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Cu-state evolution during leaching of bornite at 50 °C
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Abstract: The bioleaching of bornite with mixed moderately thermophilic culture at 50 °C was investigated. The intermediary
species formed during the leaching of bornite were characterized by XRD and XPS. In addition, the evolution of Cu-state during
leaching of bornite was further studied by applying ¢,—pH diagram and cyclic voltammetry. The results showed that the bornite was
more likely to be leached at high redox potential. Furthermore, the intermediary sulfides, such as isocubanite, covellite, chalcopyrite,
disulfide, and polysulfide, were formed in the course of bornite dissolution. The Cu 2p photoelectron spectrum revealed that the
valence of copper in bornite and intermediary sulfide formed in the dissolution of bornite is +1. The bornite and chalcopyrite can be
converted into each other, and both can be further converted to covellite and/or chalcocite.
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1 Introduction

Bornite is an important source of copper. The
oxidation state for copper in bornite is expected to be
Cu(I), then the iron oxidation state would be
Fe(III) [1-4], thus bornite can be written as Cu'sFe''S,.
However, MIKHLIN et al [5] argued that the total
electron yield (TEY) Fe L 2,3-edge spectrum of bornite
indicates some quantity of Fe(Il) for bornite, and the
composition of bornite can be written as Cu''Cul Fe''s,,
showing that copper in the mineral occurs in both
monovalent and divalent states [2,6]. Many researchers
have reported that bornite can form during the reduction
of chalcopyrite at the cathode [7,8], while, MAJUSTE
et al [9] stated that the bornite was detected on the
surface of chalcopyrite after electrochemical oxidation in
the potential window of 0.75 to 0.90 V.

A variety of bornite leaching experiments have been
performed. Several researchers assumed that Cu
dissolved preferentially from the bornite [9—12]. CuS
and Cu;FeS, were formed during the leaching of bornite
with O, and H,SO, [13]. BEVILAQUA et al [14]
reported that a passive film formed on the surface of
bornite, and the cyclic voltammetry results showed that

bornite was oxidized to a secondary CuS and reduced to
non-stoichiometric copper disulfide intermediaries.
Similarly, ZHAO et al [15] stated that bornite was
directly oxidized to CuS and Cu”’, and the formed CuS
passivated the bornite. The oxidation of finely ground
bornite by Acidithiobacillus ferrooxidans was evaluated
in oxygen uptake and shake flasks experiments, covellite
was detected as a secondary phase [16], and the bornite
dissolution was accelerated by the adsorption of bacterial
action on its surface [6,17]. ZHAO et al [18,19] reported
that the addition of chalcopyrite accelerated the
bioleaching of bornite. In addition, the gene and protein
expression modulation methods by bornite in
Acidithiobacillus ferrooxidans were also investigated.
Although bornite had a slight impact on the expression of
genes [20], it significantly altered in the level of protein
expression [21].

The moderate thermophiles and extreme
thermophiles microorganisms are widely used to leach
metal sulfides with high efficiency [7,22—25]. Therefore,
the aim of this study is to evaluate the bornite
bioleaching by employing a mixed moderately
thermophilic culture. The intermediary species formed
in the leaching of bornite were characterized by XRD
and XPS. Furthermore, the Cu-state evolution during

Foundation item: Project (2016RS2016) supported by the Hunan Provincial Science and Technology Leader (Innovation Team of Interface Chemistry of
Efficient and Clean Utilization of Complex Mineral Resources), China; Project supported by the Co-innovation Centre for Clean and
Efficient Utilization of Strategic Metal Mineral Resources, China; Project (2015CXO005) supported by the Innovation Driven Plan of

Central South University, China

Corresponding author: Wen-qing QIN; Tel: +86-731-88830884; E-mail: qinwenqing369@126.com

DOI: 10.1016/S1003-6326(18)64806-X



Cong-ren YANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1632—1639 1633

leaching of bornite was further studied by applying
on—pH diagram and cyclic voltammetry. This study will
be helpful for better understanding of Cu-state evolution
in bornite leaching process.

2 Experimental

2.1 Bornite sample

The massive bornite samples were purchased from
Gaowantong Fossil Specimen Museum, Guilin, Guangxi
Province, China. The samples consist of 62.26% Cu,
10.55% Fe, 23.35% S, 0.50% Pb, 0.048% Zn, 1.25%
Si0,, 0.051% MgO, 0.008% CaO and 0.32% Al,Os. The
massive bornite samples were ground and screened to
particle size of =74 um for the leaching tests.

2.2 Enrichment culture and leaching experiments

In this study, a mixed moderately thermophilic
culture consisting of the Sulfobacillus thermosulfido-
oxidans and Acidithiobacillus caldus was used. The
microorganisms were cultured in medium consisting of
3.0 g/L (NH4),SOy, 0.1 g/L KCI, 0.5 g/L. MgSO,4-7H,0,
0.5 g/L K,HPO,, 0.01 g/ Ca(NO3),, pH 1.6, and 0.02%
yeast extract. For the bioleaching experiments, the
resulting mixed culture was inoculated into 250 mL
shake flasks containing 2 g of bornite and 100 mL
culture medium. The initial cell concentration was
1.0x107 cell/mL in solution. The abiotic experiments
were conducted with the same culture medium and
bornite. All leaching experiments were conducted at
160 r/min and 50 °C. The solution pH was adjusted
periodically to 1.6 with diluted sulfuric acid.

2.3 Analytical techniques

Cyclic voltammetry tests were conducted with a
three-electrode electrolytic cell: a chalcopyrite or bornite
working electrode, a saturated Ag/AgCl reference
electrode, and a graphite rod counter electrode. The
electrolyte solution is the same as culture medium
without yeast extract. The surface of working electrode
was polished with silicon carbide papers from No. 800 to
No. 3000 before each electrochemical test, and then
rinsed with deionized water. Cyclic voltammetry was
scanned from open circuit potential (OCP) in the positive
directions with a scan rate of 20 mV/s.

Concentrations of Fe and Cu in solution were
detected via atomic absorption spectroscopy (AAS). The
solution pH was measured with a pH meter (BPP—922,
BELL), and the solution potentials were measured with a
saturated Ag/AgCl reference electrode and a Pt
electrode. At the end of each batch experiment, the
leaching residues were filtered and rinsed with sulfuric
acid solutions (pH 1.6), then the samples were
transferred to vacuum box and dried at 40 °C before

analysis by XRD (Rigaku D/max—2000) and XPS
(ESCALAB 250Xi). The details of the XPS analysis
were described by WU et al [26]. Binding energy
calibration was based on C s at 284.6 eV.

3 Results and discussion

3.1 Leaching of bornite by sterile control and

microorganisms

Figure 1 shows the changes in Cu and Fe leaching
rates, solution pH, and potentials during the leaching
process by sterile control and microorganisms. After 30 d
of leaching, 38.1% Cu and 63.9% Cu were leached from
bornite by sterile control and microorganisms,
respectively (Fig. 1(a)). While the corresponding
leaching rates of Fe were only 14.7% and 21.8%,
respectively (Fig. 1(b)). During the bioleaching of
bornite, the Fe leaching rate decreased owing to the
precipitation of Fe*" as jarosite (Eq. (1)). The pH decline
indicated that H" was consumed in the entire leaching
process (Fig. 1(c)). In the first 10 d of bioleaching, the
solution potentials reached 470 mV due to Fe*" being
oxidized to Fe’" by ferrous oxidizing microbial. In the
following 10 d of bioleaching, the solution potential
decreased from 470 to 400 mV because the oxidation
rate of Fe** is lower than the consumption rate of Fe*" by
oxidation of bornite or precipitation of Fe*", and then the
solution potential stabilized at about 400 mV (Fig. 1(d)).
During the sterile control leaching process, the solution
potentials increased slowly and reached 370 mV after
30d.

M* +3Fe** +2803 +6H,0 —
MFe;(SO,),(OH); +6H" (1)

where M" is a monovalent cation, e.g., K, Na’, H;O",
and NH,".

3.2 Characterization of bornite and leaching residues

Figure 2(a) shows the XRD pattern of bornite
sample, which can be observed that peaks of
orthorhombic bornite were identified. Figures 2(b) and
(c) show the XRD patterns obtained for bornite leaching
after 30 d. The products of bornite leaching by sterile
control were CuFe,S; and CuS (Fig. 2(b)). While
CuFeS,, together with less amount of Sg, was detected
after leaching by microorganisms (Fig. 2(c)).

The XPS was employed to further investigate the
surface compositions of bornite and leaching residues.
The XPS spectrum of Cu 2p for bornite (Fig. 3(a)) shows
that, the binding energy of Cu 2p;,, peak is 932.0 eV, the
suggested binding energy for the Cu 2ps, of bornite is
932.2-932.4 eV [2,3,27]. The binding energy (568.8 eV)
of Cu LMM Auger spectrum was presented in Fig. 3(d).
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Fig. 1 Copper (a) and iron (b) leaching rates, pH (c) and potential (d) in solution during leaching of bornite

(@) ] (©)

=— CusFeS,

W u;u‘wauM'M' i

1 L L L L L L L s L

10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
200°) 20/%) 200°)

Fig. 2 XRD patterns of bornite (a), and residues leached by sterile control (b) and microorganisms (c)
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Fig. 3 XPS spectra of Cu 2p (a—c) and Cu LMM peak (d—f) of bornite (a, d), leached by sterile control (b, €) and microorganisms (c, f)
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The Auger parameter value for bornite was calculated to
be 1849.8 eV, which is close to the value reported by
GOH et al [2]. The Cu 2p and Cu LMM spectra from
relatively pure bornite are similar to those previously
reported, and hence the conclusions reached earlier
concerning the oxidation state of Cu in that mineral
are supported [2,3]. Figure 4(a) shows the S 2p XPS
spectrum of bornite which consists of two doublet peaks.
The S 2p;, peak positions of two doublets are centered
at 161.2 and 161.9 eV, respectively. It has been reported
that the binding energy of S 2p;, of monosulfide in
bornite is 161.4 eV [2]. The S 2ps), peak for the disulfide
is reported to be about 161.9 eV [28,29].
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Fig. 4 XPS spectra of S 2p peak of bornite (a), leached by
sterile control (b) and microorganisms (c)

The Cu 2p (Fig. 3(b)) and S 2p (Fig. 4(b)) spectra
from sterile control leaching residues are similar to the
photoelectron spectrum from covellite [2,30,31]. The
binding energy of Cu 2p;,, peak is 932.4 eV, which is in
agreement with that of the CuS [32-34]. The Cu 2p
spectrum is entirely consistent with a cuprous, no
satellite peaks around the binding energy of 942 eV that
originated from cupric were evident in the Cu 2p
spectrum [35,36]. Figure 3(e) presents the Cu LMM
Auger spectrum, which is centered at 568.8 eV, and the
value of the Auger parameter was calculated to be
1850.2 eV, which is in the range of cuprous [2,37]. The
S 2p spectrum (Fig. 4(b)) comprises four doublet peaks,
and binding energies of S 2p;, were 161.6, 162.4, 163.3
and 164.2 eV, respectively. These binding energies
should be assigned to the monosulfide [27,38,39],
disulfide [38—40], polysulfide [38—40] and elemental
sulfur [40], respectively. The binding energies of 161.6
and 162.4 eV are in agreement with what is generally
found for monosulfide and disulfide of CuS [30].

Isocubanite was detected by XRD but was not be
detected by XPS after bornite leached by sterile control
for 30 d because XRD would analyze bulk of the
material, but XPS would analyze 2—5 nm surface of the
material. The Cu, Fe and S molar fractions on the surface
of bornite leached by sterile control were 42.99%, 6.77%
and 50.24%, respectively, compared with the CuFe,S;
and CuS, the main leached product on the surface of
bornite leached by sterile control was CuS, together with
less amount of CuFe,S; (Table 1).

Figures 3(c) and (f) present the Cu 2p and LMM
peaks of bioleaching residues, the binding energies of Cu
2p3» and Cu LMM peaks are 932.2 and 568.5 eV,
respectively. After 30 d of bioleaching, cupric was
absent on the surface of mineral due to the absence of
satellite peak for cupric (Fig. 3(c)). Figure 4(c) shows a
S 2p spectrum for bioleaching residues, five fitting
peaks centered at about 161.4, 162.4, 163.4, 164.2
and 168.6 eV, which originated from the mono-
sulfide [2,27,37], disulfide [38—40], polysulfide [38—40],
elemental sulfur [40] and sulfate [28,37,40],
respectively. The binding energies for S 2p;, and Cu
2ps» in chalcopyrite were 161.4 and 9322 eV,
respectively [2,26]. It can be concluded that, the most
plausible cuprous species would be chalcopyrite.
Simultaneously, some unidentified disulfide and
polysulfide were also detected on the surface, and the
disulfide and polysulfide can be referred to as
“passivation” of the mineral’s complete dissolution [26].
The Cu, Fe and S molar fractions on the surface of
bornite leached by microorganisms were 20.12%,
19.82% and 60.06%, respectively, compared with the
CusFeSy, Cu dissolves preferentially from the bornite
surface (Table 1).
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Table 1 Compositions of Cu, Fe and S fractions on surface of bornite before and after leaching

Molar fraction/%

Mass fraction/%

Sample

Cu Fe S Cu Fe S
CusFeS, 42.15 17.74 40.11 54.05 19.99 25.96
Sterile control 42.99 6.77 50.24 57.87 8.01 34.12
Microorganisms 20.12 19.82 60.06 29.65 25.68 44.67
CuFe,S;” 16.67 33.33 50 23.41 41.15 35.44
CuS” 50 - 50 66.46 - 33.54
CuFeS," 25 25 50 34.63 3043 34.94

*Theoretical value

Fe 2p spectra for bornite and leaching residues are
shown in Fig. 5. The Fe 2p spectrum shows that even the
bornite exposed only to air was heavily oxidized. The Fe
2p peak around 711 eV can be assigned to Fe(Il[)—O,
—OH or —OOH [32,38,40], and the presence of
Fe(II)—O on the bornite surface exposed only to air was
confirmed by GOH et al [2]. For the Fe 2p spectrum of
sterile control leaching residues, the peak around 720 eV
is the most obvious one, together with a low-intensity
peak at about 712.5 eV, and these peaks would most
probably be a Cu L,M,;3;M,; peak [3,37] and Cu
Ls;M;,3M,; [41]. For the Fe 2p spectrum of bioleaching
residues, the peak near 712 eV can be assigned to
jarosite, which is in agreement with S 2p spectrum
shown in Fig. 4(c).

Bornite

Sterile control  Microorganisms

740 735 730 725 720 715 710 705 700
Binding energy/eV
Fig. 5 XPS spectra of Fe 2p peak of bornite, leached by sterile

control and microorganisms

3.3 Discussion

As previously mentioned, H" was consumed in the
whole leaching process. It was well established in the
literature that CusFeS, was leached by the dissolved O,
and H' via Eq. (2) [14,16]. Alternatively, ZIES et al [42]
stated that the H firstly attacked the CusFeS,, which was
converted to CuS and Cu,S, and Fe*" and H,S were
formed at the same time. Moreover, Fe?", Cu,S or CuS,
and H,S could react and form CuFeS,. CuS and CuFeS,
were detected by XRD in the sterile control and

microorganisms leaching residues, respectively. But
Cu,S was not detected because it was easily oxidized.
Figure 1(d) also shows that in the sterile control leaching
process, the increase of Fe*' concentration in leaching
solution caused the decrease of solution potential in first
3 d. Because the solution potential in leaching solution is
mainly decided by the ratio of Fe’"/Fe’" according to the
Nernst equation (Eq. (3)) [43,44]. In the bioleaching
process, CusFeS, was firstly leached by O, and H', and
then the oxidation of Fe’" to Fe’' by microorganisms
caused the increase of solution potential (Eq. (4)).
Simultaneously, CusFeS, was leached by Fe’* via
Eq. (5). According to Figs. 1(a) and (d), it can be
concluded that the bornite was more likely to be leached
at high solution potential.

CusFeS, +90, + 4H" — 5Cu*" + Fe?* + 2H,0 + 4503~

(2)

p=g®+ KL 3)
F o [Fe™]

4Fe®* +0, +4H" B 4pe3* L OH,0 (4)

CusFeS, +12Fe** — 5Cu®* +13Fe** +48° (5)

The ¢,—pH diagram for Cu—Fe—S—H,0 system at
50 °C was calculated by HSC 6.0, as shown in Fig 6(a).
There are two stable areas for CusFeS,. It can be seen
that CusFeS, can transform into Cu,S, CuFeS, and CusS.
There may be two paths for the oxidation of CuFeS,; to
Cu?": at low pH, CuFeS,—CuS—Cu,S—Cu”'; at high
pH, CuFeS,—CusFeS,— (CuS)—Cu,S—Cu?".

Figure 6(b) shows the cyclic voltammogram of
CusFeS,4. One anodic peak (A) and two catholic peaks
(C; and C,) were detected. Anodic peak A; represented
the oxidation of CusFeS,. Several authors assumed that
CusFeS, oxidation proceeded by stepwise breakdown via
Egs. (6) and (7), and the overall reaction of oxidation of
CusFeS, was presented as Eq. (8) [10—12]. Alternatively,
CusFeS; could be oxidized to CuS in acid media
(Eq. (9)) [9,12]. Catholic peak C; represented the
reduction of Fe** to Fe?" (Eq. (10)) [7], and/or reduction
of Cu®" and CuS to Cu,S (Eq. (11)) [8]. The reduction of
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CusFeS, to Cu,S occurred at peak C, (Eq. (12)) [8,27].
CusFeS, — Cuy_ FeS, + xCu®" + 2xe (6)

Cus_ FeS, — (5-x)Cu® +Fe** +48° +(13-2x)e (7)

CusFeS, — 5Cu”" +Fe’* +48° +13¢ (8)
CusFeS, +2H" — 3CuS+2Cu*" +Fe** + H,S +4e

©)
Fe*" +e — Fe?* (10)
Cu?" +CuS+2e — Cu,S (11)
2CusFeS,+6H" +2e¢ — 5Cu,S+3H,S+2Fe*" (12)

Figure 6(c) shows the cyclic voltammogram of
CuFeS,. Two anodic peaks (A and A%) and three catholic
peaks (C}, C5 and C}) were detected. Peak A} should be
assigned to the preferential dissolution of Fe from the
CuFeS; according to Eq. (13) [8,37]. Peak A} is related
to the dissolution of CuFeS, to Cu*', Fe**, S° and/or
SO;~ [8.,45,46], as shown in Eqgs. (14) and (15).
Especially, CuFeS, can be oxidized to CuS via
Eq. (16) [9,37]. Peak C) is similar to C;, which
represents the reduction of Fe** to Fe*" (Eq. (10)), and/or
reduction of Cu*" and CuS to Cu,S (Eq. (11)). According
to Refs. [7,8,27], the reduction of CuFeS, shown in
Egs. (17)—(19) took place at peak C5. The CusFeS, was
also detected on the surface after electrochemical
oxidation of CuFeS, in the potential window of 0.75 to
0.90 V [9]. The reduction of CusFeS, and CuFeS, to
Cu,S occurred at peak Cj via Egs. (12) and (20) [7,8,27],
respectively.

CuFeS, - Cu,_Fe, S, _+xCu®'+

yFe?™ +28° +2(x+ y)e (13)
CuFeS, — Cu®"+Fe*" +28° + 5¢ (14)
CuFeS, +8H,0 — Cu*" +Fe** + 2803 +16H" +17¢

(15)
2CuFeS, — CuS+ Cu®" +2Fe** + 38" + 8¢ (16)

5CuFeS, +12H" + 4e — CusFeS, + 6H,S+4Fe** (17)

2CuFeS, +3Cu®" +4e — CusFeS, + Fe** (18)
CuFeS, +3Cu’" +4e — 2Cu,S+ Fe** (19)
2CuFeS,+6H" +2¢ — Cu,S+3H,S+2Fe?" (20)

ZIES et al [42] reported that when CuFeS, was
added into the solution containing Cu2+, CuFeS, could
react with Cu®>" and be transformed into Cu,S and/or CuS
(Egs. (21) and (22)). The formed CuS could further
convert into Cu,S by Eq. (23). CusFeS; could also
convert into Cu,S and/or CuS (Egs. (24) and (25)). The
Cu,S was not detected by XRD in our experiments
because the Cu,S was very easily oxidized. Furthermore,
the isocubanite was detected in sterile control leaching.
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Fig. 6 ¢,—pH diagram for Cu—Fe—S—H,0 system at 50 °C,
ac,=0.1 mol/L, ag=0.1 mol/L, ag=0.5 mol/L and 323 K (a), and
cyclic voltammograms of bornite (¢ocp=340 mV) (b) and
chalcopyrite (pocp =475 mV) (c) electrodes

ELLIOT and WATLING [47] reported that CuFe,S; can
be transformed into CuFeS, via Eq. (26).

5CuFeS,+11Cu*" +8H,0 —

8Cu,S+5Fe* +16H" +2803" 1)
CuFeS,+Cu?*" — 2CuS+Fe?" (22)
5CuS+3Cu*" +4H,0 —> 4Cu,S+8H" +S02" (23)
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5CusFeS,+11Cu*" +8H,0 —

18Cu,S+5Fe*" +16H" +2S03" (24)
CusFeS,+Cu”*" — 2Cu,S+2CuS+Fe* (25)
2CuFe,S; +Cu*" — 3CuFeS, +Fe** (26)

In summary, CusFeS, can be transformed into Cu,S,
CuFeS, and CuS. There may be two paths for the
oxidation of CuFeS, to Cu®": 1) at low pH, CuFeS,—
CuS—»Cu28—>Cu2+; and 2) at high pH, CuFeS,—
CusFeS;—(CuS)— Cu,S—Cu?".

4 Conclusions

1) Leaching experiment showed that the Cu
leaching rates for the bornite were 63.9% and 38.1% by
microorganisms and sterile control, respectively; in
comparison, only 21.8% Fe and 14.7% Fe were leached
by microorganisms and sterile control, respectively. This
means that bornite was more likely to be leached at high
redox potential.

2) Intermediary sulfides, such as isocubanite,
covellite, chalcopyrite, disulfide, and polysulfide, were
formed during bornite dissolution. The Cu 2p
photoelectron spectrum revealed that the valence of
copper in bornite and intermediary sulfide formed in the
dissolution of bornite is +1.

3) Bornite can be transformed into chalcocite,
chalcopyrite, and covellite. There may be two paths for
oxidation of chalcopyrite to Cu®": 1) at low pH,
CuFeS,—»CuS—Cu,S—Cu®; and 2) at high pH,
CuFeS,— CusFeS,—(CuS)—Cu,S—Cu*".
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