
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 2
:2

0:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synergistic cataly
aKey Laboratory of Biohydrometallurgy,

Bioengineering, Central South University, C

zhujy@mail.csu.edu.cn; proucsu@126.com
bThe Second Affiliated Hospital of Shao

Shaoyang, China
cSchool of Public Health, Changsha Medical

Cite this: RSC Adv., 2017, 7, 49838

Received 8th September 2017
Accepted 18th October 2017

DOI: 10.1039/c7ra10015a

rsc.li/rsc-advances

49838 | RSC Adv., 2017, 7, 49838–498
tic effects of visible light and
graphene on bioleaching of chalcopyrite

Baojun Yang,a Min Gan,a Wen Luo,b Shuang Zhou,c Pan Lei,a Jian Zeng,a Wei Sun,a

Jianyu Zhu *a and Yuehua Hu*a

The effects of graphene and visible light on chalcopyrite bioleaching was studied using Acidithiobacillus

ferrooxidans. The results indicated that graphene and visible light could significantly accelerate

chalcopyrite dissolution. The concentration of dissolved copper in the light system without graphene

was 24.8% higher than the control group without light and graphene. The copper solubilization rate in

the dark system with graphene was slightly higher than the control group. The copper solubilization rate

of the group with light and 1.0 g L�1 graphene was the highest in comparison to others, and it was 50.3%

higher than the control group. It was shown that the enhancing effect of the synergy catalysis was much

more significant than when only using a single catalytic method. Bioleaching results, X-ray diffraction

(XRD), cyclic voltammetry (CV), scanning electron microscopy (SEM) and elemental X-ray microanalysis

(EDS) analysis indicated that the synergistic catalytic effect of graphene and light could primarily be

attributed to the promotion of Fe3+/Fe2+ cycling and inhibition jarosites formation on the chalcopyrite

surface.
1. Introduction

Chalcopyrite (CuFeS2), the most abundant copper sulde
mineral on the earth, is the primary mineral source for copper
extraction.1–4 Until now, the main process for extracting copper
from chalcopyrite is pyrometallurgy although hydrometallur-
gical processes are sometimes used.5 However, these traditional
processes have some shortcomings including the high emission
of polluted gas mainly as SO2 and high acid consumption and
high costs.6 Bioleaching is an effective method for metal
extraction from low-grade ores,7 which continues to attract the
attention of scholars owing to its incomparable advantages,
such as simple operation, mild reaction, environment friendly
and lower energy costs compared with pyrometallurgy and
conventional hydrometallurgy.8–12 However, chalcopyrite is
recalcitrant to bioleaching due to its complicated composition,
high lattice energy and strong passivation effect.13

To enhance chalcopyrite bioleaching, many efforts have
been devoted to the mechanisms of chalcopyrite bioleaching,
with focus on the bacterial leaching mechanisms, the interface-
action between bacteria and the mineral surface and bacterial
metabolic gene expression during chalcopyrite bioleaching.14–16

Through independent mechanisms, various optimization
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methods such as adjustment of optimum redox potentials and
pH, using mixed thermophilic bacteria, and addition of acti-
vated carbon, silver ions and L-cysteine have been used for
enhancing bioleaching.17–23 These researches have already ach-
ieved some progresses, and all the methods have been proved to
speed up the dissolution of copper. However, these studies
neglect the semiconductor property of chalcopyrite during the
bioleaching processes. Photocatalysis with semiconductors has
been extensively studied in the last few decades, such as
degradation of organic pollutants, generation of hydrogen and
reduction of CO2.24–26 Some researches have found that visible
light-excited photoelectrons from semiconductor minerals are
able to reduce Fe3+ to Fe2+, which can be used as energy
substrate for Acidithiobacillus ferrooxidans growth.27,28 Chalco-
pyrite bioleaching can be achieved through two modes: contact
and non-contact leaching.29 In these two modes, ferrous ions
are oxidized to ferric ions by Acidithiobacillus ferrooxidans, then
ferric ions attack chalcopyrite to dissolve it. Thus, ferrous ions
and reduced inorganic sulfur compounds are released from
chalcopyrite. Ferrous ions are re-oxidized by Acidithiobacillus
ferrooxidans, and reduced inorganic sulfur compounds are
oxidized to sulfates to maintain the acidic environment of the
leaching system. As a result, the chalcopyrite get dissolved. A
recent study has showed that visible light can signicantly
accelerate the copper extraction with the help of the semi-
conductor property of chalcopyrite.30 Photoexcited electrons
from the semiconductor chalcopyrite could facilitate the
reduction of Fe3+ to Fe2+ as metabolic substrates for A. ferroox-
idans, leading to better biomass, lower pH and redox, which was
This journal is © The Royal Society of Chemistry 2017
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conducive to chalcopyrite bioleaching. However, the rapid
recombination of photogenerated electrons and holes (approx-
imately 10 ns) in chalcopyrite particles will limit the efficiency of
photocatalytic chalcopyrite bioleaching.31,32 Hence, improving
the charge separation is the key issue to enhance photocatalytic
chalcopyrite bioleaching.

Graphene, two-dimensional graphitic carbon material with
honeycomb crystal structure and single atomic layer, has
attracted the attention of many scientists due to its unique
properties, such as good electrical conductivity, high chemical
stability, larger specic surface area and good transparency.33

These outstanding advantages can help graphene enhance the
photocatalytic efficiency of semiconductor catalyst through
promoting photogenerated electrons transfer and suppressing
photogenerated electrons and holes recombination.34,35

However, to the best of our knowledge, no studies have been
reported to the inuence of graphene and visible light on
chalcopyrite bioleaching. Therefore, in this paper, the effect of
graphene and visible light on chalcopyrite bioleaching by
Acidithiobacillus ferrooxidans was investigated separately by
means of XRD, SEM-EDS and cyclic voltammetry to further
understand the roles of graphene and visible light in
bioleaching.
2. Material and methods
2.1. Strain and culture conditions

A. ferrooxidans strain (ATCC23270) purchased from American
type culture collection was used in this study. The medium 9K
constituted of (NH4)2SO4 3 g L�1, KCl 0.1 g L�1, K2HPO4$3H2O
0.5 g L�1, MgSO4$7H2O 0.5 g L�1, Ca(NO3)2 0.01 g L�1 was used
to culture A. ferrooxidans, which was adjusted to pH 2.0 with
H2SO4 (0.01 mol L�1). 20 g L�1 chalcopyrite was added as energy
substance. A. ferrooxidans was previously adapted into an
orbital shaker at 30 �C and 170 rpm with 20 g L�1 chalcopyrite
sample. The growth of bacteria was quantied by blood
corpuscle counting using an optical microscope at 40� ampli-
cation. Cells were harvested at the mid-exponential growth
phase with cell concentration of higher than 1.0 � 107 cells per
mL. The culture was incipiently ltered by Whatman 42 lter
paper to exclude suspended solids. The suspension containing
Table 1 The analysis of ore residues and original chalcopyrite by XRD a

Different concentration Different light condition Time (d

— — 0
— 8500 lux 36
— Dark 36
0.5 g L�1 graphene 8500 lux 36
0.5 g L�1 graphene Dark 36
1.0 g L�1 graphene 8500 lux 36
1.0 g L�1 graphene Dark 36
1.5 g L�1 graphene 8500 lux 36
1.5 g L�1 graphene Dark 36

This journal is © The Royal Society of Chemistry 2017
cells were subsequently centrifuged (10 000 rpm) for 20 min at
25 �C. The pellets were washed with sulfuric acid (0.01 mol L�1)
to obtain metabolites-free cells and then suspended in steril-
ized 9K medium.
2.2. Preparation of minerals sample

The chalcopyrite sample used in the bioleaching experiments
was obtained from Guangxi, China. The ground mineral was
sieved to a particle diameter of 43–74 mm. The X-ray diffraction
analysis showed that the mineral was consisted primarily of
chalcopyrite, jarosite and sulfur (showed in Table 1).
2.3. Bioleaching experiments

All the bioleaching experiments were undertaken in a constant
temperature illumination shaker (TS-2102GZ), where the
temperature was set to 30 �C and the light intensity could be
regulated. Parallel uorescent light bulbs located at the top of
asks acted as the light source. Bioleaching experiments were
carried out in 250 mL asks containing 100 mL sterilized 9K
medium, 2 g chalcopyrite and various contents of graphene
(0.00 g, 0.02 g, 0.05 g, 0.10 g and 0.15 g). The initial pH and
inoculum was 2.0 and 3.2 � 107 cells per mL, respectively. The
light intensity was set to 8500 lux and 0 lux. The asks incu-
bated at 30 �C and 170 rpm on illumination shaker for 36 days.
During the bioleaching process, the pH and redox potentials
were monitored regularly. A volume of 0.1 mL of solution
samples were removed to evaluate the cupric ion, total iron,
ferrous ion and bacterial concentrations. Sterilized distilled
water was used to compensate for the water evaporation, and
equal volumes of sterilized 9K medium (pH ¼ 2) was added to
compensate for the losses due to sampling for analyses. All the
bioleaching experiments were carried out in duplicate to guar-
antee dependability.
2.4. Electrochemical measurements

The carbon paste electroactive electrode (CPEE) contained 0.7 g
of minerals, 0.1 g of solid paraffin and 0.2 g of graphite was used
as the working electrode. Electrochemical experiments were
carried out by a conventional three-electrode system, which
consisted of a working electrode, two wired graphite rods as the
t the end of bioleaching

ay)

The content of components in residues (%)

Chalcopyrite Jarosite Sulfur Pyrite

91.2 5.6 2.7 0.5
64.8 32.5 2.2 0.4
76.9 19.7 3.1 0.3
64.7 31.5 3.5 0.3
74.3 22.7 2.6 0.4
57.9 39.2 2.2 0.7
72.6 24.9 2.3 0.2
55.1 42.0 2.3 0.6
68.1 29.1 2.3 0.5

RSC Adv., 2017, 7, 49838–49848 | 49839
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counter electrode and a Ag/AgCl (3.0 M KCl) electrode as the
reference electrode. The working electrode surface was polished
with 3000 silicon carbide papers, and then rinsed with deion-
ized water before each electrochemical measurement.36 The
electrolyte was 9K medium (no ferrous sulfate) whose pH value
was adjusted to 2.0 with diluted sulfuric acid (0.01 mol L�1).
Before the start of all electrochemical tests, the ultra-pure
nitrogen gas were bubbled into the electrolyte solution for at
least 20 min. The scan route started scanning initially from 0 to
800 mV, then reversed to �800 mV and nally switched back to
0 mV again. All tests were carried out at a scan rate of 20 mV s�1

(vs. Ag/AgCl) in N2 atmosphere.
Fig. 1 Changes in concentration (mean� SD) of dissolved copper during
light or dark condition (a, b, c, d and e): (a) the groups with 0.1 g L�1 gra
control groups; (c) the groups with 0.5 g L�1 graphene and control grou
groups with 1.5 g L�1 graphene and control groups.

49840 | RSC Adv., 2017, 7, 49838–49848
2.5. Analytical techniques

The concentration of copper ion and iron were determined by
BCO spectrophotometry and o-phenanthroline spectrophotog-
raphy, respectively (their correlation coefficient of standard
curve-r is greater or equal to 0.999). The bacterial concentration
was measured by optical microscope (CX31). A pH meter (PHS-
3C) and a Pt electrode using a Ag/AgCl electrode (3.0 M KCl) as
reference were employed to measure the pH values and redox
potentials of the bioleaching solution. The surface features of
mineral residues and mineral composition changes were
examined by Scanning Electron Microscope (SEM), Energy
Dispersion Spectrum (EDS) and X-ray diffraction (XRD)
chalcopyrite bioleaching at different concentration of graphene under
phene and control groups; (b) the groups with 0.2 g L�1 graphene and
ps; (d) the groups with 1.0 g L�1 graphene and control groups; (e) the

This journal is © The Royal Society of Chemistry 2017
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analyses. Luminous intensity was determined with TES-1330A
digital light meter.
3. Results and discussion
3.1. Effect of graphene and visible light on chalcopyrite
bioleaching

The contribution of graphene and visible light to the biol-
eaching of chalcopyrite was investigated. As can be seen in
Fig. 1, copper extraction increased quickly during the rst 6
days, and then the rate of chalcopyrite dissolution became slow,
which may be credited to the inhibition of passive lm forma-
tion on copper extraction. The nal copper extraction
Fig. 2 Iron concentration (mean� SD) during chalcopyrite bioleaching a
c, d and e): (a) the groups with 0.1 g L�1 graphene and control groups; (b)
with 0.5 g L�1 graphene and control groups; (d) the groupswith 1.0 g L�1 g
control groups.

This journal is © The Royal Society of Chemistry 2017
concentrations were 2.06 � 0.03 g L�1, 2.09 � 0.06 g L�1, 2.13 �
0.02 g L�1, 2.16� 0.11 g L�1, 2.48� 0.12 g L�1, 2.42� 0.11 g L�1

for the visible light irradiation in the presence of 0, 0.1, 0.2, 0.5,
1.0 and 1.5 g L�1 graphene, respectively. By comparison, the
nal copper extraction concentrations of the bioleaching
systems without light irradiation in the presence of 0, 0.1, 0.2,
0.5, 1.0 and 1.5 g L�1 graphene were 1.65 � 0.20 g L�1, 1.73 �
0.04 g L�1, 1.68� 0.07 g L�1, 1.74� 0.02 g L�1, 1.74� 0.03 g L�1,
1.76 � 0.10 g L�1, respectively. The results indicated that visible
light and graphene accelerated the copper leaching signi-
cantly. The dissolved copper in the light system without gra-
phene was 24.8% higher than that in the control without light
and graphene. The copper solubilization rate in the dark system
t different concentration of graphene under light or dark condition (a, b,
the groups with 0.2 g L�1 graphene and control groups; (c) the groups
raphene and control groups; (e) the groups with 1.5 g L�1 graphene and

RSC Adv., 2017, 7, 49838–49848 | 49841
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with graphene was slightly higher than the control group. The
copper solubilization rate of group with visible light and 1.0 g
L�1 graphene was the highest in comparison to others, and it
was 50.3% higher than that of the control group. It was shown
that the enhancing effect of the synergy catalysis was much
more signicant than that when only using a single catalytic
method.

Fig. 2 showed that the variation trend of the concentration of
total iron and ferrous iron in each group were essentially
similar. The total iron concentration increased at rst, then
decreased owing to the precipitation of the soluble ferric iron
(Fe3+) as jarosite (eqn (5)). The total iron concentration of the
light group was higher than that of the unilluminated group,
and a higher graphene concentration resulted in more dis-
solved iron. The main biochemical reactions during the biol-
eaching are listed as eqn (1)–(5).37 The presence of Fe3+ in the
leaching medium has been widely accepted as the primary
factor for the indirect leaching mechanism of chalcopyrite (eqn
(1)),38 and ferrous iron (Fe2+) can provide energy to A. ferroox-
idans. Hence, the concentration of total iron was an important
parameter in bioleaching of chalcopyrite. As can be seen from
Fig. 1 and 2, high concentration of total iron would be benecial
to copper extraction. In contrast, ferrous iron concentration
decreased quickly during the rst 6 days, and then maintained
at a lower level. It is probable owing to that rapid growth of
bacteria consumed a large amount of ferrous ions. Compared to
the unilluminated group, the ferrous iron concentration of the
light group was marginally superior in the bioleaching system.
In addition, it's worth noting that the ferrous iron concentra-
tion of the experimental groups with graphene and visible light
were also slightly higher than that of the group without gra-
phene under visible light condition. As illustrated in Fig. 3, the
photocatalytic reactions took place on the surface of chalcopy-
rite and graphene. These reactions were activated by the
application of light with energy equal to or greater than the
band-gap energy,39 thereby exciting to generate electrons in the
conduction band (CB) and holes in the valence band (VB) of
chalcopyrite. Then, the excited electrons in the CB of
Fig. 3 The possible mechanism of enhancing chalcopyrite bioleach-
ing through the synergistic effect of graphene and visible light.

49842 | RSC Adv., 2017, 7, 49838–49848
chalcopyrite could be easily transferred to the graphene due to
its high electrical conductivity, thus suppressing the recombi-
nation of photogenerated electrons and holes in chalcopyrite.
The high separation rate of electron–hole pairs made photo-
generated electrons easier to reduce Fe3+ to Fe2+, giving rise to
the regeneration of Fe2+ in the photocatalytic system. Hence,
compared to the control samples under visible light condition
without graphene, the regeneration of Fe2+ was superior in the
bioleaching system with visible light and graphene. The
regeneration of Fe2+, which acted as a metabolical substrate for
A. ferrooxidans, appeared in the light-induced system. This was
consistent with the results shown in Fig. 4. The growth of A.
ferrooxidans during the visible light treatment was accelerated.
It was apparent that free cell density in visible light treatment
was larger than that subjected to dark condition. The free cell
density of groups containing graphene was less than that of the
group without graphene except that the free cell density of the
group with 0.1 g L�1 graphene was marginally higher than the
group without graphene when illuminated with visible light.
What's more, the free cell density decreased with increasing
graphene concentration. These phenomenas maybe due to
graphene has a large specic area, which can absorb a large
number of free cells to make a lot of free cells decreasing.
Hence, graphene might be able to reduce attached cells on the
chalcopyrite surface to reduce the formation of passivation and
enhance the bioleaching of chalcopyrite.37

CuFeS2 + 4Fe3+ / Cu2+ + 5Fe2+ + 2S0 (1)

CuFeS2 + 4H+ + O2 / Cu2+ + Fe2+ + 2S0 + 2H2O (2)

4Fe2þ þ 4Hþ þO2 �����!A:f
4Fe3þ þ 2H2O (3)

2S0 þ 3O2 þ 2H2O �����!A:f
2SO4

2� þ 4Hþ (4)

K+ + 3Fe3+ + 2SO4
2� + 6H2O / KFe3(SO4)2(HO)6 + 6H+ (5)

Fig. 5 showed the pH value of solution during chalcopyrite
bioleaching. The pH value of the bioleaching system increased
in the rst 3 days and subsequently decreased to below 1.9. The
pH value of the bioleaching system under visible light illumi-
nation was lower than that of the dark treatment. In addition,
the pH value of leaching solution increased with increasing
graphene concentration, and it maybe due to graphene could
adsorb hydrogen ions and cushion pH. The initial increase of
pH can be attributed to the consumption of hydrogen ions as
there were no available oxidizing agents in the leaching system
(eqn (2) and (3)). The following drop in pH implies the gener-
ation of acids, which were produced by A. ferrooxidans oxidizing
elemental sulfur to sulfuric acid as well as the result of jarosite
precipitation (eqn (4) and (5)). In comparison to the dark
system, the more prominent pH decrease of the visible light
illumination system was a result of more acid generated by
higher biomass production and more Fe(III) precipitation,
which was reected in the experiments results (showed in Fig. 4
and Table 1). Therefore, it was able to determine that
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Cells concentration (mean � SD) during chalcopyrite bioleaching at different concentration of graphene under light or dark condition (a,
b, c, d and e): (a) the groups with 0.1 g L�1 graphene and control groups; (b) the groups with 0.2 g L�1 graphene and control groups; (c) the groups
with 0.5 g L�1 graphene and control groups; (d) the groupswith 1.0 g L�1 graphene and control groups; (e) the groups with 1.5 g L�1 graphene and
control groups.
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illumination was favorable to acid formation, which promoted
the bioleaching process of chalcopyrite.

The inuence of visible light and graphene concentration on
redox potential was showed in Fig. 5. It was observed that the
oxidation–reduction potential of the chalcopyrite bioleaching
system quickly increased to more than 540 mV in the rst six
days, and then remained in a relatively stable range. Compared
with the unilluminated group, the light group had a lower
oxidation–reduction potential, while the graphene added
system had a higher oxidation–reduction potential than the
group without graphene. The redox potential was partially
correlated to the proportion of Fe3+/Fe2+ species. The lower
potential, which appeared in the lighted bioleaching system,
This journal is © The Royal Society of Chemistry 2017
was a result of regeneration of Fe2+ and continuous cycling of
Fe3+/Fe2+, which was further induced by semiconducting
mineral photocatalysis. The chalcopyrite bioleaching system
containing graphene had a higher potential due to it had
a higher concentration of ferric ion (as shown in Fig. 2). All in
all, visible light and graphene can augment copper bioleaching
by accelerating the circulation of ferric ion and ferrous ion of
bioleaching system.
3.2. SEM-EDS analysis

The surface morphologies of the chalcopyrite residues during
bioleaching were observed by SEM (Fig. 6). The SEM image of
the original graphene surface was shown in Fig. 6a, and the
RSC Adv., 2017, 7, 49838–49848 | 49843
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Fig. 5 pH (mean � SD) and redox potential (mean � SD) during chalcopyrite bioleaching at different concentration of graphene under light or
dark condition (a, b, c, d and e): (a) the groups with 0.1 g L�1 graphene and control groups; (b) the groups with 0.2 g L�1 graphene and control
groups; (c) the groups with 0.5 g L�1 graphene and control groups; (d) the groups with 1.0 g L�1 graphene and control groups; (e) the groups with
1.5 g L�1 graphene and control groups.
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surface was smooth and clear. The surface morphology of the
original chalcopyrite was shown in Fig. 6b, demonstrating that
there was no jarosites attached to the surface. These images
revealed that graphene surface of residues containing 1.5 g L�1

graphene were covered with a large number of jarosites (micro
particles) (Fig. 6c and d). Jarosites were some cubic crystals, and
their size was between 200 nm and 1000 nm.40 Only a small
amount of jarosite particles attached on the chalcopyrite
surface of residues containing 1.5 g L�1 graphene (Fig. 6e and f).
However, the chalcopyrite surface of residues without graphene
contained a large number of jarosites (Fig. 6g and h). The
results showed that graphene could facilitate jarosites forma-
tion on the surface of graphene. Therefore, it could suppress
jarosites formation on the surface of chalcopyrite and enhance
the bioleaching of chalcopyrite.
49844 | RSC Adv., 2017, 7, 49838–49848
Table 2 listed the results of EDS. The mass fractions of
elements in original chalcopyrite for C, O, Cu, Fe and S were
0.00%, 5.23%, 32.62%, 29.82%, 28.52%, respectively. In residue
leached under light condition in the absence of graphene, the
mass fractions of elements for C, O, Cu, Fe and S were 0.00%,
16.77%, 13.28%, 35.19%, 31.23%, respectively, and the mass
fractions of elements for C, O, Cu, Fe and S in the residue
without visible light and graphene were 0.00%, 15.24%, 17.69%,
34.93%, 28.58%, respectively. In residue with light and 1.0 g L�1

graphene, the mass fractions of elements for C, O, Cu, Fe and S
were 21.27%, 18.40%, 18.31%, 20.13%, 19.10%, respectively,
and the mass fractions of elements for C, O, Cu, Fe and S in the
residue under dark condition in the presence of 1.0 g L�1 gra-
phene were 22.25%, 17.89%, 18.71%, 19.47%, 18.58%, respec-
tively. The results indicated that the surface copper was
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 SEM images of graphene and chalcopyrite surface: (a) original
graphene surface; (b) original chalcopyrite surface; (c) and (d) gra-
phene surface of the residues containing 1.5 g L�1 graphene under
light and dark condition, respectively; (e) and (f) chalcopyrite surface
morphology for the residues containing 1.5 g L�1 graphene under light
and dark condition, respectively; (g) and (h) chalcopyrite surface of the
residues without graphene under light and dark condition,
respectively.

Table 2 The analysis of ore residues and original chalcopyrite by EDS a

Sample

Mass fraction/%

C O

Original chalcopyrite — 5.23
Light without graphene — 16.77
Dark without graphene — 15.24
Light with 1.0 g L�1 graphene 21.27 18.40
Dark with 1.0 g L�1 graphene 22.25 17.89

This journal is © The Royal Society of Chemistry 2017
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relatively reduced aer bioleaching due to copper was dis-
solved, and the surface copper of residue under light condition
without graphene was lower than the dark system without gra-
phene owing to the light system had more copper dissolved out
during the bioleaching. By contrast, the surface sulphur, oxygen
and iron element were relatively rich aer bioleaching of chal-
copyrite because of the formation of sulfurs and jarosites. In
addition, the surface of residues with graphene contained
higher levels of C element and lower Fe, S element. The results
indicated that the graphene can cover on the surface of the
chalcopyrite and reduce jarosite formation on the chalcopyrite
surface to increase the chalcopyrite bioleaching. These results
were consistent with the bioleaching experiments and XRD
results.
3.3. XRD analysis of chalcopyrite

The XRD phase retrieval analysis showed that the main
composition of the leached residues was chalcopyrite, jarosite,
sulfur and pyrite (Fig. 7). The residues of light group contained
more jarosites and much less chalcopyrite than the controls
without light. As graphene concentration increased, jarosites of
residue increased, while the content of chalcopyrite decreased.
The residues contained small amounts of sulfur, and the
content of sulfur in each group is almost the same. We specu-
late that it may be due to most of the sulfur element would be
oxidized by Acidithiobacillus ferrooxidans to higher valence
sulfur oxides in the bioleaching process (eqn (4)).37 It was
conrmed that jarosite was the most abundant product that will
be continuously accumulated during the bioleaching of chal-
copyrite.41 Jarosite precipitation was the key factors for chalco-
pyrite passivation. Visible light could enhance chalcopyrite
bioleaching, and it would also lead to more jarosite production
and inhibit the further dissolution of chalcopyrite. Graphene
could facilitate a large number of jarosites formation on its
surface and reduce jarosites formation on the surface of chal-
copyrite. Hence, graphene could further enhance the biol-
eaching of chalcopyrite. It was also well illustrated by the results
of copper extraction. The leaching rate of the light system with
graphene was faster than that of the light system without gra-
phene in the later stage (Fig. 1).
3.4. Cyclic voltammetry analysis

The cyclic voltammograms of original chalcopyrite electrode
and chalcopyrite residue electrodes in 9K medium were shown
t the end of bioleaching

OthersCu Fe S

32.62 29.82 28.52 3.81
13.28 35.19 31.23 3.53
17.69 34.93 28.58 3.56
18.31 20.13 19.10 2.79
18.71 19.47 18.58 3.10

RSC Adv., 2017, 7, 49838–49848 | 49845
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Fig. 7 XRD patterns of original chalcopyrite and chalcopyrite residues
after bioleaching at different concentration of graphene under light or
dark condition.
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in Fig. 8. Two cathodic peaks (C1 and C2) and three anodic
peaks (A1, A3 and A4) were detected at original chalcopyrite
electrode, while two cathodic peaks (C1 and C2) and four anodic
peaks (A1, A2, A3 and A4) were detected at electrodes of chal-
copyrite residues without graphene (Fig. 8a). According to many
other studies, the anodic and cathodic peaks can be assigned to
the corresponding oxidation–reduction reactions.42–44 The
peaks A1 and A2 should represent the formation and further
Fig. 8 Cyclic voltammograms of origin chalcopyrite electrode and elec
graphene under light or dark condition (a, b, c and d): (a) original chalcop
(b) the residues with 0.2 g L�1 graphene under light and dark condition; (c)
the residues with 1.0 g L�1 graphene under light and dark condition.

49846 | RSC Adv., 2017, 7, 49838–49848
oxidation of chalcocite (Cu2S), and peak A3 might represent the
oxidation of hydrogen sulde to elemental sulfur as reported by
many researchers (eqn (6)–(8)).36,45–47 Peak A4 could be seen
a pre-wave, it represented the decomposition of chalcopyrite to
intermediate species as shown in eqn (9).42,46

Cu2S / Cu2�xS + xCu2+ + 2xe� (6)

Cu2�xS / CuS + (1 � x)Cu2+ + 2(1 � x)e� (7)

H2S / S0 + 2H+ + 2e� (8)

CuFeS2 / Cu1�xFe1�yS2�z + xCu2+ + yFe2+

+ zS0 + 2(x + y)e� (9)

Peak C1 could represent the reduction of ferric ions, copper
ions and elemental sulfur shown as eqn (10)–(12), and peak C2
could be associated with reduction of covellite to chalcocite
shown as eqn (13).47–49

Fe3+ + e� / Fe2+ (10)

Cu2+ + S0 + 2e� / CuS (11)

Cu2+ + 2e� / Cu0 (12)

Cu2S + H+ + 2e� / 2Cu0 + HS� (13)
trodes of ore residues after bioleaching at different concentration of
yrite and the residues without graphene under light and dark condition;
the residues with 0.5 g L�1 graphene under light and dark condition; (d)

This journal is © The Royal Society of Chemistry 2017
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The cyclic voltammogram curves of the three electrodes of
origin chalcopyrite and residues without graphene were similar,
while the current densities were signicantly different. The
anodic current density of peak A4 and the cathodic current
density of peaks C1 and C2 of the electrode of residue under
light condition without graphene were not only lower than
origin chalcopyrite electrode, but also lower than electrode of
residue under dark condition without graphene (Fig. 8a). It was
shown that the chalcopyrite residue under light condition
without graphene had a lower oxidation–reduction rate than the
dark group without graphene. This could mainly be attributed
to chalcopyrite dissolution and passivation formation during
the bioleaching, and the light group had more chalcopyrite
dissolution and passivation formation than the dark group
during the bioleaching. These were in accord with the results of
bioleaching and XRD analysis. The leaching rate of the light
group without graphene was 24.8% higher than the dark group
without graphene. There were higher jarosite formation on the
light group without graphene than that on the dark group
without graphene (showed Table 1 and Fig. 1). The addition of
the graphene group has a weaker redox peak compared to the
control group, and the redox peak of the electrode becamemore
obscure with the increasing of the content of graphene.
Furthermore, the redox peaks of electrodes of ore residues
under dark condition were more obvious than the light group
(Fig. 8b–d). When the concentration of graphene reached 1 g
L�1, the cyclic voltammetry curves of electrodes had no redox
peak (Fig. 8d). These maybe due to chalcopyrite was wrapped by
graphene that has the characteristics of double layer capaci-
tance, and light group or graphene addition group had more
chalcopyrite dissolution and passivation formation. These were
well consistent with the results of bioleaching, XRD analysis
and SEM observation. The light group and the graphene group
had a higher leaching rate compared with the control group
without light and graphene (showed in Fig. 1). The results of
cyclic voltammetry analysis and leaching results showed that
both light and graphene could promote the dissolution of
chalcopyrite. The results of XRD analysis showed that the resi-
dues of the light group and the graphene group contained more
jarosites (showed in Fig. 7 and Table 1). This indicated that the
formation of excessive jarosites on the light group would further
inhibit the photocatalytic efficiency. SEM observation results
showed that residues surface of graphene group was covered by
a large amount of graphene, and graphene surface of residues
contained a large amount of jarosites (showed in Fig. 6c and d).
This shows that graphene could facilitate jarosites formation on
the surface of graphene to suppress jarosites formation on the
surface of chalcopyrite and enhance the bioleaching. The
results indicated that visible light and graphene could promote
chalcopyrite bioleaching.

4. Conclusions

Graphene and visible light could accelerate copper bioleaching
by A. ferrooxidans. Furthermore, the enhancing effect of the
synergy catalysis was much more signicant than that when
only using a single catalytic method. The copper solubilization
This journal is © The Royal Society of Chemistry 2017
rate of group with visible light and 1.0 g L�1 graphene was the
highest in comparison to others, and it was 50.3% higher than
that of the control group. Graphene and visible light could
signicantly accelerate the Fe3+/Fe2+ cycling, thus fostering
copper bioleaching. In addition, graphene could facilitate jar-
osite formation on its surface to reduce jarosite formation on
chalcopyrite surface, and therefore enhanced chalcopyrite
bioleaching.
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