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Abstract: During bornite (bio)leaching, the relationship between the production of intermediate products and redox
potential is unknown. In this study, a series of electrochemical tests and surface analytical methods were adopted to
investigate the electrochemical dissolution of natural bornite and the formation of the sulfur species on the bornite
surface. Electrochemical tests demonstrated that the surface of bornite experienced three distinct variations over a broad
anodic potential (300—800 mV (vs Ag/AgCl)): “activation” (< 400 mV (vs Ag/AgCl)), “passivation” (400—700 mV (vs
Ag/AgCl)), and “transpassivation” (> 700 mV (vs Ag/AgCl)). XPS results indicated that covellite-like species, S27/S°,
and insoluble SO} were considered as intermediate products during bornite electrochemical dissolution. Furthermore,
AFM results proved that the accumulation of S27/S° made bornite surface suffer severe passivation when applied
potentials were 600 and 700 mV (vs Ag/AgCl), respectively. The most advantageous potential for bornite (bio)leaching

was shown to be 400 mV (vs Ag/AgCl).
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1 Introduction

With the decline of readily mined copper
deposits, processing/extraction challenges due to
mineralogical complexity, poor grades, and very
fine particles have become increasingly common
in recent years [1]. The conventional copper
beneficiation process faces a serious challenge as
costs rise and environmental regulations become
more stringent. (Bio)hydrometallurgy, which is a
relatively simple, low-cost, and environmentally
friendly technology, has gotten a lot of attention
and has been used to process low-grade and
complex copper sulfide minerals successfully [2—4].
Previous research on the (bio)hydrometallurgy
of copper resources has mostly focused on
chalcopyrite [5,6]. However, owing to the facile

passivation of mineral surfaces in the ferric sulfate
system and the high binding energy, effective
copper extraction from chalcopyrite remains a
challenge [7,8]. Other copper sulfide minerals, on
the other hand, have received less attention.

Bornite (CusFeS4), a widely dispersed copper
mineral with commercial significance, is also
important [9]. Though bornite is simpler to dissolve
in the acidic system due to its lower lattice energy
than chalcopyrite, the exact dissolving mechanism
is still debated because the characteristics of
intermediate products generated during the leaching
process differ. It was reported that bornite was
oxidized by two steps in acidic ferric sulfate
solution [10]. In the first stage of dissolution, some
non-stoichiometric copper products were considered
to form, such as CusFeSs [10], CuxsFeSs [11],
CuFeS; [12], and CuS [13]. Additionally, the copper
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extraction of bornite is considerable in the presence
of bacteria [14,15]. However, the intermediates
in the bornite bioleaching process were more
complicated, and the non-stoichiometric copper
products like CuoFeoSis and CuFe,S; were also
detected [14,16].

Furthermore, certain products, such as
elemental sulfur and jarosite, are thought to develop
on the surface of the bornite in the late stages
of Dbioleaching, potentially impeding further
dissolution. BEVILAQUA et al [17,18] certified an
elemental sulfur film formed on the bornite surface
during (bio)leaching, according to results of cyclic
voltammetry and electrochemical impedance
spectroscopy. Similarly, a considerable number of
elemental sulfur peaks were identified on XRD
patterns leached by
Leptospirillum ferriphilum and Acidithiobacillus
caldus [14]. According to the results of synchrotron
XRD in the research of WANG et al [16], jarosite
was discovered in addition to elemental sulfur, with
the formation of jarosite appearing to have no effect
on the dissolution of bornite. ZHAO et al [19]
proposed that CuS, FeOOH, and elemental sulfur
were found on the surface of bornite during
bioleaching in the presence of moderately
thermophilic microorganisms (L. ferriphilum and A.
caldus). Therefore, the presence of a sulfur-rich
film may play a major role in preventing bornite
(bio)leaching, according to these findings. In fact,
redox potential (ORP) has a significant impact on
the dissolution of copper sulfide minerals like
chalcopyrite [20]. Chalcopyrite, for example, likes
to be reduced to produce chalcocite, which is
simpler to dissolve at low redox potential, but
jarosite prefers to form on the surface of
chalcopyrite at a high ORP, obstructing chalco-
pyrite dissolution [21]. However, it should be noted
that previous investigations have overlooked the
link between the generation of intermediate
products and redox potential during the
(bio)leaching of bornite.

Therefore, in order to fill this knowledge gap,
this study aimed to identify the relationship
between redox potential and the formation of
intermediate products on bornite surface in bornite
(bio)leaching process via electrochemical methods.
A series of electrochemical tests were carried
out over a broad anodic potential range (300—

of bornite residues

800 mV (vs Ag/AgCl)), and the formation of the
intermediate products on the bornite surface was
investigated with XPS and AFM.

2 Experimental

2.1 Bornite samples

Bornite samples were collected from Yushui
Copper Mine, Guangdong Province, China,
which contained 62.72 wt.% Cu, 11.72 wt.% Fe,
23.83 wt.% S (Table 1) by chemical element
analysis. The result of XRD indicated that bornite
samples were of high purity (Fig.1). Bomite
samples were cut into cylinders with a diameter of
about 1.2cm and a thickness of 0.5 cm, then
polished using silicon carbide paper (5 um) in order
to remove the surface oxides and obtain a smooth
surface prior to each electrochemical experiment.
The exposed surface of the bornite electrode to the
electrolyte was around 1 cm?.

Table 1 Chemical composition of bornite sample (wt.%)

Cu Fe S Ag CI Ca Co Ni Zn Pb

62.72 11.72 23.83 1.07 0.02 0.03 0.04 0.02 0.32 0.23

e — Bornite

i oo 0o ®
10 20 30 40 50 60 70 80
20(°)

Fig. 1 XRD pattern of bornite sample

2.2 Electrochemical experiments

A conventional three-electrode cell was used
to perform the electrochemical experiments. A
double-wall glass reactor with an effective volume
of 500 mL was used as the electrochemical cell.
Graphite rods were used as counter electrodes, and
Ag/AgCl (3.0 mol/L KCI) electrode was used as
the reference electrode. The electrolyte was the
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iron-free 9K medium containing 3 g/l (NH4)>SOs,
0.5 g/L KoHPO4, 0.5 g/ MgSO4:7H,O, 0.01 g/L
Ca(NOs), and 0.1 g/ KCI [22]. And the pH of the
electrolyte was adjusted to 2.0 with 1 mol/L
sulfuric acid, which was the favorable pH for most
leaching bacteria like A4. ferrooxidans [23] and the
most commonly reported initial pH value in
bioleaching process [24,25]. Nitrogen gas was
sparged for 20 min prior to electrochemical
experiments to remove dissolved oxygen from the
electrolyte. All electrochemical experiments were
performed with the Princeton Model 283
potentiostat (EG & G of Princeton Applied
Research) coupled with a personal computer.

Bornite electrodes were immersed in the
electrolyte for 30 min before each experiment to
ensure the repeatability and stability of the
electrochemical experiments. Cyclic voltammetry
(CV), linear sweep voltammetry (LSV), chrono-
amperometry (CA), Tafel tests, and electrochemical
impedance spectroscopy (EIS) were carried out in
the electrochemical experiments. The CV test was
performed at a scan rate of 200 mV/s from OCP to
800 mV, and then reversed to —800 mV for four
cycles. The LSV test was conducted at a scan rate
of 10 mV/s from OCP to 1.00 V. The CA tests were
proceeded at the potentials of 300, 400, 500, 600,
700, and 800 mV and maintained for 6 h. Tafel
experiments were performed after CA tests with a
sweep rate of 2mV/s. The EIS experiments were
performed after CA tests at an amplitude of 50 mV
in the frequency range from 107! to 10° Hz, and the
software of ZSimpwin 3.20 (2004) was used to fit
EIS data.

All the electrode potential values reported in
this work were in respect to Ag/AgCl reference
electrode. The process of working electrodes
preparation and electrochemical measurements was
presented in Fig. 2.

Poli
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2.3 Surface characterization

After electrochemical experiments, bornite
electrodes were rinsed with distilled water and ethyl
alcohol several times and then transferred to a
vacuum oven and dried at 45°C. Afterwards,
the dried samples were investigated by XPS
(ESCALAB 250Xi, Thermo Fisher Scientific,
Waltham, MA, USA). XPS data were recorded at
the constant pass energy of 20 eV and 0.1 eV/step
with Al K, X-ray source. Calibration was to use the
C 1s binding energy at 284.8 eV. Due to spin-orbit
splitting, the 2p peaks of Cu and S existed in the
form of a double-peak (Cu/S 2ps» and Cu/S 2pin),
and the peak intensity of 2ps3, was twice the
intensity of the 2pi» peak. The splitting energy of
the spin-orbit doublets of Cu and S was 19.9 and
1.2 eV, respectively. The Gaussian—Lorentzian
(SGL) function was used for fitting the Cu and S 2p
spectra. The background fitting was performed
using the Smart method. In order to simplify the
graph, only the S 2ps3» peaks were shown in the
high-resolution XPS results of S 2p spectra. Atomic
force microscope (MultimodeV, Veeco Metrology,
USA) was used to observe the variation of the
surface of bornite electrode after treating with
different applied potentials, with a test area of
Spumx5pum for each group of samples. The
NanoScope Analysis software was used to analyze
the microscopic morphology and surface roughness
data.

3 Results and discussion

3.1 Electrochemical behavior of bornite electrodes
in iron-free 9K medium
Figure 3(a) depicts CV curves of a freshly
polished bornite electrode in iron-free 9K culture
medium with pH=2.0 via a positive scan route.
During the anodic scan, four peaks (labeled as e, f,

Electrochemical
workstation

1

d g/AgC] =

electrode /som552/

Working electrode

Fig. 2 Illustration of working electrode preparation and electrochemical measurement
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Fig. 3 CV curves of natural bornite electrodes (a), LSV results of bornite electrodes tested 4 times (b),

chronoamperometry curves of bornite electrodes held at various anodic potentials for the first 180 s in electrolyte (c),

and Tafel plots of bornite electrodes applied with different potentials (d)

g and a) were identified at potentials of —650,
=200, 200 and 800 mV, respectively. Peak e
was mainly related to the oxidation of copper
(Reaction (1)) [16,26]. Peak f was related to the
oxidation of chalcocite formed in the potential
region of Peak e (Reactions (2) and (3)) [16]. Peak
g represented the oxidation of Fe* to Fe*
(Reaction (4)), which was a reverse reaction
related to Peak b. Peak a in the range from 600 to
800 mV was attributed to the oxidation process
of bornite and the formation of covellite
(Reactions (5)—(7)) [27]. In the reverse scan from
800 to —800 mV, it is obvious that three peaks (b, ¢
and d) were detected at around 150, —450 and
=700 mV, respectively. Peak b was reported as the
reduction of ferric ions, copper ions and elemental
sulfur (Reactions (8) and (9)) [28]. It should be
noticed that the cathodic Peak b shifted towards
negative potentials in the second round of scanning,
which meant a decrease in reversibility [29]. And it

was possibly related to the formation of oxidation
products from Peak a, such as CuS and S°
which might hinder the electron transfer. Peak c
was in relation to the reduction of covellite
(Reaction (10)) [30]. And Peak d could be
associated with the reduction of chalcocite to
metallic copper (Reaction (11)) [17], which was the
reversible electrode process of Peak e.

2Cu’+H,S8=Cu,S+2H" +e (1)
Cu,S=Cu,_S+xCu* +2xe )
Cu, S=CuS+(1-x)Cu*" +2(1-x)e (3)
Fe*'=Fe''+e 4)
Cu,FeS,=Cu,_FeS,+xCu* +2xe (5)
Cu,_ FeS,+6H" =CuS+(4—x)Cu*"+

3H,S+Fe’™ +(5-2x)e (6)

Cu, FeS,=(5-x)Cu* +48"+Fe’ +(13-2x)e
(7
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Fe’" +e=Fe* (8)
Cu®"+8’ +2e=CuS 9)
2CuS+2H" +2¢ = Cu,S+H,S (10)
Cu,S+2H" +2e =2Cu’+H,S (11)

LSV curves of one bornite electrode tested
four times are shown in Fig. 3(b). The surface of
bornite electrode was re-polished before each test.
The differences between four curves could be due
to the impurity elements in bornite lattice (Table 1)
and polished surface, which might have a certain
effect on the conductivity. However, three regions
were evidently observed from OCP to 800 mV in
all curves. Specifically, current density increased
rapidly in the applied potential range from OCP to
400 mV, indicating that the dissolution of bornite
at this potential was rapid. As a result, it was
considered as the active region [31]. Afterward, the
current density of the bornite electrode remained
constant throughout a wide range of potentials
(400-740 mV), and it should be considered as
the passive region for the rate-limiting stage of
bornite (bio)leaching. Because the potential was
insufficient to transport oxidation products through
the sulfur-rich layer in this location, i.e., current
density was unaffected by potential [32]. In this
applied potential range, most studies found the
development of intermediate products like elemental
sulfur and jarosite that would hinder further
dissolution of bornite [14,19]. The current density
increased suddenly when the potential surpassed
740 mV, and the transpassive phenomenon developed.

The passivation of bornite surface occurred
primarily at higher potentials, according to the
results of CV and LSV tests. As a result, CA
experiments were carried out to support this finding.
The bornite electrodes were tested for 6 h at
potentials of 300, 400, 500, 600, 700, and 800 mV,
and the results of the first 180 s with the most
obvious change are shown in Fig. 3(c). The current
density dropped in varying degrees over six applied
potentials. Minor decrease was observed in current
density for bornite electrodes with polarized
potentials of 300, 400 and 500 mV in the first 180 s,
meaning that the passivation was relatively weak
under these potentials. The initial current density at
500 mV was smaller than that at 400 mV, which
meant that the surface of bornite started to passivate.
The current density reduced from 150 to

130 mA/cm? in the first 20 s at 600 mV, and then
dropped rapidly to 90 mA/cm? at about 30s. The
shift in current density at 700 mV in the first 17 s
was more rapid, which was responsible for the
decreased electron transfer on the bornite surface.
Despite the fact that the current density at 800 mV
dropped in the first 5 s, it plateaued at 120 mA/cm?.
This meant that a thinner coating formed on the
bornite surface at 800 mV than that at 700 mV,
which was compatible with LSV results. The
formation of the passivation film on the surface of
bornite electrodes may be responsible for the
decline of current density [16], preventing electrons
from diffusing into the bulk of mineral [33]. Thus,
Tafel and electrochemical impedance spectroscopy
(EIS) tests were performed after CA testing to
further study the changes in electrochemical
characteristics on the surface of bornite after
polarizing with various potentials and verify the
control step of electron transfer.

Figure 3(d) shows the Tafel curves of bornite
electrodes applied with various potentials. Based on
the data in Fig.3(d) and using the method of
Tafel extrapolation, the electrochemical parameters
can be obtained. Table 2 presents the detailed
parameters of the polarization resistance (R,) and
corrosion current density (Jeorr) of bornite electrodes.
Over the applied potential range from 300 to
800 mV, the bornite electrode with the treated
potential of 400 mV showed the lowest R, and the
greatest Jeorr (Table 2), indicating that bornite was
favorably oxidized at this potential. Similarly, it
was reported that the copper extraction of bornite
increased rapidly during bioleaching when solution
redox potential (ORP) increased in the range from
360 to 450 mV [16,34], which was in accordance
with the results in this study. Additionally, there
was a decline in Jeorr of polarized electrodes from

Table 2 Results of Tafel tests

Sample R/(Q-cm?)  Jeow/(mA-cm™2)
Original bornite 8.321 5.703

300 mV 26.282 2.207

400 mV 11.406 3.297

500 mV 21.234 2.517

600 mV 39.903 1.204

700 mV 27.817 1.351

800 mV 25.300 2.061
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400 to 600 mV, which was compatible with the
passive region concluded by the results of LSV
tests. Then, a noticeable increase in Jeor confirmed
that the surface of the bornite electrode was
transpassivated.

Figure 4 presents the experimental and
simulated Nyquist plots of original bornite and
bornite electrodes polarized. For all of them, there
were two incomplete semicircles in the high and
intermediate frequency regions (Figs. 4(a—g)). The
high-frequency semicircle was related to the
reduction of Fe(Ill) to Fe(Il), while semicircle in
intermediate frequency regions was ascribed to the
oxidation on the bornite surface [17,35]. In the
low-frequency region, there was a straight line
with a typical Warburg impedance (), which
was related to the existence of a finite diffusion
process [36]. The equivalent circuit corresponded
to  R(Qi1(R)NO2(R:W)) (Fig. 4(1)). The fitting
parameters for all model circuits of bornite
electrodes at different anodic potentials are
provided in Table 3. The range of all the y* values

1911

was in the order of 107, indicating a good fit
between the experimental data and the equivalent
circuit models. R and R; represented the electrolyte
resistance and the charge transfer resistance during
the oxidation of bornite, respectively. R» referred to
the charge transfer resistance during the oxidation
of surface film, which was determined by the
electrochemical reaction rate on the bornite
electrode. 01 and QO represented the double-film
capacitances between electrode/electrolyte and
passive film/electrolyte, respectively [37]. It could
be seen that Ry and R, of bornite electrodes
polarized with 600 and 700 mV were extremely
higher than others (Fig. 4(h)), which indicated that
a compact passivation layer was formed on the
surface of bornite. And values of R, were
substantially higher than those of Rs and R;
(Table 3), indicating that the formation of surface
layer was the main factor affecting the oxidation of
bornite and the control step was the electron
transfer. The value of R, was the smallest with
164.900 Q-cm? at an applied potential of 400 mV,
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Fig. 4 Impedance diagrams of original bornite (a) and bornite electrodes applied with different anodic potentials
(300—800 mV) (b—g), variations in R and R, (h), and equivalent circuit (i)
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Table 3 Fitting parameters of equivalent circuit
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Sample RY Yl R Ry oW
(Q-cm?)  (107S-s"cm?) (Q-cm™) (Q-cm?)  (103S-s"cm?) (107'S:s%%-cm™?) 107
Original bornite 1.547 149.300 3.706 8.900 6.401 0.441 6.130
300 mV 1.959 6.000 26.940 942.000 26.320 0.014 8.770
400 mV 1.884 2.456 14.310 164.900 197.500 0 7.620
500 mV 6.199 2.044 47.600 1122.123 356.700 0 9.670
600 mV 1.622 11.180 196.100  44890.000 357.400 0.120 7.560
700 mV 0.602 6.667 119.114  36480.000 10.980 0 8.320
800 mV 0.789 49.860 24.889 4228.000 177.602 0 6.330

Yo,1 is the fitting parameter of Q1; Yoz is the fitting parameter of O»; x? is the Chi-squared value of the fitted equivalent circuit

which meant barely passivated film formed at this
potential, and it was consistent with the bioleaching
results of our previous studies [14,34,38]. There
was a significant rise observed in R, when the
anodic potentials of 600 mV (44890.000 Q-cm?)
and 700 mV (36480.000 Q-cm?) were applied on
the bornite surface, which was more than 200 times
higher than that at 400 mV. This meant that the
formation of the passivated film on the bornite
surface severely hindered the charge transfer. At the
applied potential of 800 mV, R, rapidly dropped to
4228.000 Q-cm?, representing that the passivation
was diminished.

3.2 Characterization of intermediate products on
bornite surface

Cu?2p spectra of the original bornite and
polarized electrodes are shown in Fig. 5. The
binding energy range of Cu 2ps, for cuprous (Cu®)
compounds was 932.0-932.9 eV, while for cupric
(Cu*") compounds, the binding energy was from
933.1 to 936.6 ¢V [39]. In addition, there was no
shake-up satellite peak between 940 and 950 eV,
indicating that Cu was present in the form of Cu(I)
in all bornite electrodes [40,41]. As for the original
bornite, Cu 2ps» and Cu 2pi» peaks were located
at 932.0 and 951.9¢V, respectively, which
corresponded to the Cu(I)-S in bornite bulk
(Fig. 5(a)). After polarization on bornite surface, a
slight shift in Cu 2ps;» peak was observed from
932.0 to 932.4 eV, which meant that a new copper
monovalent compound was formed on the surface
of bornite. And the possible substance with Cu 2p3.
at 932.4eV was contributed to covellite-like
species (CuS) [39]. In addition, the Cu LMM peaks
of polarized electrodes were located at 568.7,
568.7, 568.8, and 568.9 eV, respectively, which were

@  aonae 800 mV
,jL 700 mV
N 600 mV
I\ 500 mV
400 mV
I 300 mV
932.0 eV Original bornite
J . S~

928 932 936 940 944 948 952 956 960

Binding energy/eV
(b)

I 800 mV
700 mV
600 mV
300 mV
Original bornite

560 564 568 572 576 580
Binding energy/eV

Fig. 5 Cu 2p (a) and Cu LMM (b) XPS spectra of
original and polarized bornite electrodes

previously reported as Cu LMM peaks of CuS
(Fig. 5(b)) [42]. The formation of CuS was
considered as one of the intermediate products that
would hinder the dissolution of bornite [43]. It was
worth noticing that intensity of Cu2ps, peaks
showed an upward trend from 300 to 400 mV,
followed by a downward trend from 400 to 800 mV,
confirming that the surface of bornite suffered
activation and then passivation at different anodic
potentials.
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The S 2p3» XPS spectra and contents of sulfur
species on bornite surface are presented in Fig. 6.
Two evident peaks with binding energies at 161.3
and 162.4 eV were observed in the original bornite
(Fig. 6(a)). The strongest S 2p3» peak at 161.3 eV
was ascribed to S?” in the bulk of bornite [44], and
the other peak with lower intensity at 162.4 eV
was assigned to the surface S5, which was
predominantly associated with slight oxidation on
bornite surface [19]. On the spectra of polarized
electrodes, a newly found S 2ps; peak at 163.8 eV
was clearly visible (Figs. 6(b—g)). According to
previous studies, this peak was consistent with the
reported elemental sulfur (163.05-164.7 ¢V) or
polysulfide (163.0—163.9 eV) [45]. Polysulfide was

1913

hard to achieve differential fit due to its multiple
substances with different chain lengths [14]. As a
result, the S 2ps; peak in the binding energy range
from 163.0 to 164.7 eV was attributed to S77/S° in
this study. Additionally, S 2ps;» peak with slight
intensity at a binding energy of 168.5 eV started to
appear from 300 to 800 mV. S 2ps» peaks in the
binding energy range of 168.0—169.0 eV were
reported to represent SO [46]. However, insoluble
sulfate was not identified on bornite surface at
potentials from 300 to 650 mV in the electro-
chemical research work of ZHAO et al [19]. The
appearance of insoluble SO; was mostly due to
the formation of jarosite (KFes3(SO4)2(OH)s) for a
trace amount of dissolved oxygen and potassium
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Fig. 6 S 2p3:» XPS spectra of original bornite (a) and bornite electrodes polarized at 300, 400, 500, 600, 700 and
800 mV, respectively (b—g), and contents of sulfur species on surface of bornite electrodes after polarization (h)
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existed in the electrolyte of the iron-free 9K
medium [47]. In addition, S?/S° and insoluble SO~
(primarily jarosite) were also recognized as possible
passivating substances that would generate during
the bioleaching of bornite [48]. It is worth noting
that the intensities of the SZ/S° and SO; of the
bornite electrode with applied potential of 400 mV
were the lowest (Fig. 6(c)), which indicated that
sulfur-rich layer was scarcely generated on the
surface at this point. This finding was consistent
with the result of EIS. As a result, the oxidation of
bornite at this potential was easy to achieve.

As shown in Fig. 6(h), clearly, sulfur species
on bornite electrode with applied potential of
400 mV was predominantly S5~ (more than 60%),
which could be attributed to the appearance of
intermediate products like CuS. As mentioned
above, it was reported that bornite dissolved rapidly
in the first stage, which would end up with the
production of CuS (Reaction (6)) [10]. In other
words, the conversion of bornite to internal
covellite-like species was related to the rapid
dissolution of bornite. Thus, 400 mV was the
favorable potential for rapid dissolution of bornite.
When the applied potential was higher than 400 mV,
the proportion of SO; was increased (Fig. 6(h)),
which was consistent with the finding that jarosite
was prone to be produced at high solution potential
during bioleaching [24]. Despite the presence

Original bornite

z/nm

z/nm
W

152 ¢ 500 mV
i

£
T ol

x/nm

of jarosite on the surface of polarized bornite
electrodes, S27/S° accounted for over half of the
total sulfur species from 500 to 800 mV. As a result,
the primary sulfur-rich layer generated on the
bornite surface at high anodic potential could be
concluded as S27/S°, which was in agreement with
the results of bioleaching experiments in previous
studies [14,19].

3.3 Morphology of sulfur-rich layer formed on

bornite surface at different potentials

Microscopic morphology images of the
original bornite and polarized electrodes were
analyzed using an atomic force microscope (AFM).
The top views and three-dimensional schematics
are shown in Fig. 7. Scratch flaws were visible on
the surfaces of bornite electrodes in the detection
range of 5 um x 5 pm, owning to the polishing prior
to electrochemical tests. The surface of the original
bornite had minor scratches and clear boundaries,
while it became rougher after being treated
with different potentials in addition to 400 mV,
indicating that bornite surface suffered passivation
to a varying degree. In addition, the surface
roughness of bornite electrodes was analyzed
using software called NanoScope Analysis, and the
surface roughness was related to the height
difference of the selected points. Four smoother
locations (a, b, ¢, and d) with equal areas were

Fig. 7 AFM images of original bornite and polarized bornite electrodes
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selected in each set of tests to eliminate errors
caused by surface flaws, and the full parameters of
surface roughness on bornite were provided in
Table 4. It is clear that bornite electrodes treated
with 400 and 700 mV had the smallest and the
largest average values with 1.240 and 1.714 nm,
respectively, which confirmed that the passivation
layer became thicker in this potential range.
According to the results of XPS of S2p, the
passivation layer primarily consisted of S;/S°.
Therefore, it is vital to control solution redox
potential at low level during bornite (bio)leaching.
Some methods were reported to be effective on
ORP control during (bio)leaching process, such as
adding pyrite [2,49] and using microcontroller
technology [50].

Table 4 Surface roughness of original and polarized
bornite electrodes (nm)

Average Full
value  area

Sample a b c d (a,b, ¢ average

and d) value
Original '\ o4 1007 1214 1227 1.118 1.196
bornite

300mV 1.169 1224 1275 1368 1259 1310
400mV 1.162 1253 1326 1.139 1220 1.240
500mV 1.321 1315 1.240 1324 1325 1.563
600mV 1414 1445 1212 1377 1362 1616
700mV 1240 1377 1229 1250 1274 1.714
800mV 1.306 1243 1221 1392 1291 1.680
300 mV

High ORP

Low ORP

600 mV
®

Bornite (bio)leaching

12 &f %, fd

© CuS

3.4 Proposed model for interpreting passivation
process on bornite surface during (bio)-
leaching

According to the above results, a proposed
model for interpreting passivating products formed
on bornite surface during (bio)leaching is provided
in Fig. 8. Bornite is a natural semiconductor, and
the dissolution of bornite during leaching can be
recognized as an electrochemical dissolution. The
presence of leaching bacteria can catalyze the
dissolution of bornite without changing the
dissolution mechanism [14]. During the bioleaching
of bornite, the solution ORP will gradually increase
because the releasing Fe?* will be oxidized to

Fe** by ferrous-oxidizing bacteria. Under low ORP

(<300 mV), the dissolution of bornite is limited due

to the limitation of electron transfer from bornite

surface to Fe*'/Fe*" couple (the main redox couple
in bioleaching) [19]. When OPR increases to
around 400 mV, bornite is favorable to dissolve to
form CusS [19,48]. As the potential continues to rise
(400—700 mV), S%S:” will be accumulated on the
surface of bornite, which will weaken the charge
transfer and lead to passivation. Jarosite will also
generate in this potential range, owning to further
oxidation of polysulfides. Though there will be
transpassivation when the potential reaches

800 mV, it is impossible to achieve in conventional

bioleaching conditions. Therefore, it is vital to

control ORP at a low level during bornite
bioleaching to avoid the formation of large amounts
of SY/SZ.

400 mV 500 mV

m.ge MZ Ewi/a

700 mV 800 mV

/4
m&

O Jarosite

SY/S%

Fig. 8 Proposed model for interpreting intermediate products formed on bornite surface during (bio)leaching at different

redox potentials
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4 Conclusions

(1) The electrochemical dissolution of bornite
over a broad anodic potential range (300—800 mV)
could be divided into three parts, i.e., activation
(<400 mV), passivation (400-700 mV), and
transpassivation (>700 mV) referring to different
anodic potentials. Specifically, the bornite surface
suffered severe passivation when applied potentials
were 600 and 700 mV.

(2) The XPS results of Cu2p indicated that
covellite-species were formed on bornite surface.
The S 2ps spectra proved that S converted to S3
S77/S°, and SO; with potential increasing, and the
severe passivation on the bornite surface at high
anodic potential was caused by S”/S°.

(3) The AFM results also indicated that
sulfur-rich film was formed on the bornite surface
at high anodic potential, making the surface thicker
and rougher. Additionally, 400 mV was the most
beneficial potential of bornite (bio)leaching.
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