of Cu and S and
a decrease of Fe in the porphyry chalcopyrite bioleaching
residues, as shown in Table 2. This demonstrates the pref-
erential bio-oxidation of iron. The Cu2p spectrum of the
porphyry chalcopyrite bioleaching residues shows a forma-

tion of Cu(I)-containing species with Cu2ps, component at
932.2 eV. The Fe2p spectrum shows the increase of Fe(III)
at 711.8 eV, and the decrease of Fe(Il) at 708.8 eV on the
surface of the porphyry chalcopyrite bioleaching residues.
The S2p spectrum of porphyry chalcopyrite bioleaching
residues is shown in Fig. 12(c). The fitted S2p doublets are
in good agreement with those reported by Parker ez al. [10],
which indicated sulphide (S*) from Cu,S with a binding
energy of S2ps, 161.7eV and disulphide (S3~) from a metal
deficient surface phase of chalcopyrite at 162.7 eV. The ev-
idence supports that the film “copper-enriched iron-depleted
polysulphide” CuyFe,Sy forms on the surface of porphyry
chalcopyrite bioleaching residues, CusFe,So is composed of
Cu’, Fe’", S¥and S3-
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Fig. 12. Cu2p (a), Fe2p (b), and S2p (c) photoelectron spectrum for the residue surfaces of covellite (3), pyritic chalcopyrite (2), and

porphyry (1) chalcopyrite.

Table 2. Atomic fractions of Cu, Fe, and S present on the
bioleaching residue surfaces of covellite, pyritic chalcopyrite,

and porphyry chalcopyrite at%
Minerals Cu Fe S
Porphyry chalcopyrite 27.00 13.13 59.87
Covellite 26.67 0 73.33
Pyritic chalcopyrite 0 19.74 80.26

CusS contains both Cu(I) and Cu(II), and is assumed to be
CulS-Cu"S, ; the adsorption peaks of S}~ and S* are at
160.9 and 161.71 eV, respectively [25]. Todd et al. [24] re-
garded the leading adsorption peak at 932.2 eV as arising
from Cu(Il) bonded to sulfur and the small shoulder near
934.7 eV as arising from Cu(l) in the sulfide lattice at the
surface of pristine covellite. The S2p spectrum of covellite
shows that an absorption peak from Cu(l) (934.7 eV) is
more intense than that from Cu(Il) (932.2 eV); the reason
for this is that Cu(I) is oxidized to Cu(Il). The S2p;,, spec-
trum shifts to a binding energy of 163.0 eV, which can be
attributed to the formation of S2- for the [Cu(I)y(Ss)s]>
sample [26]. The ratios Cu/S for the residues in Table 2 al-

lows us to conclude that a copper-depleted sulphide layer,
CuySyy, is responsible for hindered dissolution of covellite.

Therefore, according to the analyses of copper leaching
rates, SEM-EDS, and XPS, the ability of three passivation
layers is as the following: copper-rich iron-deficient poly-
sulphide, CusFe,So>copper-deficient sulphide, Cu,S;;>ele-
mental octasulfur, Sg.

4. Conclusions

(1) Porphyry chalcopyrite is the most refractory mineral.
The preferential order of copper sulphide minerals bio-
leaching is djurleite>bornite>pyritic chalcopyrite>covellite>
porphyry chalcopyrite.

(2) XRD analysis confirms that jarosite is the main con-
stituent in the leaching products of djurleite, bornite, and
covellite. But the three minerals bioleaching yields indicate
that jarosite may not be responsible for hindered dissolution.
No jarosite is detected in the two chalcopyrite bioleaching
residues.
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(3) Jarosite is polyporous, and cannot restrain the bi-
oleaching of djurleite and bornite. The surface of covellite
bioleaching residues is cracked and holey. In contrast, an
elemental sulfur layer on the surface of pyritic chalcopyrite
bioleaching residues is less cracked. The surface of por-
phyry chalcopyrite bioleaching residues is smooth and clear;
the compact layer may hinder the porphyry chalcopyrite
bioleaching.

(4) XPS shows that the passivation layers of covellite,
pyritic chalcopyrite, and porphyry chalcopyrite are cop-
per-depleted sulphide CuyS;;, elemental octasulfur Sg, and
copper-enriched iron-depleted polysulphide CuyFe,So, re-
spectively.

(5) According to the analyses of copper leaching rate,
SEM-EDS, and XPS, it is easy to find that the ability of
these passivation layers is CusFe,So>CuyS;1>Sg>jarosite.
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