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Catalytic effect of visible light and Cd*" on chalcopyrite bioleaching
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Abstract: The effects of visible light and Cd*" ion on chalcopyrite bioleaching in the presence of Acidithiobacillus
ferrooxidans (A. ferrooxidans) were studied by scanning electron microscopy (SEM), synchrotron radiation X-ray
diffraction (SR-XRD), and X-ray photoelectron spectroscopy (XPS). The results of bioleaching after 28 days showed
that the copper dissolution increased by 4.96% with only visible light, the presence of Cd*" alone exerted slight
inhibition effect on chalcopyrite dissolution and the concentration of dissolved copper increased by 14.70% with visible
light and 50 mg/L Cd*". The results of chemical leaching showed that visible light can promote the circulation of iron.
SEM results showed that Cd*" promoted the attachment of 4. ferrooxidans on chalcopyrite surface under visible light.
SR-XRD and XPS results indicated that visible light and Cd*" promoted chalcopyrite dissolution, but did not inhibit the
formation of passivation. Finally, a model of synergistic catalysis mechanism of visible light and Cd** on chalcopyrite
bioleaching was proposed.
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A lot of efforts have been made to understand
1 Introduction the chalcopyrite bioleaching mechanism and
enhance the process of chalcopyrite bioleaching.

Chalcopyrite is the most abundant copper-
bearing mineral, which accounts for about 70% of
the world’s copper resources [1,2]. Currently, the
most common method for recovering copper from
chalcopyrite is pyrometallurgy. However, most
pyrometallurgy processes emit polluted gases
(primarily SO,) and are expensive [3]. Bioleaching
is often used to extract metals from low-grade
ores [4] with the advantages of easy operation, mild
reaction conditions, environment friendliness and
low energy consumption [5,6]. Accordingly,
bioleaching has been proposed to recover copper
from chalcopyrite. However, chalcopyrite is
challenging to bioleaching due to its high lattice
energy and strong passivation effect [7,8].

For instance, bioleaching experiments have been
performed using mesophilic mixed cultures mutated
by ultrasound and microwaves [9], mixed
thermophilic bacteria [10], metal ion catalysts [11],
varied temperatures and pH [12], activated
carbon [13] and nonionic surfactant [14]. Various
metal ions, such as Ag" [15,16], Fe*" [17], Hg*"[18],
Bi*"[19], Cu*" [20] and Co®[11], have been used
to promote bioleaching process. Among these metal
ions, great attentions have been paid to the silver
ion. The main reason for the chalcopyrite
bioleaching catalyzed by silver ion is the formation
of silver-containing intermediate products such as
silver sulfide and metallic silver [21]. However,
high cost of silver hindered its industrial application.
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Compared with silver ion, cadmium ion (Cd*")
is a kind of heavy-metal ion, which is abundant,
inexpensive, and widely present in polluted water
and soil [22,23]. LIU and co-workers proposed that
low concentration of Cd*" can promote the growth
of bacteria, because Cd*" can be adsorbed on the
cell surface, which made the cell permeability
increased and nutrition was easily absorbed [24]. It
has been reported that some bacteria can induce
Cd*" to form CdS nanoparticles [25]. SAKIMOTO
et al [26] have shown that CdS nanoparticles
can be used as light harvester to maintain
cellular metabolism of the nonphotosynthetic
bacterium. Also, Acidithiobacillus ferrooxidans
(A. ferrooxidans) contains cadmium resistant
genes [27,28], which can maintain metabolic
activity in high concentrations (5—100 mmol/L) of
Cd** [22,29].

On the other hand, chalcopyrite bioleaching is
also affected by its semiconducting property [30].
In recent years, some researchers have proven that
based on the semiconducting property of
chalcopyrite, visible light can promote the
chalcopyrite biodissolution efficiency [31-33].
Concretely speaking, the photoelectrons produced
when the chalcopyrite were excited by visible light
can reduce Fe’" to Fe*’, which is the metabolic
substrate for A. ferrooxidans, and can effectively
promote the growth of bacteria and thus benefits
chalcopyrite bioleaching [31].

However, to date, the synergistic effect of
visible light and Cd*" on bioleaching has not been
reported. Therefore, the purposes of this study were
to: (1) discuss the synergistic effects of visible
light and Cd** on chalcopyrite bioleaching, (2)
investigate the mechanism of visible light and Cd*"
on chalcopyrite bioleaching. Synchrotron radiation
X-ray diffraction (SR-XRD), scanning -electron
microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) were used to examine the
changes of chalcopyrite surface morphology, phase
and element to better understand the roles of
visible light and cadmium ion in chalcopyrite
bioleaching.

2 Experimental

2.1 Chalcopyrite and A. ferrooxidans culture
preparation
Chalcopyrite

sample was obtained from

Guangzhou, Guangdong Province, China. X-ray
fluorescence (XRF) spectroscopic analysis showed
that the untreated chalcopyrite sample contained the
following elements (wt.%): Cu, 33.21; S, 31.59;
Fe, 28.21; O, 4.88; Al, 0.052; Si, 0.837; Mg, 0.202;
Ca, 0.924; Mn, 0.014; Co, 0.0131; Zn, 0.0273;
Se, 0.0169; Sr, 0.004 and Ag, 0.022. In order to
accurately determine the content of copper in
chalcopyrite sample, chemical analysis (iodometric
titration) was carried out, and it was found that the
content of copper was 32.49 wt.% [34] in the
sample. The SR-XRD results (Fig. 1) revealed the
high purity of the chalcopyrite used in this study.
The untreated chalcopyrite was ground to obtain
fine particles of 74 um or less.
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Fig. 1 SR-XRD pattern of chosen sample of chalcopyrite

A. ferrooxidans strain (ATCC 23270) applied
for the following experiments was obtained from
Type Collection  [35].
A. ferrooxidans was cultured in the medium 9K
comprising of 3 g/L. of (NH4),SOy, 0.1 g/L of KCl,
0.5 g/L of K,HPO,4-3H,0, 0.5 g/L. of MgSO,4-7H,0,
0.01 g/L of Ca(NO;),and 44.7 g/L of FeSO,4-7H,0.
pH was controlled to be 2.0 approximately with
H,SO4 (0.01 mol/L) and/or NaOH (0.01 mol/L) [29].
The cells were harvested during the exponential
growth phase after being subcultured three times
(30 °C, 170 r/min). The cell suspension was filtered
with Whatman 42 filter paper [33], and the filtrate
was transferred into 200 mL sterilized centrifuge
bottles and centrifuged at 10000 r/min for 15 min to
collect cells. The isolated bacteria were collected
and placed in iron-free 9K medium and centrifuged
again (12000 r/min, 2 min). The above steps
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were repeated three times to remove iron ions.
Since important
chalcopyrite [17], which have a great influence on

iron ions are to dissolve

our experiments.

2.2 Experimental settings

Two experimental systems were set up and
labelled as ‘BioL’ and ‘ChemL-Fe’ (Table 1). All
experiments were performed in 250 mL Erlenmeyer
flasks containing 100 mL of sterilized 9K medium.
The original pH of the 9K medium was controlled
to be 2.0 using 0.1 mol/L H,SO, and/or 0.01 mol/L
NaOH. Each Erlenmeyer flask was filled with 2 g
of chalcopyrite and placed on a rotary shaker at
30 °C and 170 r/min [15,31,36]. The effects on
leaching efficiency under visible light and darkness
conditions were studied. In bioleaching systems,
2mL of bacteria cultures were added to each
Erlenmeyer flask to ensure that the original cell
concentration exceeded 1.0x107 cells/mL [35].
Afterwards, different Cd** (cadmium sulphate)
concentrations (0, 25, 50, 75 and 100 mg/L) were
added. The ‘ChemL-Fe’ system was adopted
under the condition of Cd*" (0 and 50 mg/L),
0.1 mol/L Fe’* (iron sulphate) and without
bacteria [31]. The details of these systems are
given in Table 1. All experiments were repeated
thrice to ensure reliability. Distilled water was
periodically added to the system to compensate
for evaporation loss. Aliquots collected for
sample analysis were supplemented by sterile 9 K
medium.

2.3 Analysis methods
2.3.1 Leaching parameters

About 200 puL of supernatant was collected
from each Erlenmeyer flask every 3 days to
determine cell densities and the concentrations of
Cu”", Fe*" and total iron (TFe). Changes in pH and
redox potential (vs. Ag/AgCl) were simultaneously
measured. The concentrations of copper ions was
determined by BCO spectrophotometry. The
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concentration of Fe*" and TFe were measured by
byo-phenanthroline spectrophotography [33]. The
number of free cells was measured by optical
microscopy (CX31) [35].

At the initial 20, 40, 60, 80 and 100 min of
bioleaching, 10 uL  supernatant taken
respectively to determine the free cell density.
Then, the adsorption rate (Q) was calculated by the

was

following formula:
O=(Cy—C)/Cpx100% (1)

where C, and C represent the initial cell
concentration and the free cell concentration,
respectively [35].
2.3.2 Surface feature

The leaching residues of each conical flask
were passed through filter paper, washed with
sterile water, and dried in a vacuum-drying oven
(DZF-6050). A portion of the sample was removed
from the vacuum oven, sprayed with gold and
placed in SEM (Nova™ NanoSEM 230, FEL, USA)
chamber for morphology analysis.
2.3.3 Composition of leaching residues

The filtered samples were rinsed with distilled
water and placed in a vacuum oven to prevent
oxidation. The composition of the bioleaching
residues was analyzed by SR-XRD at the beam line
BL14B1 of the Shanghai Synchrotron Radiation
Facility (China). The wavelength used was
0.6887 A. The filter residues in the two chemical
leaching systems were dried for XRD analysis. XPS
testing was performed using ESCALAB 250Xi. The
spectrum was noted with Al K, X-ray source and a
constant pass energy of 20 eV (0.1 eV/step). The
binding energies were referred to the C 1s level at
284.6 eV [37]. Given the splitting of the spin orbit,
the S 2p peaks were divided into the S 2ps» and
S 2pi» peaks. The intensity of the S 2p;, peak for
the same species was twice that of the S 2p;,, peak,
and the binding energy of the 2p;, peak was
1.19 eV higher. The background of the spectrum
was based on the Shirley method [38].

Table 1 Experiment parameters for bioleaching and chemical leaching systems

. [Fe*')/ [Cd*')/ Visible Chalcopyrite/ Solution
System Bacteria (mol-L ™" (mg-L™" light g volume/mL
BioL Af - 0, 25, 50, 75, 100 +/— 2.0 100
ChemL-Fe — 0.1 0, 50 +/— 2.0 100

‘~” means absence; ‘+’ means existence; 4. f means A. ferrooxidans
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3 Results and discussion

3.1 Bioleaching behavior

The synergistic effects of Cd*" and visible light
on chalcopyrite bioleaching were investigated. The
effects of varied Cd*" concentrations (0, 25, 50, 75
and 100 mg/L) on chalcopyrite bioleaching were
explored, and results showed that the catalytic
effect was the best at 50 mg/L Cd*". Specifically,
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the copper extraction concentrations were
(3.58+0.02), (3.71+0.01), (3.9140.02), (3.79+0.02)
and (3.65%0.02) g/L for 0, 25, 50, 75 and 100 mg/L
Cd*", respectively, after 28 days of bioleaching
under the visible light. Thus, focus was given on the
effect of 50 mg/L Cd*" on chalcopyrite bioleaching.
As shown in Fig. 2(a), the dissolved copper slowly
increased in the first 6 days primarily because of
the low concentration of A. ferrooxidans. The
chalcopyrite dissolution rate increased on the 6th
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Fig. 2 Changes in concentration of dissolved copper (a), total iron concentration (b), ferrous concentration (c),
A. ferrooxidans concentration (d), pH (e) and redox potential (f), during bioleaching of chalcopyrite by 4. ferrooxidans
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day and then decreased after the 14th day. The low
leaching rate may be attributed to passivation-layer
inhibition. Finally, at 0 and 50 mg/L Cd*’, the
copper extraction concentrations under visible light
were (3.58+0.02) and (3.91£0.01) g/L, respectively.
By comparison, at 0 and 50 mg/L Cd**, the
dissolved copper concentrations in the bioleaching
system without visible light were (3.41+£0.11) and
(3.34£0.03) g/L, respectively. The concentration of
dissolved copper increased by 4.96% only in the
presence of visible light. When visible light and
50 mg/L Cd*" were both present, the dissolution
rate of copper was the highest, i.e., 14.70% higher.
These results showed that the presence of visible
light increased the chalcopyrite bioleaching rate.
Based on Fig. 2(a), a conclusion can be drawn that
Cd** inhibited chalcopyrite bioleaching in darkness
but promoted it under visible light.

Figures 2(b) and 2(c) showed the trends of TFe
and Fe’" concentrations. The concentration of TFe
progressively increased. Under visible light and
50 mg/L Cd*', the concentration of total iron was
the highest, which is mainly due to the oxidation
and dissolution of chalcopyrite (Egs.(2) and
(3)) [32]. Ferrous ions produced by chalcopyrite
dissolution were oxidized by A. ferrooxidans to iron
ions (Eq. (4)), which in turn promoted the oxidative
decomposition of chalcopyrite (Eq.(2)). By
contrast, the concentration of ferrous ions rapidly
decreased on the 12th day and remained at a low
level. These phenomena were due to the fact that
bacteria grew rapidly, which made the rate of
ferrous oxidation by bacteria faster than that of the
dissolution of chalcopyrite. Under visible light, the
concentration of ferrous ions was low and the
concentration of total iron was high, which was
mainly due to the photocatalytic reaction on the
chalcopyrite surface that promoted the growth of
bacteria and accelerated ferrous oxidation [33].
Some researchers have found that cadmium
sulphide particles formed on bacterial surfaces
through sedimentation can capture photogenerated
electrons and promote the utilization of
photogenerated electrons [26,39]. The growth of
bacteria promoted the transformation of ferrous
ions into iron ions (Eq. (4)). Accordingly, under
light conditions, the group with Cd*" had the
highest total iron concentration, the highest cell
concentration and the lowest ferrous concentration
(Figs. 2(b) and 2(d), respectively). These results

indicated that Cd*" improved the photogenerated
electron transfer and its utilization -efficiency,
promoted the growth of A. ferrooxidans in the

presence of visible light and improved the
photocatalytic efficiency of  chalcopyrite
bioleaching.

CuFeS,+4Fe* — Cu?*+5Fe*"+28° (2)

CuFeS,+4H+0,— Cu*'+Fe**+28°+2H,0 (3)

4Fe” +4H'+0, 4/, 4Fe* +2H,0 )

Figure 2(e) showed the changes in solution pH
during chalcopyrite bioleaching. The pH initially
increased, decreased on the fourth day and finally
decreased to below 1.9. The increase in pH was
mainly due to the consumption of hydrogen ions by
chalcopyrite dissolution (Eq. (3)), whereas the
decrease meant that acid was produced by the
oxidation of elemental sulphur by A. ferrooxidans
(Eq. (5)) and the formation of jarosite (Eq. (6)) [33].
Under visible light, the pH values of the
bioleaching system were lower than those in
darkness. The pH value was the lowest when Cd*
was added. When cadmium and visible light were
both present, the pH drop was very pronounced
mainly because of the massively growth of
A. ferrooxidans (Eq.(5)) and the formation of
jarosite (Eq. (6)) [36]:

28°+30,4+2H,0 4/ 5 2502~ +4H" (5)

M+3Fe*"+250%” +6H,0—
MFe3(SO4),(OH)s+6H" (6)

where M may be K", NH}, H;O" or Na".

The effects of visible light and Cd** on redox
potential are shown in Fig. 2(f). Redox potential is
an important factor in the leaching process of
chalcopyrite, which is mainly related to the ratio of
[Fe**)/[Fe*'] and [H'] in the solution [40]. In this
study, redox potential increased slowly in the first
8 days, then rapidly increased from the 8th to the
16th day until it reached >600 mV (vs Ag/AgCl)
and finally remained unchanged during chalcopyrite
bioleaching. The increase of redox potential in the
first 8 days was mainly related to the oxidation of
ferrous ions by A. ferrooxidans (Eq. (4)), which
indicated that the redox potential was mainly
affected by [Fe’')/[Fe’] [31,33]. The redox
potential of each group was almost the same. From
the 8th to the 16th day, compared with the dark
group, the redox potential of the light group was
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relatively high. The rise of redox potential was
related to the rapid decline of pH value in this stage,
and the difference between light group and dark
group was also consistent with the difference of pH
values. At this time, redox potential is mainly
affected by [H'] [40]. Finally, the redox potential
remained almost unchanged, which was consistent
with the change of ferrous ion concentration.

The adsorption rate of A. ferrooxidans on
chalcopyrite in the first 100 min of bioleaching is
shown in Fig. 3. Under dark conditions, the addition
of Cd*" slightly inhibited the adsorption of
A. ferrooxidans on chalcopyrite surface; while
under visible light, Cd*" promoted the attachment of
A. ferrooxidans to chalcopyrite. Microorganisms
can only utilize insoluble mineral substrates after
they attached to the mineral surface [41]. Therefore,
the attachment of A. ferrooxidans to chalcopyrite
surface is the key step in the bioleaching of
chalcopyrite.
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Bioleaching time/min

Fig. 3 Variation of adsorption rate of 4. ferrooxidans

According to the above analysis, visible light
and Cd*" accelerated chalcopyrite bioleaching by
accelerating the cycling of iron and ferrous ions,
increasing the concentration of A. ferrooxidans,
reducing the pH value and promoting the
attachment of A. ferrooxidans to chalcopyrite.

3.2 SEM analysis of surface feature

The surface characteristics of chalcopyrite ore
and leaching residues analyzed by SEM are shown
in Fig. 4. The surface of the untreated chalcopyrite
was flat (Fig. 4(a)). After chemical leaching, the
chalcopyrite surface changed slightly in light and
darkness whether or not Cd** was added

(Figs. 4(b)—(e)). The chalcopyrite surface was
eroded by A. ferrooxidans after bioleaching and
became more complex than that after chemical
leaching (Figs. 4(f)—(i)). Figures 4(f) and 4(h)
showed that under dark conditions, a small amount
of A. ferrooxidans bacteria can be found on the
chalcopyrite surface without Cd*" and are about
2.0 um long and 0.5 pum wide, whereas no bacteria
can be found on the mineral surface with 50 mg/L
Cd*. This is because the toxicity of cadmium ion
limited the reproduction of A. ferrooxidans [22].
Under visible-light conditions, some membranous
substances were found on the chalcopyrite surface
without Cd*" and were presumed as extracellular
polymeric substance (EPS), whereas a large number
of A. ferrooxidans bacteria adsorbed onto the
chalcopyrite surface with 50 mg/L Cd*" (Figs. 4(g)
and 4(i)). Attached biomass was increased and
further increased free biomass [42], which is
consistent with the conclusion of Fig. 2(d). This
phenomenon indicated that under visible light, Cd*"
promoted chalcopyrite bioleaching by promoting
the attachment of A. ferrooxidans to chalcopyrite
surface. The attachment of bacteria to chalcopyrite
surface and the production of EPS played an
important role in chalcopyrite bioleaching [7,43].
The attachment of A. ferrooxidans to chalcopyrite
surface was the first step of bioleaching. The
interface between bacteria and minerals provided
space for bioleaching reactions [43]. EPS produced
by bacteria can form a high oxidation activity area
near the chalcopyrite surface by accumulating Fe**,
thus enhancing dissolution of chalcopyrite [44,45].
In turn, the dissolution of chalcopyrite released
energy materials, such as elemental sulfur and
ferrous iron, which made the attached cells
proliferate rapidly [46]. This is consistent with the
conclusion of Figs. 2(a) and 2(d).

3.3 SR-XRD analysis of chalcopyrite residues
SR-XRD analysis indicated that chalcopyrite,
elemental sulphur and jarosite were the main
components of chalcopyrite-bioleaching residue
(Fig. 5). The SR-XRD results of bioleaching
residue in darkness showed that the characteristic
peaks of chalcopyrite were obvious, whereas those
of chalcopyrite from bioleaching residue under light
conditions were relatively low. As such, the
chalcopyrite content was low. However, the
characteristic peaks of elemental sulphur and
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bioleaching
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Fig. 5 SR-XRD patterns of chalcopyrite residues leached by A. ferrooxidans: (a) Dark, 0 mg/L Cd*"; (b) Light, 0 mg/L

Cd*; (c) Dark, 50 mg/L Cd*'; (d) Light, 50 mg/L Cd**
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jarosite were obvious under visible light, indicating
that the contents of both substances had increased.
This result combined with that shown in Fig.2
suggested that adding Cd*" to the visible light
system of bioleaching significantly promoted
chalcopyrite dissolution. However, the inhibitory
effect on the formation of passivating
components (jarosite and elemental sulphur) was
not obvious.

1085

3.4 Surface species determined by XPS

The chemical formula of chalcopyrite is
Cu'Fe*’(S*),, in which the elemental sulphur
has a valence of —2 [37,47]. Polysulphide (Sﬁ’),
elemental sulphur (S”) and sulphate (jarosite,
SO3™) were the main components of the passivation
layer [48—50]. In this work, we primarily studied
the existence of S 2p peaks on the chalcopyrite
leaching slags surface (Fig. 6 and Table 2). Sulphur
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Binding energy/eV
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Fig. 6 XPS spectra of S 2p peaks of chemical leaching residues (a—d) and bioleaching residues (e—h): (a, e) Dark,
0 mg/L Cd*"; (b, f) Light, 0 mg/L Cd*"; (¢, g) Dark, 50 mg/L Cd*"; (d, h) Light, 50 mg/L Cd**
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Table 2 Contents of different sulphur species in sulfur
layer of chalcopyrite (at.%)

Sample S 87 s¥/s" s07 S0
BioL OH 518 - 608 — 8873
BioL 0G 627 - 780 - 859
BioL 50H 612 - 572 - 8816
BioL 50G 572 - 612 - 8816

ChemL-Fe OH 4551 15.07 2427 — 15.15
ChemL-Fe 0G  28.64 14.91 26.03 — 3042
ChemL-Fe 50H 4575 — 4134 — 1291
ChemL-Fe 50G 3247 - 3133 - 3620

OH—Dark, 0 mg/L Cd*"; 0G—Light, 0 mg/L Cd*"; 50H—Dark,
50 mg/L Cd*"; 50G—Light, 50 mg/L Cd**

species were primarily classified into six types:
monosulphide (S*, binding energy 161.1-161.8 eV,
FWHM 0.5-0.7 eV), disulphide (S3, binding
energy 162.3-162.4 eV, FWHM 0.5-0.7 eV),
polysulphide (S2, binding energy 163.0-163.9 eV,
FWHM 1.1-1.3 eV), elemental sulphur (S°, binding
energy 163.05-164.7 eV, FWHM 0.7-1.7 eV),
sulphite (SO3”, binding energy 166.4-166.5 eV),
and sulphate ( SO3", binding energy 168.0—
169.0 eV, FWHM 0.9 eV) [51-53]. The binding
energies and relative contents of sulphur species are
listed in Table 2. The contents of S, S27, S27/S°
and SO; were calculated from the area under the
S 2p peak [53]. In the bioleaching processes, visible
light was found to increase the content of S>~/S°,
whereas adding Cd** reduced the content of S*". In
the Cheml-Fe groups, the light system produced
more SO~ and less S?7/S” than those of the dark
system, indicating that chalcopyrite decomposed
more thoroughly and produced more jarosite in
light than in darkness.

3.5 Effects of visible light and Cd** on
chalcopyrite leaching with Fe**

A series of experiments was carried out
(Table 1, ChemL-Fe) to clarify the direct effects of
visible light and Cd** on iron cycling in the
chemical leaching system. The results in Fig. 7
indicated that the concentrations of total iron and
ferrous in the visible system were higher than those
in the dark system. As shown in Fig. 7(a), the
concentration of dissolved copper was the highest
in the presence of visible light, but adding Cd*" had
no obvious promotion effect on chalcopyrite

leaching by Fe’". Under visible light, the
concentration of ferrous ions in the solution was
relatively high, which may be attributed to the
promotion of Fe’" reduction and corresponding
production of more Fe’" ions caused by the
photoelectron light generated in the chalcopyrite.
Moreover, a higher concentration of Fe** ions and
lower concentration of Fe’ in the system of light
led to lower redox potential, which is determined by
the ratio of Fe’'/Fe’’, thereby promoting the
dissolution of chalcopyrite [54—56]. This
phenomenon promoted the further release of iron.
In conclusion, light played a key role in maintaining
the chemical cycle of iron and improving
chalcopyrite leaching, whereas Cd*" had no effect
on chalcopyrite leaching.

3.6 Proposed mechanism model

Based on the above analyses, the mechanism
of visible light and Cd*" enhancing chalcopyrite
bioleaching is shown in Fig. 8. Chalcopyrite
possesses an electronic structure composed of a
valence band (VB) and a conduction band (CB). By
absorbing photons with energy equal to or greater
than the band-gap energy, the wvalence band
electrons (e) can be excited to the conduction band.
Then, the electrons migrate to the surface of
chalcopyrite and promote the conversion of Fe*' to
Fe’". In addition, in visible light, Cd*" can
strengthen the adsorption of bacteria onto
chalcopyrite surface, thus promoting chalcopyrite
bioleaching. The possible reasons why Cd**
promoted the attachment of A. ferrooxidans on
chalcopyrite surface under visible light are as
follows. (1) The low concentration of Cd*" can
increase the permeability of cell membrane and
make the absorption of nutrients more easily [24].
Visible light promotes the circulation of iron,
produces more Fe** for A. ferrooxidans, thus
promoting the growth of bacteria. Therefore, when
visible light and Cd*" exist at the same time, there
will be a large number of bacteria adsorbed on the
mineral surface. (2) Bacteria induce Cd*" to form
CdS nanoparticles [25], which can be used as light
collectors to maintain the cell metabolism of
non-photosynthetic bacteria [26], thus promoting
the growth and adsorption of bacteria. (3) Cd*" can
improve the electrochemical activity of chalcopyrite,
thus strengthening the bacterial adhesion on the
chalcopyrite surface [35].
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4 Conclusions

(1) Under visible light conditions, a low
concentration (50 mg/L) of Cd*" can strengthen the
adsorption of bacteria onto the chalcopyrite surface
and promote the growth of A. ferrooxidans to
enhance chalcopyrite bioleaching.

(2) Visible light significantly influenced the
promotion of the Fe’'/Fe** cycle, and Fe*'
regeneration provided energy for A. ferrooxidans.
In addition, visible light increased cell biomass and
decreased redox potential and acidity, thereby
promoting copper dissolution during chalcopyrite
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bioleaching.

(3) Visible light and Cd*" exerted a synergistic

catalysis effect on chalcopyrite bioleaching in the
presence of A. ferrooxidans. And the mechanism
diagram of visible light and Cd*" catalysis for
chalcopyrite bioleaching was proposed.
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