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Abstract: Different effects and mechanisms of visible light and silver ions (Ag") on the bioleaching of p- and n-type
chalcopyrite (Cpy A and Cpy B, respectively) in the presence of Acidithiobacillus ferrooxidans were investigated. The
semiconductor characteristics, bioleaching behaviors, surface morphologies, main phases and surface species of
chalcopyrite were evaluated by Hall effect test, bioleaching tests, X-ray diffraction, scanning electron microscope and
X-ray photoelectron spectroscopy. According to the results, Cpy A had a higher carrier concentration and greater carrier
mobility than Cpy B, resulting in a faster dissolution rate. After 24 d of bioleaching, the copper extraction rate of Cpy A
was 91.05%, which was 17.86% higher than that of Cpy B (73.19%) when light illumination and Ag" existed together.
Obviously, visible light and Ag" promoted the bio-dissolution process of Cpy A more strongly than Cpy B, which was
mainly attributed to the higher carrier mobility in Cpy A. Furthermore, charge transfer occurred more rapidly on the
chalcopyrite surface when illuminated, and more Ag,S was accumulated, especially for Cpy A. As a result, the dense
structure of the passivation layer was destroyed, reducing the passivation effect and promoting chalcopyrite dissolution.

Key words: Acidithiobacillus ferrooxidans; Hall effect; semiconductor characteristics; light illumination; chalcopyrite;
bioleaching

valuable metals such as uranium, zinc and copper
1 Introduction from low-grade ores [4]. However, efficient
chalcopyrite dissolution is challenging because of

Copper is widely applied in machinery, the high Ilattice energy and the generation of

construction, electronics and other industries for its
excellent physical properties [1]. Chalcopyrite,
making up approximately 70% of copper reserves
in the world, is the most abundant of copper
sulfides [2]. At present, chalcopyrite is mainly
investigated by traditional pyrometallurgical
methods. However, these methods emit SO,
causing air pollution, and the operation cost is high.
With the growing global environmental awareness
and the depletion of copper resources, bioleaching
was proposed as an economical and efficient low-
grade copper ore processing technology [3]. Actually,
it has been applied successfully to extracting

passivation layers like elemental sulfur, poly-
sulfides, jarosite, and metal-deficient sulfide [5,6].
Accordingly, it is necessary to understand chalco-
pyrite bioleaching mechanisms and influences to
increase its extraction rate.

To date, researchers have explored the effects
of various factors (e.g., temperature [7],
microorganism types [8], metal ions [9] and pH
values [10]) on chalcopyrite bioleaching. By
studying various acidophilic bacteria, it can be
concluded that Acidithiobacillus ferrooxidans
(A. ferrooxidans) has iron- and sulfur-oxidizing
abilities, and plays an important role in chalcopyrite
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bioleaching [11,12]. In addition, Ag" exhibits
excellent catalytic properties [13]. Generally
speaking, there are three types of the mechanisms
of Ag'-catalyzed chalcopyrite leaching: (1) a direct
reaction between Ag" and chalcopyrite produces
Ag>S, which induces a porous sulfur film to
form instead of an impervious elemental sulfur
layer (Reaction (1)) [14], (2) Ag" changes the
morphology and enhances the conductivity of
chalcopyrite by introducing Ag,S or Ag’ into the
passivation film (Reactions (2) and (3)) [15], and
(3) Ag" is trapped on the surface of chalcopyrite
to form Ag,S and generates sulfur vacancies and
holes, leading to the formation of a porous sulfur
film and the fast diffusion rate [16]. However, the
specific mechanism is still controversial, which
may be related to the diversity of chalcopyrite
samples, such as electronic structures and
semiconductor properties.

CuFeS,+4Ag =Cu’*+Fe*+2Ag,S (1)
2CuFeS,+6H+2e=Cu,S+2Fe* +3H,S 2)
H>S+2Ag"=2H"+Ag,S 3)

It is reported that chalcopyrite is a

semiconductor with a band gap of 0.6eV [17],
which can be divided into p- and n-type according
to the level and kind of doping [18,19]. The Hall
effect has been used to determine the semi-
conductor type of chalcopyrite [20]. With the help
of the Hall coefficient (Ru), the type of carriers
present in the semiconductor sample can be
determined [21]. If the Ru 1is positive, the
chalcopyrite is a p-type semiconductor in which the
main charge carriers are holes, and if it is negative,
the chalcopyrite is an n-type semiconductor in
which the main charge carriers are electrons [22].
When irradiated with energy (4v) greater than or
equal to its band gap energy, charge -carriers
(electron (e)—hole (h) pair) are generated and then
migrate to the chalcopyrite surface (Reaction (4)),
promoting the redox reaction [23]. And chalcopyrite
bioleaching is a redox dissolution process.
CRUNDWELL et al [24] have shown that visible

light can promote the dissolution of the chalcopyrite.

A similar result was reported by ZHOU et al [25]
who found that the dissolved copper in the shake
flask with 8500 lux light was 91.80% higher than
that without light. In another study, YEPSEN
et al [23] have proposed that visible light induced
photo-leaching of copper from chalcopyrite and

achieved yields close to 3% within 4 h. Additionally,
visible light is ubiquitous in nature. Based on the
above theory, the synergistic promotion of visible
light and Ag" on chalcopyrite bioleaching has been
explored [26]. What is more, p-type chalcopyrite
was more easily corroded by microorganisms than
n-type chalcopyrite [20]. However, as far as we
know, the difference of chalcopyrite with different
semiconductor types in response to visible light and
Ag" has not been investigated.

CuFeSy+hv—CuFeS,(eth) 4)

Hence, different effects of n- and p-type
chalcopyrite in response to light illumination and
Ag" mediated by A. ferrooxidans were investigated
in this work. The semiconductor characteristic of
chalcopyrite was determined through the Hall effect
measurement. The mineral phase changes after
chalcopyrite bioleaching, the surface morphologies
of leached residues, and the evolutions of Ag, Cu, S
and O in the bioleaching process were studied
as well in order to know the mechanism of
chalcopyrite bioleaching. In light of these analyses,
a model was established to investigate the
mechanism of p- and n-type chalcopyrite in the
presence of visible light and Ag*, and to improve
the bioleaching rate of chalcopyrite.

2 Experimental

2.1 Characteristics and compositions of chalco-
pyrite samples

Two chalcopyrite samples (Cpy A and Cpy B),
obtained from the Chambishi Copper Mine in
Zambia and Yunnan Province of China, respectively,
were used in this work. Mineral samples were
ground and sieved to be less than 74 pm, and then
stored in the vacuum drying oven [27]. Impurities
were removed from the samples by ultrasonic
cleaning for 5 min [19]. Copper contents of Cpy A
and Cpy B were 3439 wt.% and 31.77 wt.%,
respectively, detected by chemical analysis
(iodometric titration) [28]. Based on these values,
copper extraction rates were calculated. The X-ray
diffraction (XRD) analysis revealed that Cpy A had
only the diffraction peaks of chalcopyrite, while
Cpy B was dominated by chalcopyrite followed by
trace amounts of pyrite and quartz (Fig. 1). X-ray
fluorescence (XRF) analysis results displayed
that Cpy A mainly contained Cu (35.49 wt.%), Fe
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Fig. 1 XRD patterns of original Cpy A (a) and Cpy B (b)
samples

(30.17 wt.%), S (30.95 wt.%), and Cpy B was mostly
composed of Cu (33.89 wt.%), Fe (30.31 wt.%),
and S (29.33 wt.%).

The Hall effect was studied to determine the
semiconductor types of two chalcopyrite samples
(Table 1) [21]. With the help of the Hall coefficient
Ru, Cpy A was determined as p-type chalcopyrite
whose main carriers were holes (Ry was positive),
and Cpy B was identified as n-type chalcopyrite
whose primary carriers were electrons (Ruy was
negative) [22]. Moreover, the carrier concentration
of Cpy A (1.61x10'*cm™>) was higher than that of
Cpy B (1.48x10"cm™), and the resistivity of Cpy
A (7.94 Q-cm) was lower than that of Cpy B
(60.1 Q-cm). Additionally, the carrier mobility of

Cpy A was 22.4 cm?/(V-s), which was significantly
higher than that of Cpy B (2.55 cm?/(V"s)).

2.2 Microorganisms and culture medium

A. ferrooxidans (ATCC 23270, obtained from
the Key Lab of Biohydrometallurgy, Ministry of
Education, Central South University) was cultivated
to mid-exponential phase in the 9K medium at
30 °C with shaking at 170 r/min. The 9K medium
consisted of (NH4),SOs 3g/L, KCl 0.1g/L,
K,HPO4+3H,O 0.5g/L, MgSO4+7H.O 0.5 g/L,
Ca(NOs3),; 0.01 g/ and FeSO4-7H,0 44.7 g/L, and
the initial pH was controlled at 2.0 with 0.01 mol/L
H,SO4 [29]. Subsequently, bacteria suspensions
were filtered through filter paper (Whatman 42) and
centrifugated at 1x10* r/min and 4 °C for 15 min to
obtain cell pellets after being triple subcultured [26].
Eventually, the harvested cell pellets were washed
and dispersed in the iron-free 9K medium for
subsequent experiments.

2.3 Bioleaching experiments

The bioleaching experiments were conducted
in 250 mL Erlenmeyer flasks, which contained
100 mL of sterile basal medium and 2g
chalcopyrite. As A. ferrooxidans grew optimally at
pH 2 [12], the initial pH value was controlled at
2.0 [30]. And the primary inoculum concentration of
A. ferrooxidans was 2.0x107 cells/mL. Subsequently,
all of the Erlenmeyer flasks were placed in a
constant temperature illuminated shaker at 30 °C
and 170 r/min and the light intensity was adjusted
to 0 lux or 8500 lux since 8500 lux light could
most effectively promote the dissolution of
chalcopyrite [25]. Additionally, the bioleaching
experiments were separated into 4 tests (T1-T4)
and other experimental designs were shown in
Table 2. The concentration of added Ag® (from
Ag>S04) was set to be 10 mg/L as this is the
optimum concentration to promote chalcopyrite
biodissolution [2]. Each experiment was repeated in
triplicate to ensure the reliability of the results.
During the bioleaching process, the sterile basal
medium was periodically added for compensating

Table 1 Results of Hall effect analysis for two chalcopyrite samples

Resistivity/(Q-cm)  Hall coefficient, Ru/(cm?*-C™)

Sample Carrier concentration/cm™>  Mobility/(cm?-V™'-s™)
Cpy A 1.61x10' 22.4
Cpy B 1.48x10'¢ 2.55

7.94 1.16x10*
60.1 -2.52x10*
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Table 2 Design of bioleaching experiments

Test No. Condition
T1 Neither light illumination nor Ag* added
T2 Only 8500 lux light added without Ag*
3 Only 10 mg/L Ag* added without light
illumination

T4 Both 8500 lux light and 10 mg/L Ag" added

sampling loss, and the evaporation loss was made
up by adding deionized water. All chemicals used in
experiments were of analytical grade.

2.4 Analysis techniques

During the bioleaching process, concentrations
of copper ions (Cu?*) were determined by the
bis(cyclohexanone)oxalyldihydrazone spectrophoto-
metry [31]. After the bioleaching experiments, solid
residues were collected by filtering, rinsing and
drying for subsequent analysis [29]. The surface
morphologies and mineral phases of residues were
detected by scanning electron microscope (SEM,
Nova™ NanoSEM 230, FEI, USA) and XRD,

(a)
6

separately. Besides that, the chemical species of Ag,
Cu, S and O in the residues were analyzed by X-ray
photoelectron spectroscopy (XPS) on a Thermo
Fisher X-ray photoelectron spectrometer with the
model of ESCALAB 250Xi. Due to the splitting
of spin-orbits, the Ag 3d, Cu2p and S 2p peaks
all appeared as doublet peaks. For a clearer
presentation, only the Ag 3ds», Cu 2ps» and S 2ps3p
peak were shown in the figures. All binding
energies were calibrated by setting the peak of C 1s
to be 284.6 eV [32]. And the background of spectra
was obtained by the Shirley method.

3 Results and discussion

3.1 Effects of visible light and Ag" on chalcopyrite
bioleaching

The changes in copper concentrations with
time during chalcopyrite dissolution are shown in
Fig. 2. Copper concentrations increased rapidly
during the first 4 d of all tests. From day 4 to day 12,
copper concentrations in T3 and T4 increased faster
than those in T1 and T2. And the dissolution rate of
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Fig. 2 Changes in copper concentrations of Cpy A (a) and Cpy B (c), and copper extraction rates of Cpy A (b) and Cpy
B (d) after chalcopyrite bioleaching for 24 d in the presence of A. ferrooxidans
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Cpy A was quicker than that of Cpy B. After 12 d,
copper concentrations increased slowly in all
tests, indicating that the chalcopyrite surface
was passivated at this stage, which hindered
the chalcopyrite bioleaching process. Finally,
after bioleaching for 24 d, the bioleaching of
chalcopyrite tended to stop in each test (Fig. 2(a)),
the copper concentrations of Cpy A in different tests
were (2.78+£0.10) g/l (T1), (3.46+0.26) g/L. (T2),
(5.48+0.08) g/L (T3) and (6.26+0.05) g/L (T4), and
the corresponding copper extraction rates were
40.38%, 50.32%, 79.62% and 91.05%, respectively.
Meanwhile, for Cpy B, the concentrations of copper
under different test conditions were (1.8040.02) g/L
(T1), (2.19+0.09) g/L (T2), (4.06+0.12) g/L (T3) and
(4.65£0.01) g/L (T4), corresponding to the
extraction rates of copper being 28.39%, 34.44%,
63.88% and 73.19%. Evidently, when illuminated,
the extraction rates of Cpy A and Cpy B were
increased by 9.94% and 6.05%, respectively. After
adding Ag’, the copper extraction rates of two
chalcopyrite samples increased by 39.24% (Cpy A)
and 35.49% (Cpy B), respectively. When light
illumination and Ag* acted simultaneously, the final
concentrations of copper released by Cpy A and
Cpy B were the highest, which were increased by
50.67% and 44.80%, respectively. This indicated
that the promotion effect of visible light and Ag* on
the bioleaching of Cpy A was better than that of
Cpy B, and visible light and Ag" possessed a
synergistic effect. In addition, based on different
semiconductor types, Cpy A (p-type chalcopyrite)
was ecasier to dissolve than Cpy B (n-type
chalcopyrite), even without additional light
illumination and Ag". This finding was also
consistent with previous studies [19,20]. LI and
WANG [33] have reported that the initial reaction
of chalcopyrite oxidation is the consumption of
holes (h) (Reactions (5) and (6)), followed by
electron transfer (Reactions (7) and (8)), resulting
in Fe** in the conduction band and Cu" in the
valence band. And according to the Hall effect
analysis (Table 1), the carrier mobility of Cpy A
was an order of magnitude higher than that of Cpy
B. Therefore, the dissolution rate of p-type
chalcopyrite was faster than that of n-type
chalcopyrite.

CuFeSy+3h=Fe**+CusS, (5)
CuS,+2h=Cu?'+2S (6)

CuS,=Cu*"+2S+2e 7
CuS,=CuS+S (8)

3.2 Changes in phase of leached residues

Figure 3 exhibits the crystal structure of
leached chalcopyrite residues by XRD patterns. The
analysis indicated that the main phase in the
residues was chalcopyrite (CuFeS,). For Cpy A,
jarosite (KFe3(SO4)2(OH)s) appeared in the residues
compared to the original chalcopyrite (Fig. 1(a)).
And the added Ag" not only promoted the
generation of jarosite but also led to the production
of sulfur (Ss), especially under light illumination.
Meanwhile, for Cpy B, compared with the initial
chalcopyrite (Fig. 1(b)), the new phase of sulfur
was formed in the residues only when Ag" was
present. Although the main component in the
residues was chalcopyrite in different bioleaching
tests, the intensity of the T4 sample was
significantly lower than that of the T1 sample. This
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Fig. 3 XRD patterns of leached residues of Cpy A (a) and
Cpy B (b)
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meant that visible light and Ag" remarkably
accelerated the dissolution of chalcopyrite, resulting
in sulfur oxidation and substantial copper leaching.
Moreover, the sulfur in Cpy A was oxidized more
thoroughly and partially transformed into jarosite.

3.3 Surface species of chalcopyrite

XPS was used to reveal the chemical state
changes of the two chalcopyrite samples surfaces
after bioleaching. The changes of silver species,
copper species, sulfur species and oxygen species
on the surface of two chalcopyrite samples in the
four tests were deeply analyzed (Figs.4-7). And
the content was correspondingly obtained by
supposing that the percentages of various copper
species, oxygen species and sulfur species were in
proportion to the comprehensive areas under Cu 2p,
O 1s and S 2p peaks, respectively [31].
3.3.1 XPS spectra of Ag 3d

Figure 4 exhibits the high-resolution XPS
spectra of the Ag 3ds, region. Since Ag peaks were
not discovered on the two chalcopyrite surfaces
when no Ag" was added (T1 and T2), only the Ag

@

Ag,S
T4
NN
T3 :S Ag,S

362 364 366 368 370 372
Binding energy/eV

(b)

Ag,S

T4

Ag,S
T3 § E25)

362 36‘4 3‘66 368 3I70 372
Binding energy/eV
Fig. 4 XPS spectra of Ag 3ds» peak of Cpy A (a) and
Cpy B (b)

3ds, spectra of the chalcopyrite surface after adding
Ag" were shown (T3 and T4). When Ag" was
introduced separately, the Ag 3ds, spectra contained
a peak at 367.7-368.0 eV, which was in good
agreement with the published value of silver in
Ag>S compound [13,34]. Apparently, the peak
intensities of the Ag-bearing phase increased with
the addition of light illumination. For Cpy A, in the
presence of both visible light and Ag’, a new peak
at 368.76 eV appeared, which was considered to be
the typical peak of Ag’ [35]. However, Ag,S was
still the main Ag-bearing component. This suggested
that after the bioleaching process of chalcopyrite
catalyzed by Ag", Ag,S was formed on the surface
of chalcopyrite residues and the reaction process
can be illustrated as Reactions (1)—(3) [16,36].
Visible light significantly raised the content of Ag,S
on the surface of two chalcopyrite residues,
and a small amount of Ag” was introduced on the
surface of Cpy A. Therefore, another Ag*-catalyzed
reaction also occurred on the Cpy A surface during
the simultaneous exposure to visible light and Ag",
as is shown in Reaction (9) [13]. It has been
reported that AgS and/or Ag’ formed on
chalcopyrite surface can change the morphology,
thereby weakening the effect of passivation
and favoring the oxidation and dissolution of
chalcopyrite [2].
7CuFeS>+8Ag +60,=3Cu*+2Cu,S+3Ag,S+

2Ag +TFe*+4S%+282+3S0; +2e 9)

3.3.2 XPS spectra of Cu 2p

Figure 5 describes the Cu2ps» peaks of the
residues. For Cpy A (Fig. 5(a)), in both T1 and T2,
the Cu 2ps3» peaks were observed at 934.39, 932.54
and 931.49 eV, assigning to Cu—O species, Cu in
the mineral structure, and Cu in covellite,
respectively [37,38]. The appearance of Cu—O
species indicated that the chalcopyrite was oxidized.
Additionally, it has been declared that the
dissolution of covellite-like species is slower than
that of chalcopyrite [2]. Therefore, without Ag"
treatment, the covellite-like species were generated
on the surface of the mineral and hindered the
dissolution of chalcopyrite. And the surface of
chalcopyrite treated with light illumination
contained more covellite-like species and less
chalcopyrite, indicating that the chalcopyrite was
more seriously dissolved and more transformations
took place. This was consistent with the results of
Figs. 2(a) and (b). While for the residues in T3, the
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Fig. 5 XPS spectra of Cu 2p3» peaks of Cpy A (a) and CpyB (b) in four tests, and contents of different copper species

on surface of Cpy A (c) and CpyB (d)

copper peaks almost disappeared, which indicated
that the surface of chalcopyrite was wrapped by
other substances. And the remaining few copper
peaks were attributed to chalcopyrite and Cu—O
species. However, when light illumination and Ag"
acted together, the copper on the surface of the
leached residue was exposed again (the intensity of
Cu 2p peak in T4 increased), and further dissolution
could occur. Consequently, the highest copper
extraction rate was exhibited under the simultaneous
presence of light illumination and Ag" (Figs. 2(a)
and (b)).

For Cpy B (Fig. 5(b)), the evolution of copper
on the leached chalcopyrite surface was roughly in
keeping with that of Cpy A. However, almost the
same contents of chalcopyrite on the surface of
leached residues in T1 and T2 implied visible light
did not significantly promote the dissolution of Cpy
B, which was in agreement with Figs. 2(c) and (d).
And the residues in T3 exhibited a small amount of
covellite-like (located at 9329 eV [37,39]) and
Cu—O species, while the copper on the surface of
leached residues in T4 was primarily composed of
covellite-like, Cu—O and chalcocite-like species.
Among them, chalcocite-like species could promote
the release of copper because its dissolution
rate was quicker than that of chalcopyrite [40].

Therefore, light illumination and Ag" significantly
promoted the dissolution of Cpy B. Moreover, when
light illumination and Ag" acted simultaneously, the
copper content of Cpy B surface was lower than
that of Cpy A surface (the peak intensity was
weaker), which indicated that the surface of Cpy B
was more densely wrapped by other substances.
Thus, the copper extraction rate of Cpy A was
higher than that of Cpy B.

3.3.3 XPS spectra of S 2p and O 1s

As shown in Fig. 6, the surface sulfur
species of two chalcopyrite residues were mainly
composed of monosulfide (S*, 161.1-161.8 V) [41],
elemental sulfur and polysulfide (S%S2", 163.1-
163.49 V) [42,43], and sulfate (SOF, 168.5—
168.7 eV) [44]. Figure 7 shows the O 1s spectra of
leached residues surfaces. The deconvolution of O
Is spectrum listed 3 types of O coordination states
present: oxides (O*, 529.78-530.33¢V) [45],
hydroxides (—OH, 530.93-531.4¢V) [42], and
sulfate (SO, 532.2-532.5 eV) [46].

The form of S* on the surface of samples
could be regarded as chalcopyrite [39], while SZ,
S and SO} were considered as the main
components of the passivation layer [29]. Among
them, SO  was mainly contributed to jarosite
(KFe3(S04)2(0OH)s) and schwertmannite (ideally
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Fig. 7 XPS spectra of O 1s peaks of Cpy A (a) and CpyB (b) in four tests, and contents of diverse oxygen species on
surfaces of Cpy A (c) and CpyB (d)

FesOs(OH)sSOs4), which indicated that the reaction formation in the presence of A. ferrooxidans [48].
of jarosite formation took place on the chalcopyrite In all tests, the S species on the chalcopyrite
surface (Reaction (10)) [47]. And schwertmannite residues surface were dominated by sulfate after
was a metastable phase with poor crystallinity, bioleaching. Combined with XRD results (Fig. 3), it
which was the solid-phase precursor for jarosite can be seen that the chalcopyrite on the surface of
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leached residues of Cpy A was oxidized to jarosite,
while the chalcopyrite on leached Cpy B surface
was oxidized to schwertmannite. Furthermore, for
the two chalcopyrite samples, the content of sulfate
on the surface of leached residues was significantly
enhanced after adding Ag” (T3 and T4) compared
with that without adding Ag" (T1 and T2), which
meant that Ag" markedly accelerated the oxidative
dissolution of chalcopyrite. In T2, there was more
jarosite than in T1, suggesting that the presence of
light accelerated the oxidation of sulfur on the
chalcopyrite surface, thereby accelerating copper
release. The promotion effect of Cpy A was more
obvious, which was also confirmed in Fig. 2.
Compared with T3, S** appeared on the surface of
residues in T4, which meant that the chalcopyrite
surface was exposed again.

M*+3Fe*+2S0; +6H,0=MFe;3(SO4)>(OH)s+6H"
(10)
where M" may be K*, NH,, H;O" or Na*.

Further, the addition of visible light and Ag®
increased oxygen content, which indicated that the
oxidation degree of the chalcopyrite was increased.
However, when visible light and Ag" coexist, the
peak intensity of O 1s on the surface of residues
was slightly weaker than that treated with Ag" alone,
implying that the content of oxides on the surface of
the residues was reduced. The results were also in

agreement with the high-resolution narrow spectra
of S 2p.

3.4 Surface morphology of leached chalcopyrite
The surface morphologies of Cpy A and Cpy B
leached under different conditions are shown in
Figs. 8 and 9, respectively. It could be obviously
found that the surface of Cpy A in T1 was covered
with some nano-sized particles (200—1000 nm),
which were speculated as jarosite [49]. Combined
with Fig. 3(a), it could be judged that these particles
were jarosite. However, the surface of chalcopyrite
could still be clearly seen (Fig. 8(a)). The surface of
residues in T2 (Fig. 8(b)) was covered with more
jarosite than that in T1. In addition to the
aggregated jarosite, the surface of chalcopyrite
residues in T3 also had some loose and smaller
particles (Fig. 8(c)). Moreover, in T4, jarosite on the
surface of leached residues was more dispersed
(Fig. 8(d)). Jarosite is considered to be the main
substance hindering the bioleaching of chalcopyrite
because of its insolubility and compactness [50].
Combined with the analysis of Fig. 2, the

compactness of jarosite was destroyed after adding
Ag", especially in the presence of light illumination.
Therefore, the blocking effect of jarosite on the
dissolution of chalcopyrite was weakened and the
release of copper ions was promoted.

Fig. 8 SEM images of Cpy Ain T1 (a), T2 (b), T3 (c) and T4 (d)
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o Element wt.% at%
O 32.66 60.32
Si 0.78  0.82
S 8.89  8.20
K Ag 0.11  0.03
K 1.85 1.40
Fe 52.06 27.55
Cu 3.64 1.69

Fe S Fe
K/FS Cu Cu

E/keV

Fig. 9 SEM images of Cpy B in T1 (a), T2 (b), T3 (c) and T4 (d), and contents (e) of surface elements of Cpy B in T3

analyzed by EDS

For Cpy B, however, the surface of leached
residues of T1 was relatively smooth, and only
some small particles fell off (Fig. 9(a)). The surface
of the residue of T2 (Fig. 9(b)) was rougher
than that of T1. This indicated that visible light
promoted the dissolution of chalcopyrite, which
was consistent with the conclusion from Figs. 2(c)
and (d). After adding Ag", the surface of residues of
T3 was wrapped by relatively dense network
substances (Fig. 9(c)). Then, the contents of surface
elements were examined by EDS (Fig. 9(e)), and
combined with the XRD results (Fig. 3(b)) and the
high-resolution narrow spectra of S 2p (Fig. 6(b)) of
Cpy B, it could be deduced that the network
substance was mainly schwertmannite (ideally
FesO3(OH)sSO4) [51]. When light and Ag" were

present simultaneously, due to the formation of
more Ag,S (Fig. 4(b)), the dense schwertmannite
layer became looser and more porous (Fig. 9(d)),
which was conducive to the bioleaching of
chalcopyrite. Overall, Cpy A was corroded more
seriously than Cpy B in each bioleaching test,
which further indicated that Cpy A was easier to
dissolve than Cpy B. These results were consistent
with Fig. 2.

In summary, it could be inferred that visible
light facilitated the generation of Al-bearing species
on chalcopyrite surface when Ag" was added. Thus,
the passivation layer on the mineral surface became
loose, and chalcopyrite was exposed, which was
conducive to further dissolution. Moreover, the
facilitation effect of light illumination and Ag" on
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p-type chalcopyrite with light and Ag*

o A gO

665

n-type chalcopyrite with light and Ag*

A. ferrooxidans

Fig. 10 Different mechanisms of light illumination and Ag" accelerating bioleaching of p- and n-type chalcopyrite

Cpy A was more obvious than that on Cpy B (looser
surface morphology, more Ag-bearing species, and
larger exposed chalcopyrite surface), so the copper
extraction rate of Cpy A was higher.

3.5 Mechanism model of p- and n-type chalcopyrite
bioleaching

Considering all analysis results in this study,
different mechanisms of light illumination and Ag"
accelerating the bioleaching of different types of
chalcopyrite were proposed (Fig. 10). Chalcopyrite
has a widely accepted band gap of 0.6 eV with the
valence band (VB) and conduction band (CB) [52].
Under the irradiation of visible light, excited
electrons jump from VB to CB and generate charge
carriers (electron—hole pairs) [24]. Then, electrons
and holes migrate to the chalcopyrite surface to
promote the reduction and oxidation reactions on
the surface of chalcopyrite, respectively [23,25].
Furthermore, the initial reaction in the oxidative
dissolution of chalcopyrite is hole consumption,
followed by electron migration [33], and the
primary carriers of the p-type semiconductor are
holes [22]. In this study, since Cpy A (p-type
chalcopyrite) had higher carrier concentration and
mobility, but lower resistivity than Cpy B (n-type
chalcopyrite), the carriers transfer rate of p-type
chalcopyrite was faster than that of n-type chalco-
pyrite, which was conducive to the oxidation—
reduction reactions of chalcopyrite, so as to
dissolve quickly (Table 1 and Fig. 2). Under the
addition of Ag", visible light accelerated the charge
transfer rate on the surface of chalcopyrite,
thus promoting the formation of Ag,S on the

chalcopyrite surface. In particular, due to the higher
carrier concentration and mobility of p-type
chalcopyrite, the charge transfer rate on its surface
was faster than that on the surface of n-type
chalcopyrite with light illumination. Therefore,
compared with n-type chalcopyrite, in addition to
forming more Ag,S on the surface of p-type
chalcopyrite, Ag’ was also formed. Silver was a
very good conductor [53], which could in turn
promote the charge transfer on the chalcopyrite
surface. Furthermore, the passive film formed on
the surface of chalcopyrite became loose as a result
of the formation of these Ag-bearing substances, so
that chalcopyrite was exposed to the surface, which
contributed to further dissolution. Hence, the
surface corrosion of p-type chalcopyrite was more
serious and released more copper ions when both
light illumination and Ag" were present.

4 Conclusions

(1) A systematic comparative study using
visible light and Ag" to catalyze the dissolution of p
and n-type chalcopyrite was reported.

(2) Cpy A was p-type chalcopyrite with higher
carrier concentration and mobility, and Cpy B
belonged to n-type chalcopyrite whose carrier
concentration and mobility were lower. Compared
with Cpy B, due to the higher carrier concentration
and mobility, the higher solubility and stronger
response to the light illumination of Cpy A were
achieved.

(3) Under visible light illumination, Ag"
introduced more Ag-bearing substances (Ag>S and
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Ag®) on the surface of Cpy A, so the surface of Cpy
A was rougher and looser than that of Cpy B, and
larger chalcopyrite surface was exposed, which was
favorable for further dissolution. Therefore, under
the action of Ag" together with visible light, the
copper extraction rate of Cpy A was remarkably
higher than that of Cpy B.
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