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Abstract

Low-grade ores, tailings and solid wastes contain small amounts of valuable heavy metals. Improper
disposal of these results in the waste of resources and contamination of soil or groundwater. Accordingly,
the treatment and recycling of low-grade ores, tailings and solid wastes attracted much attention recently.
Bioelectrochemical system, an innovative technology for the removal and recovery of heavy metals, has
been further developed and applied in recent years. In current study, the low-grade chalcopyrite was
bioleached with the assistance of microbial fuel cells. Copper extraction along with electricity generation
from the low-grade chalcopyrite were achieved in the column bioleaching process assisted by MFCs.
Results showed that after 197 days bioleaching of low-grade chalcopyrite, 423.9 mg copper was
extracted from 200 g low-grade chalcopyrite and the average coulomb production reached 1.75 C/d. The
introduction of MFCs into bioleaching processes promoted the copper extraction efficiency by 2.7 times
(8.62% vs. 1.33%), mainly via promoting ferrous oxidation, reducing ORP and stimulating bacterial
growth. This work provides a feasible method for the treatment and recycling of low-grade ores, tailings
and solid wastes. But balancing energy consumption of aeration and circulation frequency and
chemicals consumption of acid to improve the copper extraction efficiency need further investigation.

1. Introduction

Copper is one of the most common heavy metals and an essential raw material for many industries due
to its inexpensive and excellent in performance. Copper is also an essential trace element for organisms,
but it can be extremely toxic when ingested in excess (Yang et al., 2020). Copper is released into the
environment and society through industrial activities such as mining, metallurgy and secondary
processing. (Araujo et al., 2019). Chalcopyrite (CuFeS,) is the main source of global copper reserves, and
is the most abundant and widely distributed copper-bearing mineral in the earth’s crust (Sun et al., 2021;
Xu et al.,, 2016; Zhao et al., 2019). Traditional copper extraction technologies such as pyrometallurgy and
hydrometallurgy have the disadvantages of high energy consumption and large environmental pollution.
In current mining industry, attention has been given to bioleaching due to the processes of it was clean
(Ma et al,, 2021; Sun et al., 2021). Bioleaching applies microorganisms and their secretions (mainly
extracellular polymeric substances, EPS) to recover value-metals from minerals at mild conditions (Tanne
& Schippers, 2019). However, the copper extraction efficiency in chalcopyrite bioleaching process is low
due to some reasons: high lattice energy of chalcopyrite (Wang, 2005; Zhang et al., 2016), and easy to
form passivation layers in the bioleaching process. In previous studies, by mechanochemically activated
(Cao et al., 2020), regulating factors (Khoshkhoo et al., 2017; Wang et al., 2014), and introducing
additives (Yang et al., 2020; Ma et al., 2017; Koleini et al., 2011) to improve copper extraction. In addition,
high ore heap bioleaching and in-situ bioleaching need to solve the problem of insufficient electron
acceptors inside the mine heap through aeration, which increases energy consumption (Huang et al.,
2019). Therefore, the current challenge is to develop new technologies to solve these defects.

Bioelectrochemical system (BES) is unique systems that integrate microorganisms with an
electrochemical method, and it shows the process of electricity generation or achieve the redox reaction
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with a certain potential poised by means of electron transfer between the electron acceptors and electron
donors (Zhang & Angelidaki, 2015; Zheng et al., 2020). According to the direction of electron transfer and
the form of energy conversion, bioelectrochemical system main can be divided into microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs) (de los Angeles Fernandez et al., 2016). In MFCs,
microorganisms or enzymes as catalysts can covert the chemical energy stored in biodegradable
materials to electricity. Electrons and protons released as the product of bacterial metabolism onto the
anode travel towards the cathode through two paths, and electrons are finally captured and utilized by the
terminal electron acceptor (TEA) of cathode (Almatouq et al., 2020; Nancharaiah et al., 2015; Pant et al.,
2012; Wilberforce et al., 2021). MECs also use microorganisms or enzymes as catalysts, but the form of
energy conversion and the direction of electron transfer of MECs are opposite to those of the MFCs.
Recently, bioelectrochemical system as an innovative technology for the removal and recovery of heavy
metal ions from wastewater have become research hotspots (Yazdi et al., 2015). In MFCs, the crude metal
was deposited and recovered through reduction of heavy metal ions in the cathode chamber while
organics were used as the electron donor in the anode chamber (Huang et al,.2019). However,
considerable amounts of electrical energy are required in recovering heavy metal ions with MECs (Motos
et al., 2015). Compared with MECs, MFCs is an environmentally friendly and sustainable way to recover
heavy metal.

Bioleaching as an intersection of multiple disciplines is well suited to implement electrochemical
approaches for the optimization of metal leaching and recovery (Kaksonen et al., 2020; Tanne &
Schippers, 2019). The feasibility of MFCs to assist in the bioleaching of chalcopyrite concentrates has
been demonstrated (Huang et al., 2019). The bioleaching of chalcopyrite involves a series of redox
reactions, and the bioleaching mechanism. In the indirect mechanism, chalcopyrite is attacked by Fed*
(Eq. (1)) and the role of bacteria is to regenerate the oxidizing agent Fe3* and H* (Eq. (2) and Eq. (3)) (Ma
et al., 2018; Mahmoud et al., 2017; Pattanaik et al., 2020). Under acidic conditions, abiotic oxidative
dissolution of chalcopyrite occurs (Eq. (4)) (Zhao et al., 2019). The direct contact mechanism was
microorganisms attached to the mineral surface directly erode and oxidize metallic minerals by biological
means, without any involvement of iron ions and other substances (Dong et al., 2013; Ma et al., 2018).
S27/S0 on the mineral surface loses electrons at the anaerobic anode and is reduced to higher valent
sulfate ((Eq. (5) and Eq. (6)) (Ma et al., 2018). Compared to Cu?*, Fe3* and dissolved oxygen have a
higher electrode potential and act as electron acceptors for the reduction reaction, as in Eq. (7) and

Eq. (8). Copper extraction along with electricity generation were achieved in the chalcopyrite bioleaching
assisted by MFCs.

CuFeS, + 4Fe3+ — 5Fe?+ + 280 + cu?* #(1)

4Fe’* + O, + 4H *bacteriadFe3* + 2H,0#(2)

-

2S0 + 2H, 0 + 30,bacteria2S0% ~ + 4H* #(3)

-
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CuFeS, + 4H* + O, » Cu?* + 28Y + Fe?+ + 2H,0#(4)
Reactions of the anode:

S2- —8e~ +4H,0 — SO; ™ + 8H* #(5)

SO — 6e~ + 4H,0 — SO~ + 8H* #(6)

Reactions of the cathode:

O, +4e~ +4H* - 2H,0#(7)
Fe3t + e~ — Fe2* #(8)

As a high-grade ore, the chalcopyrite concentrate has been successfully bioleached with the assistance of
MFCs (Huang et al., 2019). However, high-grade chalcopyrite ores in the world are becoming more and
more scarce due to the consumption of copper resources and development of mine industry. In addition,
low-grade ores, tailings and solid wastes contain some valuable metals, and improper disposal of these
results in the waste of resources and the risk of contaminating soil or groundwater. Accordingly, the
treatment and recycling of low-grade ores, tailings and solid wastes attracted much attention recently. In
current study, the feasibility of low-grade chalcopyrite bioleaching assisted by MFCs was investigated.
Then the mechanism for the promotion of copper extraction by MFCs was discussed.

2. Materials And Methods
2.1 Mineral and inoculum

Low-grade chalcopyrite was purchased from Daye, Hubei Province, China. X-ray fluorescence
spectrometer (XRF, Zetium, PANalytical B.V., The Netherlands) analysis showed that the mineral elements
were Cu, 5.86%; S, 5.90%; Fe, 11.92%; Si, 24.60%; Ca, 18.37%; Mg, 13.61%; Al, 6.93%; other elements,
0.89%. X-ray diffraction (XRD, Empyrean sharp shadow, PANalytical. B.V,, The Netherlands) analysis
showed that the main mineral of samples was chalcopyrite. All samples were sieved to obtain 1-2 mm
44.04%, 2 -2.5mm 17.29%, and > 2.5 mm 38.68% for leaching experiments.

The inoculum was obtained from a previous bioleaching column of chalcopyrite concentrate, which has
been running stably for more than one year and used a mixture of mesophilic acidophilic strains
composed mainly of sulfur-oxidizing microorganisms (SOMs) and iron-oxidizing microorganisms (IOMs)
as the bioleaching culture.

2.2 Reactors

Two columns (1# and 2#) (Fig. 1) were made of plexiglass (height 300 mm, inner diameter 50 mm). A
perforated plate was set at 25 mm above the bottom of each column, and quartz sand with 25 mm
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thickness was laid on the upper part as the supporting layer 200 g low-grade chalcopyrite was loaded in
columns 1# and 2#. A solution storage tank above each column for pre-precipitation, leachate entered the
column through the overflow. MFCs was introduced into column 1#, where two carbon fiber brushes (3
cm diameter x 6 cm length) were inserted into the bottom and middle of the ore heap (6 cm and 11 cm
above the supporting layer, respectively) as the anode, while two pieces of carbon paper (2 cm x 3 cm)
coated with 0.5 mg/cm? Pt catalyst were vertically placed in the upper solution as the cathode. The
anode and cathode in each column were connected by a 500 Q resistor. Two columns were placed in an
incubatorat 30 £ 1 °C.

2.3 Bioleaching experiment

Prior to the bioleaching experiment, a pre-acidification step was carried out to reduce the negative effect
of alkaline gangue on minerals bioleaching. The pH of leachate was daily adjusted to 2.0 + 0.1 with 10
mol/L sulfuric acid solution. After 71 days’ pre-acidification, the bioleaching experiment was performed at
the initial cell density of 0.18 x 107 cell/L and the total leachate of 120 mL. The bottom anode in column
1# was connected to the external circuit at the beginning of the bioleaching experiment and the middle
anode was connected to the external circuit on day 133. The leachate in each column was intermittently
circulated from the bottom into the upper solution storage tank, then dropped into the column for
aeration. The circulation was performed at a flow rate of 0.54 mL/min and a frequency of one day every
3 days using a peristaltic pump (BT101L, Baoding Lead Fluid Technology Co., Ltd., China). The low-grade
chalcopyrite contained high content of alkaline gangue, which consumed acid and led to the increase of
pH. To alleviate the adverse effect of high pH on chalcopyrite bioleaching (Wang et al., 2018a), the pH
was daily adjusted to 2.0 + 0.1 before day 112 and then the adjustment frequency was changed to once
every 3 days. The bioleaching experiment lasted 197 days, among which the circulation was suspended
from day 136 to day 155. Besides, the leachate in column 1# leaked by half before day 155 and was
replenished with the same volume sulfuric acid solution (pH=2.0) on day 156. During the bioleaching
experiment, leachate was periodically sampled for chemical analysis and cell counting. The loss of
leachate due to evaporation and sampling was daily supplemented with the deionized water (Liu et al.,
2017).

2.4 Analysis methods

Samples of leachate (2 mL) were regularly (six days) withdrawn for measurement of pH, ORP, cell density
and concentrations of copper and iron. The copper ion concentration was determined by BCO
spectrophotometry (Yang et al., 2020), and the accumulative copper ion was calculated to accurately
obtain the copper extraction efficiency. The concentrations of both ferrous ion and total iron (TFe), the pH
and the ORP of leachate were measured using the method as described previously (Huang et al., 2019).
The cell voltage (U) across the resistor was recorded every 4 min with a digital multimeter (UT71D, Uni-
Trend Technology Co. Ltd, China). The daily coulomb (C) was calculated by integrating over time as
follows: C=X240xU / R. Where 240 was the time interval (s) and R was the external resistance (500 Q).

Page 5/19



At the end of the experiment, bioleaching residues at the bottom carbon brush of each column were
sampled and washed three times in turn with dilute sulfuric acid and dilute hydrochloric acid whose pH
values were equal to the leachate, finally divided into two sub-samples. One residue sub-sample was
observed with a scanning electron microscopy (SEM, JEM-7500F, Japan) to detect the corrosion degree
of mineral surface and the morphology of attached microorganisms. Another residue sub-sample, as well
as the original minerals, were freeze-vacuum dried, finely ground and sieved through a 200-mesh sieve
and stored in nitrogen-filled sealed bags at -20°C for further testing (Liu et al., 2017). XRD was used to
analyze the mineralogical compositions. All chemicals used in this study were of analytic grade.

3. Results And Discussion

3.1 Variation of copper ion during the chalcopyrite
bioleaching

According to the variation of copper ion concentration in the leachate of columns 1# and 2# (Fig. 2), the
bioleaching process was divided into three stages: stage | (day 1-31), stage Il (day 31-136) and stage Il
(day 156-197). In stage |, the concentrations of copper ion in both columns showed a simultaneous and
slow increase, suggesting that the inoculum gradually adhered to the mineral surface and adapted to the
bioleaching circumstance (Li et al., 2013; Ma et al., 2021). On day 31, the copper ion concentrations in
column 1# and 2# were 37.1 mg/L and 37.7 mg/L, respectively. In stage Il, the copper ion concentrations
of both columns increased faster than that in stage I. Moreover, the copper ion concentration in column
14# increased faster than that in column 2#. On day 136, the copper ion concentration in column 1# was
2481.2 mg/L, twofold higher than that in column 2# (813.3 mg/L). During the stop of circulation (from
day 136 to day 155), the copper ion concentration in column 2# increased slowly due to the insufficiency
of oxygen supply, but the copper ion concentration in column 1# sharply decreased due to the leakage of
leachate. After supplementing the dilute sulfuric acid solution of pH 2.0 into column 1#, the copper ion
concentration rapidly increased from 1385.7 mg/L on day 157 to 2130.1 mg/L on day 197. The possible
reasons were as follows: 1) the bioelectrochemical action can greatly promote the bioleaching reaction
(Khoshkhoo et al., 2017) and the connection of the middle anode to the external circuit further enhanced
the bioelectrochemical action; 2) the leakage can effectively alleviate the inhibition of metals on the
proliferation and activity of bacteria (Wang et al., 2018a). On day 197, the copper ion accumulation of
column 1# reached 423.9 mg, 1.7 times higher than that from column 2# (155.7 mg).

After the microbial adaption in stage |, the copper ion accumulation in column 1# was always higher and
showed a faster increase as compared to that in column 2#. This indicated that the introduction of MFCs
into chalcopyrite bioleaching promoted copper extraction. Khoshkhoo et al. (2017) also found that the

electrochemical action promoted the bioleaching of chalcopyrite. The copper extraction efficiencies in

columns 1# and 2# were 3.62% and 1.33%, respectively, which were much lower than those in the aerobic
bioleaching columns (Wang et al., 2018b; Zou et al., 2015) due to the cancellation of aeration. In previous
work, the chalcopyrite concentrate and the mixed ore have been bioleached with the assistance of MFCs,
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respectively achieving the copper extraction efficiencies of 0.19% and 0.15% (Huang et al., 2019). By
comparison, a much higher copper extraction efficiency (3.62%) was obtained in the current study. It
would be attributed to two reasons: 1) proper particle size ratio favoring the diffusion of leachate in the
mineral heap (Lotfalian et al., 2015); 2) the cancellation of aeration, the reduction of circulation frequency
and the pH adjustment alleviating ferric precipitation. It should be noted that the cancellation of aeration
and the reduction of circulation frequency would reduce the energy consumption but the pH adjustment
would increase the chemicals consumption. Thus, balancing energy consumption and chemicals
consumption to improve the copper extraction efficiency need further investigation in future work.

3.2 Variation of iron ion and ORP during the chalcopyrite
bioleaching

As shown in Fig. 3a, the concentrations of ferrous iron and total iron (TFe) in column 1# kept rising
except when the leachate leaked on day 155. In column 2#, the TFe concentration increased continually,
but the ferrous iron concentration maintained at a low level (below 288 mg/L) except in the initial phase
of stage lll. During the stop of circulation (from day 136 to day 155), the ferrous iron concentration in
column 1# decreased due to the leakage of leachate, while that in columns 2# increased due to
insufficient oxygen supply hindering the oxidation of ferrous iron to ferric iron (Panda et al., 2015a). By
comparison, the TFe concentration in column 1# was always higher than that in column 2# before the
leachate of column 1# leaked (before day 155). This implied that the dissolution of chalcopyrite in
column 1# was faster than column 2#, further confirming that the introduction of MFCs promoted the
bioleaching of chalcopyrite.

The ORP was mainly determined by the ratio of ferric to ferrous, which could be explained by the Nernst
equation (Khoshkhoo et al., 2017; Peng et al., 2021). Therefore, the ratio of ferric to TFe appeared a
variation trend similar to the ORP in each column (Fig. 3b). The ORP in both columns fluctuated greatly
before day 61. After that, the ORP in column 2# maintained beyond 450 mV, while that in column 1#
decreased quickly in 30 days and maintained below 450 mV after day 91. It was reported that low ORP
can alleviate the formation of passivation layer such as jarosite and facilitate the bioleaching of
chalcopyrite (Johnson, 2014; Yang et al., 2019). As a result, the copper ion accumulation of column 1#
increased much faster than that of column 2# (Fig. 2).

3.3 Variation of pH and cell density during the chalcopyrite
bioleaching

As shown in Fig. 4a, the pH in both columns appeared an increase after each pH adjustment, which was
attributed to the acid consumption for the dissolution of alkaline gangue and chalcopyrite (Panda et al.,
2015b). It should be noted that the pH increment after each pH adjustment gradually narrowed with time,
and the pH in both columns maintained below 2.5 from day 71 to day 136. These phenomena ensured a
gradual increase of copper ion accumulation (Fig. 2) because low pH was beneficial to copper extraction
(Muddanna & Baral, 2021; Wang et al., 2018c). By comparison, the pH of column 1# (coupled with MFCs)
was comparable to and even higher than that of column 2#. The introduction of MFCs affected the pH
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through two ways. On one hand, the introduction of MFCs facilitated anodic sulfide/sulfur oxidation (Eq.
(5) and Eq. (6)), enhancing the acid production (Huang et al., 2019). On the other hand, the electrical field
favored the proliferation of iron-oxidizing microorganisms and the oxidation of ferrous iron (Eq. (2)),
promoting the acid consumption (Wei et al., 2020). Therefore, the promotion of ferrous oxidation by
MFCs seemed stronger than the promotion of sulfide/sulfur oxidation.

The cell densities in columns 1# and 2# (Fig. 4b) showed a slow rise (from 0.18 x 107 cell/L to 1.55 x 10/
cell/L and 1.8 x 107 cell/L, respectively) before day 118. This slow rise was attributed to the fact that
bioleaching microorganisms gradually adapted to the bioleaching circumstance and the substrate supply
(sulfide/sulfur and ferrous iron) in low-grade chalcopyrite was insufficient. During the stop of circulation
(from day 136 to day 155), the cell density in column 2# increased slightly due to the insufficiency of
oxygen supply, but the cell density in column 1# increased sharply due to the external circuit of MFCs
providing electron donors for microbial proliferation (Huang et al., 2019). By comparison, the cell density
in column 1# was comparable to and even lower than that in column 2# before day 118. After that, a
much higher cell density was found in column 1# as compared to column 2#. These phenomena
stemmed from two effects of MFCs on bioleaching bacteria of column 1#: 1) improving microbial activity
and growth by the electrical field (Wei et al., 2020); 2) enhancing microbial adsorption onto minerals by
the charge imbalance around the anode (Castro & Donati, 2016). The enhancement of microbial activity
and adsorption by MFCs can enhance the tolerance of microorganisms to metal inhibition and facilitate
the bioleaching of chalcopyrite. As a result, higher copper ion concentration was obtained in column 1#
as compared to column 2# during stages Il and lll (Fig. 2).

3.4 Electricity generation during the MFCs-assisted
bioleaching of chalcopyrite

When low-grade chalcopyrite was bioleached under the assistance of MFCs, the daily coulomb
production fluctuated due to the intermittent circulation (Fig. 5). Leachate circulation facilitated the
diffusion of oxygen to the anode, thereby reducing electricity generation of MFCs (Huang et al., 2019; Liu
& Logan, 2004). Within each circulation cycle of 3 d, the coulomb production when the circulation was
running was lower than that when the circulation was stopped. To compare the electricity generation
capacity, the average coulomb production in different stages or phases was calculated.

The average coulomb production of column 1# in stage | was 1.4 C/d. In stage I, the variation trend of
daily coulomb production showed a first increase and a subsequent decrease. The first increase was
attributed to the gradual adaption of electroactive microbes to the bioleaching circumstance and the
gradual increase of electron donors (sulfide/sulfur) dissolved from minerals. The subsequent decrease
was attributed to the inhibition of electroactive microbes by high concentrations of metals. Between day
88 and 136, the coulomb production reached a plateau and the average level was 1.55 C/d. In stage lll
(day 156-197), the average coulomb production was 1.75 C/d, slightly higher than the former (1.55 C/d)
due to the middle anode being connected to the external circuit on day 133. The coulomb production in
the current study was much lower than that (4.4 C/d) obtained in the bioleaching of chalcopyrite

Page 8/19



concentrate (Huang et al., 2019). The reason lies: the low-grade chalcopyrite contained the lower level of
sulfur content than the chalcopyrite concentrate, providing less available electron donors through
bioleaching reactions for electricity generation.

3.5 Analysis of surface morphology and composition

After 197 days’ bioleaching experiment, corrosion and gullies were found on mineral residues of both
columns (Fig. 6). As compared to column 2#, the corrosion of residues in column 1# was more severe,
indicating the occurrence of more intensive bioleaching reaction. This was consistent with that more
copper ion was extracted in column 1# as compared to column 2# (Fig. 2). When an MFCs was
introduced into column 1#, the enhancement of acid production via the electrochemical sulfide/sulfur
oxidation around the anode (Zhang et al., 2018) and the enhancement of ferric production by the
electrical field (Wei et al., 2020) both contributed to this intensification of corrosion. No cell was observed
on residues of both columns, which probably resulted from the bioleaching microorganisms being
covered in precipitates that formed during the bioleaching process (Castro & Donati, 2016; Huang et al.,
2019).

XRD showed that the major mineral phase of raw ore was chalcopyrite, accompanying by alkaline
gangues such as calcite, phlogopite, annite, talc and nontronite. After 197 days of bioleaching, the
adsorption peak of chalcopyrite in the residues of both columns weakened greatly. At the same time, the
peaks corresponding to calcite, annite and nontronite disappeared, but brushite, gypsum and stewartite
were formed. By comparison, the peak corresponding to chalcopyrite in the residue of column 1# was
less intensive than that of column 2#. Besides, the peaks corresponding to phlogopite and formed
phases (brushite and gypsum) in the residue of column 1# were also less intensive than those of column
2#. These indicated that the introduced MFCs in columns 1# can not only promote the dissolution of
chalcopyrite but also promote the dissolution of alkaline gangues. In addition, no jarosite was detected in
both columns, probably due to the continuous acid addition that was conducive to reducing the
formation of the passivation layer (van Hille et al., 2010).

3.6 Mechanism for the promotion of copper extraction by
MFCs

Although the coulomb production in the current study was much lower than other reports (Liu & Yin, 2017
Wu et al., 2018), the promotion of copper extraction by MFCs in the bioleaching of low-grade chalcopyrite
was confirmed. The possible mechanism for the promotion of copper extraction by MFCs was speculated
as follows. The bioleaching of chalcopyrite mainly depended on microbial metabolism (Liu et al., 2017).
Thus the enhancement of microbial growth and adsorption, respectively driven by the electrical field (Wei
et al., 2020) and charge imbalance around the anode (Castro & Donati, 2016), might be a reason for this
promotion of copper extraction. The phenomenon, the ORP in column 1# (coupled with MFCs)
maintaining lower than column 2# after day 61 (Fig. 3b), was accompanied by another phenomenon that
the difference between columns 1# and 2# in copper ion accumulation became larger (Fig. 2). Thus, the
decrease of ORP driven by MFCs might be another reason for the promotion of copper extraction. As the
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main attackers for the dissolution of chalcopyrite, the regeneration of H* and Fe3* plays a key role in the

copper extraction (Liu et al., 2017). The introduction of MFCs can promote H* production via anodic
sulfide/sulfur oxidation (Huang et al., 2019) and enhance the biological oxidation of ferrous ion to ferric
(Wei et al., 2020). As stated in section 3.3, the pH in column 1# (coupled with MFCs) was comparable and
even higher than column 2#, and the promotion of ferrous oxidation by MFCs seemed stronger than the
promotion of sulfide/sulfur oxidation. It implied that the enhancement of ferrous oxidation by MFCs
contributed much to the promotion of copper extraction.

4. Conclusions

Copper extraction along with electricity generation from the low-grade chalcopyrite were achieved in the
bioleaching process assisted by MFCs. After 197 days bioleaching, 423.9 mg copper was extracted from
200 g ore and the average coulomb production reached 1.75 C/d. Bioleaching assisted by MFCs
promoted the copper extraction efficiency by 2.7 times, mainly via promoting ferrous oxidation, reducing
ORP and stimulating bacterial growth. Providing a feasible method for the utilization of low-grade ores,
tailings and solid wastes. But balancing energy consumption of aeration and circulation frequency and
chemicals consumption of acid to improve the copper extraction efficiency need further investigation.
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Figure 2

Variation in concentration and accumulation of copper ion during the chalcopyrite bioleaching.
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Variation of the iron ion concentration, Ferric/TFe and ORP during the chalcopyrite bioleaching.
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Variation of pH and cell density during the chalcopyrite bioleaching.
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SEM images (x10000) of residues in column (a) 1# and (b) 2#
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Figure 7

XRD analysis of residue in different columns and raw ore
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