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Low-temperature biohydrometallurgy is implicated in metal recovery in alpine mining
areas, but bioleaching using microbial consortia at temperatures <10°C was scarcely
discussed. To this end, a mixed culture was used for chalcopyrite bioleaching at 6°C.
The mixed culture resulted in a higher copper leaching rate than the pure culture
of Acidithiobacillus ferrivorans strain YL15. High-throughput sequencing technology
showed that Acidithiobacillus spp. and Sulfobacillus spp. were the mixed culture’s major
lineages. Cyclic voltammograms, potentiodynamic polarization and electrochemical
impedance spectroscopy unveiled that the mixed culture enhanced the dissolution
reactions, decreased the corrosion potential and increased the corrosion current,
and lowered the charge transfer resistance and passivation layer impedance of
the chalcopyrite electrode compared with the pure culture. This study revealed the
mechanisms via which the mixed culture promoted the chalcopyrite bioleaching.

Keywords: chalcopyrite bioleaching, low temperature, pure culture, mixed culture, electrochemical behavior

INTRODUCTION

Bioleaching as a low-cost biotechnology offers an alternative to traditional pyrometallurgical
methods to extract valuable metals from sulfide minerals (Hedrich et al., 2016; Banerjee et al.,
2017; Pathak et al., 2017; Hu et al., 20205 Srichandan et al., 2020). Studies on bioleaching have been
extensively performed using mesophilic, moderately thermophilic and extremely thermophilic
acidophiles (Gu et al., 2013; Acosta et al., 2014; Li et al., 2018; Ai et al., 2019). On the contrary,
bioleaching at low temperatures was only discussed in limited documents. Microbial oxidation of
sulfide minerals could occur at relatively low temperatures (Ahonen and Tuovinen, 1991, 1992;
Elberling et al., 2000). It was observed that the microbially mediated dissolution of sulfide minerals
could reach 30% of the maximal value at 21°C (Langdahl and Ingvorsen, 1997). Acidithiobacillus
ferrivorans is a well-known cold-adapted acidophile that can use iron and sulfur as a sole energy
source (Kupka et al., 2007, 2009; Hallberg et al., 2010). Studies using At. ferrivorans in bioleaching
of sulfide minerals at low temperatures have been performed. The leaching rate of chalcopyrite at
4°C using At. ferrivorans was higher than using the mesophilic At. ferrooxidans (Dopson et al.,
2007). It was found that S° formed during chalcopyrite bioleaching and the content of S° increased
until dissolution ceased, suggesting S° passivation (Liljeqvist et al., 2013; Zeng et al., 2020).

One of the topics of interest is using mixed cultures in the bioleaching of sulfide minerals.
It has been shown that using mixed cultures resulted in a higher metal extraction rate than
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using pure cultures (Akcil et al., 2007; Liu et al., 2011; Panda et al.,
2015). On mesophilic and/or moderate thermophilic conditions,
Acidithiobacillus spp., Leptospirillum spp., Sulfobacillus spp., and
Ferroplasma spp. were frequently detected in mixed cultures
(Panda et al., 2013; Donati et al., 2016; Ma et al., 2018).
These microorganisms played different roles (e.g., iron or sulfur
oxidation, utilization of inorganic or organic substances) in a
leaching system (Latorre et al., 2016). Meanwhile, they interacted
with each other. For instance, L. ferriphilum enhanced the
adhesion of Sb. thermosulfidooxidans to pyrite (Li et al., 2020).
On the contrary, bioleaching using mixed cultures at low
temperatures was scarcely studied. Liljeqvist et al. (2013) used a
T7 mixed culture and a pure culture of At. ferrivorans strain SS3
in chalcopyrite bioleaching at 6°C. Bacterial community analysis
revealed that At. ferrivorans dominated the T7 mixed culture
(Dopson et al.,, 2007). Halinen et al. (2009) found that during
bioleaching of a low-grade, multi-metal black schist at 7°C, some
Acidithiobacillus spp. were present in the initial stage; after 500
days, At. ferrooxidans, Ferromicrobium acidophilum-like species
and a gram-positive bacterium were detected.

Bioleaching of sulfide minerals is an electrochemical process
in essence, which oxidized metal sulfide to Fe(III), sulfur and
sulfate as well as other inorganic sulfur compounds, involving
the transfer of electrons. Due to the difficulties in determining
the intermediate products, the chemical processes of bioleaching
are often hard to describe. Electrochemical approaches can
convert the change of chemical substances to electrochemical
signals, which can be captured by specific electrochemical
equipments. Therefore, electrochemical methods have been
commonly applied to investigate the dissolution processes of
sulfide minerals. Arena et al. (2016) used electrochemical
impedance spectroscopy (EIS) to study chalcopyrite leaching, and
found that the addition of bacteria reduced the charge transfer
reaction resistance. Zhao et al. (2015) compared the cyclic
voltammograms (CV) of chalcopyrite and bornite electrodes.
It was found that the anodic and cathodic peaks of the two
mineral electrodes appeared in close positions, suggesting that
similar oxidation and reduction reactions occurred during the
dissolution of these two types of minerals.

Low-temperature bioleaching is critical in the recovery
of valuable metals from sulfide minerals in alpine regions.
Using microbial consortia instead of pure cultures can be
a feasible approach to promote the leaching rate at low
temperatures. To this end, chalcopyrite bioleaching by a mixed
culture was performed in the present work. CV measurement,
potentiodynamic polarization and EIS were used to characterize
the dissolution processes and electrochemical behaviors of
chalcopyrite. The study would provide insights into the
chalcopyrite bioleaching mechanisms by mixed cultures at
low temperatures.

MATERIALS AND METHODS

Mineral
Chalcopyrite sample was obtained from Guangzhou in
Guangdong province of China. XRD analysis showed that

the sample contained 97.83% chalcopyrite and 2.17% quartz. The
sample consisted of 33.1% copper, 28.7% iron, and 35.4% sulfur.
Sample was ground and sieved to obtain fractional sizes <75 pm
and sterilized by UV irradiation for 24 h in an aseptic room.

Cultures

The microbial consortium used in the present study was
enriched from the acid mine drainage of Yulong copper
mine. Water samples were collected from five different sites
in Yulong copper mine (an acidic mine drainage pond, an
acidic tailing pool, two tailing dumps, and an effusion pool).
All samples were combined and then cultivated in iron-
free 9K medium (Peng et al., 2019) using chalcopyrite (at a
pulp density of 3%) as a sole energy source at 6°C. After
4 months, apparent bacterial growth was observed and this was
designated as the mixed culture. The obtained mixed culture
was subcultured every 2 months and used as a seed in our lab
for chalcopyrite bioleaching at low temperatures. At. ferrivorans
strain YL15 was isolated from the acid mine drainage pond
(Peng et al., 2017). The strain was routinely cultivated in iron-
free 9K medium with chalcopyrite as a sole energy source
at 6°C.

Bioleaching Experiments

Bioleaching of chalcopyrite was conducted in 500 mL shake
flasks. Chalcopyrite at a pulp density of 3% and iron-
free 9K medium (250 mL) were added to each flask. The
mixed culture or the pure culture of the strain YL15 was
centrifuged at 10,000 x g for 10 min at 4°C to harvest
cells. The collected cells were washed using aseptic acidified
water (pH2.0) for twice and then resuspended with 10 mL
9K medium. Bioleaching using the cells of the mixed culture
(designated as group MH]J) and the strain YL15 was, respectively,
performed. The initial cell density was approximately 2 x 107
cells/mL. The flasks were operated at 160 rpm and 6°C. An
abiotic control was also conducted. Thymol in ethanol (2%,
v/v) was added to the abiotic control to inhibit bacterial
contamination. All the bioleaching experiments were carried
out in triplicate.

Samples were withdrawn from flasks at regular intervals to
determine the oxidation reduction potential (ORP), pH, cell
density and metal ions concentrations. Every time 1.5 ml of the
leaching solution was withdrawn to a sterile tube. The solution
was centrifuged at 2,000 x g to let the ore residue settle down.
The supernatant was withdrawn for the determination of various
parameters. An equal volume of iron-free 9K medium was
added to the tube, resuspend the ore residue, and returned to
the leaching solution. Concentrations of iron and copper were
measured using the method as described previously (Peng et al.,
2019). Cells were counted using a blood cell counting chamber
under a CX31 optical microscope (Olympus, Tokyo, Japan).
The pH value was measured with pHS-3E acid meter (LEICI,
Shanghai, China) and ORP (Ag/AgCl) value was assayed against
a platinum electrode. XRD analysis of ore residue was performed
according to a previous study (Peng et al., 2019).
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Sequencing of Prokaryotic 16S rRNA

Gene Sequences

Bioleaching samples of the group MH] were withdrawn at
different time points. Sessile cells were detached from the mineral
surface by vigorous vortex for 10 min in the presence of 1 gram
of glass beads. The obtained samples contained both free and
detached cells and were centrifuged at 2,500 x g for 5 min
to remove the ore residues. The obtained supernatants were
centrifuged at 10,000 x g, 4°C for 10 min to collect the total
cells. Genomic DNA was extracted as previously described (Wu
et al,, 2019). The integrity of DNA was checked on an agarose
gel by ethidium bromide staining. The concentration of DNA
was measured using a ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, United States).

Detailed procedures for amplification and sequencing of
prokaryotic V4 hypervariable region of 16S rRNA gene have been
described in a previous document (Xiao et al., 2015). Briefly,
sequences of the V4 region of the prokaryotic 16S rRNA gene
were amplified using the universal primers 515F and 806R (Rinke
et al.,, 2014) linked with barcodes, adapter, a pad and a linker
of two bases. The purified PCR products were employed for
library construction. The MiSeq 500 kit was used for sequencing
(2 x 250 bp paired-ends) on the MiSeq sequencing platform
(Ilumina, San Diego, CA, United States).

Raw sequences were split into samples based on their
barcodes. The raw sequencing data were deposited at Sequence
Read Archive under the accession number SRP133342. After
sequence trimming, reads assembly and chimeras sequences
checking, operational taxonomic unit (OTU) clustering was
performed using UPARSE at a 97% similarity level. After that,
the taxonomic affiliation of each sequence was analyzed using
RDP Classifier against the SILVA 16S rRNA database at a 70%
threshold (Leng et al., 2016).

Electrochemical Experiments

Chalcopyrite electrode was prepared by cutting the
chalcopyrite sample into an approximately cubic shape. All the
electrochemical experiments were performed using 50 mL iron-
free 9K medium as the electrolyte and a three-electrode system
in the absence of bacteria or in the presence of the mixed culture
or the pure culture of strain YL15. The three-electrode system
contained a chalcopyrite electrode (working electrode, effective
working area ~1 cm?), a graphite electrode (counter electrode),
and a Ag/AgCl electrode (reference electrode). The chalcopyrite
electrode was embedded in a special electrode sleeve and polished
using 3,000 mesh emery cloth before the tests. Three uniform
chalcopyrite electrodes were, respectively, immersed in the
leaching solutions of different groups and then withdrawn at day
20 for the electrochemical tests. Electrochemical measurements
were performed at 6°C using a VersaSTAT platform equipped
with Model273A potentiostat/galvanostat (EG&G Princeton
Applied Research, Oak Ridge, TN, United States) controlled by
the Power-Suite program. CV tests were performed at a scan rate
of 20 mV/s. The scan range of CV was -800 to +800 mV (vs.
open circuit potential, OCP). For potentiodynamic polarization
tests, the electrode potential varied from -250 to +600 mV (vs.

OCP) at a sweep rate of 2 mV/s. EIS tests were carried out in a
frequency range of 107!-107> Hz. EIS data were fitted using the
Zview software (version 2.0). All potential values in the present
work were against the Ag/AgCl reference electrode.

RESULTS

Bioleaching Experiments

The mixed culture (group MHJ) and the pure culture of At.
ferrivorans strain YL15 obtained in our lab were used for
bioleaching of chalcopyrite at 6°C. The bacterial growth during
bioleaching is shown in Figure 1A. The bacterial cells of the
group MH]J entered the logarithmic phase on day 12, and on day
16 for YL15. The highest cell densities of MH]J and YL15 were
2.2 x 10® and 1.9 x 108 cells /mL, respectively. The variation
of pH during bioleaching is shown in Figure 1B. During the
early phase, 9.2 M H,SO4 was added to the leaching solution to
maintain the pH at ~2.5. The pH value in the group MHJ began
to decrease on day 12 and achieved ~2.0 on day 24. The trend
of pH during bioleaching by the strain YL15 was similar to the
group MH]J, but the process was postponed, and the value was
higher than in the group MH] (decreased to ~2.1).

The variation of the ORP value is shown in Figure 2A. The
ORP value was low in the early stage, but after that, it rocketed
up to ~600 mV in both groups. The value of ORP is mainly
controlled by the ratio of Fe(III) to Fe(II). Variations of Fe(III)
and Fe(II) concentrations are shown in Figure 2B. The ratio of
Fe(III) to Fe(II) was low in the early stage. After that, as microbial
oxidation of ferrous iron accelerated, the concentration of Fe(III)
increased, accompanied by a decrease in the concentration of
Fe(II). This was in accordance with the low ORP value in the
early stage and its rapid rise after that (Figure 2A). The ore
residues were analyzed using XRD. The results showed that all
the ore residues contained only chalcopyrite and quartz, and no
iron precipitate such as jarosite was detected. Variation of copper
concentration is shown in Figure 3. The copper concentration in
the presence of bacteria was higher than that in the abiotic control
(Figure 3), suggesting that microorganisms greatly enhanced the
dissolution of chalcopyrite. The copper concentration increased
significantly after day 12 and reached the highest value on day
44 (11.2%) in MH]J and on day 48 (10.3%) in the YL15-mediated
leaching system, respectively. Recently, bioleaching of another
chalcopyrite sample using the strain YL15 at 6°C was performed,
and the highest copper leaching rate achieved was 19.3% (on
day 80) (Zeng et al., 2020). It suggested that the difference in
the mineral sample might result in significant contrast in the
highest leaching rate and the leaching course. The results of the
present study suggested that the mixed culture was more efficient
in chalcopyrite bioleaching than the pure culture. Previously, a T7
mixed culture was used to leach a chalcopyrite concentrate, and
16% of the copper was recovered in a 62-day course (Liljeqvist
et al., 2013). However, the T7 mixed culture had comparable
leaching performance to the At. ferrivorans strain SS3. This might
be due to that the T7 mixed culture was dominated by At
ferrivorans, while the relative abundance of other species was very
low (Dopson et al., 2007).
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Microbial Community Dynamics of the
Group MHJ

The microbial community of the group MHJ was monitored
using high-throughput sequencing of the 16S rRNA gene.
Samples were withdrawn on days 20, 30, and 50 (designated
as MHJ1, MHJ2, and MHJ3). A total of 673,782 pair-end
reads were obtained. Rarefaction curves of all samples based
on sequencing reads and number of OTUs reached plateaus,
indicating that the sequencing depth was appropriate for
estimating the microbial diversity.

At the phylum level, Proteobacteria was the dominant lineage,
which accounted for 81.5-94.9% of the total biomass, followed
by Firmicutes (5.04-18.39%). Other phyla were also detected,
e.g., Cyanobacteria, Thaumarchaeota and Bacteroidetes, but
they were at extremely low level (<1%) (Figure 4A). Down
to the genus level, a total of 27, 35, and 31 OTUs were
detected for MHJ1, MHJ2, and MH]J3, respectively, and 20 OTUs
were shared by all samples. Acidithiobacillus dominated the
microbial communities, accounted for 94.8, 87.0, and 81.1% in

MH]J1, MH]J2, and MH]J3, respectively. Sequences of Sulfobacillus
(affiliated to Firmicutes) were detected at a considerable level and
increased from 5.04% on day 20 to ~10% on day 50.

To find out the affiliations of these two lineages, the 16S
rRNA gene of sample MHJ3 was amplified using primers 27F and
1492R. The products were transformed to E. coli DH5a to build
a clone library as described in a previous document (Liu et al.,
2010). Five clones were randomly selected, and only 2 OTUs were
detected, one of which was 100% identical to the 16S rRNA gene
sequence of strain YL15 (accession number: KY352776.2) and
the other one had a 98% identity to an undescribed Sulfobacillus
sp. The results implied that the Acidithiobacillus spp. should be
At. ferrivorans. The content of Acidithiobacillus decreased and
the relative abundance of Sulfobacillus increased as bioleaching
continued. This may be due to that the accumulation of organic
substances was beneficial to the growth of Sulfobacillus (Johnson
et al., 2008) or that the gram-positive Sulfobacillus might be
more resistant to the adverse environment in the late phase than
the gram-negative At. ferrivorans (e.g., accumulation of heavy
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FIGURE 3 | Variation of copper concentration during chalcopyrite bioleaching.

metal ions). Sulfobacillus is commonly considered as a moderate
thermophile, although some species can grow at temperatures
<20°C (Melamud et al., 2003). Furthermore, it was documented
that a mixed culture was enriched at 5°C with ferrous sulfate as
a sole energy and sequences close to Sb. montserratensis were
detected at an abundance >10% (Escobar et al., 2010). These
results indicated that there might be novel Sulfobacillus species
existing in the low-temperature bioleaching culture.

There were also other genera in the mixed culture,
for instance, Stenotrophomonas spp., Pseudomonas spp. and
Castellanilla spp., but they were of extremely low abundance
(<0.5%) (Figure 4B). These species have been identified in
either bioleaching systems or other acidic metal-containing
environments. For instance, Castellanilla was the dominant

lineage in an ethanol-stimulated acidic nitrate- and uranium-
contaminated aquifer (Spain et al., 2007). In the low-grade copper
sulfide bioleaching systems containing acid-processed rice straw
(ARW), Stenotrophomonas accounted for >50% of the microbial
community (Yin et al., 2019). Pseudomonas was detected in
the bioleaching residues from a column bioreactor (Hao et al.,
2016). These microorganisms can utilize organic substances as
the energy source, and species like Pseudomonas could also secret
organic acids such as citric acid, oxalic acid and succinic acid to
enhance the dissolution of sulfide minerals (Hao et al., 2016).

Previous work has emphasized the importance of interactions
between physiologically distinct acidophilic microorganisms
(e.g., autotrophs and heterotrophs) in enhancing sulfide minerals
dissolution (Okibe and Johnson, 2004). The existence of
heterotrophs (such as Sulfobacillus, Stenotrophomonas, and
Pseudomonas) could alleviate the inhibition of organic substances
to the autotrophic At. ferrivorans and maintained the robustness
of the microbial community (Johnson, 2008). In addition,
Sulfobacillus can use inorganic sulfur compounds as a sole
energy. Sulfur oxidation activity is essential in a bioleaching
system. Firstly, it offers a low-pH condition for the dissolution
of sulfide minerals. Secondly, elemental sulfur formed during the
leaching process and precipitated on the mineral surface and had
passivating effects on chalcopyrite bioleaching (Liljeqvist et al.,
2013). Sulfur oxidation activity of the mixed culture was tested at
an initial pH of 2.5. The sulfate concentration was measured using
the barium sulfate turbidimetry (Liu et al., 2013). It was shown
that the mixed culture had a higher sulfur-oxidation activity
than the pure culture of strain YL15 (Supplementary Figure 1).
Therefore, Sulfobacillus might help to reduce the passivating
effect of sulfur during chalcopyrite leaching.

Electrochemical Tests

CV Studies

The cyclic voltammetry curves of chalcopyrite at 6°C are shown
in Figure 5. The cyclic voltammetry curves of the three groups
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were similar. There were four anodic peaks (A1, A2, A3, and A4)
and two cathodic peaks (C1 and C2). Peak A3 was a common
anodic peak of chalcopyrite electrochemical behavior, which was
mentioned as the “leading peak.” As shown in Egs. 1, 2, there
was a selective release of iron from the chalcopyrite crystal lattice
and formation of intermediate nonstoichiometric chalcopyrite
[Cui—xFe1—,S2—; (y > x)] and covellite (Gomez et al., 1996; Zeng
etal., 2011; Gu et al., 2013).

CuFeS; — Cuy_xFe;_ySy_7 + xCu®" + yFe T + z5°

+2(x+y)e” (1)

CuFeS; — 0.75CuS + 1.258° + 0.25Cu®* + Fe*™ 4 2.5¢~ (2)

At more positive potential, peak A4 was a typical oxidation peak
of chalcopyrite dissolution. It could be attributed to the oxidation
of ferrous iron (Lopez-Judrez et al., 2006) (Eq. 3).

CuFeS; — Cu?t + Fe*t + 280 + 5¢~ (3)

In the reverse potential scanning, there was a peak CI at
~ —370 mV. It has been documented that this peak was involved
in the reduction of covellite and chalcopyrite (Biegler and Horne,
1985; Arce and Gonzalez, 2002) (Egs. 4, 5):

2CuS + 2HT + 2¢~ — Cu,S + H,S (4)

2CuFeS; + 6HT + 2~ — CuyS + 2Fe?t +3H,S  (5)

Peak C2 occurred at potential <—600 mV. According to
Velasquez et al. (2001), this peak could be attributed to the
reduction of chalcocite (Eq. 6):

CuyS + HyO 427 — 2Cu+ HS™ + OH™ (6)

During the later reverse scanning, a weak peak Al occurred.
The peak was not frequently reported during the dissolution of
chalcopyrite. It might be responsible for the oxidation of copper
(Eq. 7) or chalcocite (Zeng et al., 2013) (Eq. 8).

2Cu+ HS™ + OH™ — CuyS + H,O 4 2e™ (7)

CupS — Cuj 928 + 0.08Cu*T + 0.16e~ (8)

At more positive potential, there was a Peak A2 at 270-320 mV. It
was reported that this peak might be involved in the oxidation of
Cu,S (1 < x < 2) species such as djurleite and geerite (Arce and
Gonzidlez, 2002) (Egs. 9, 10), which are the intermediate products
of many copper sulfides.

Cuy.92S — Cuy6S + 0.32Cu*t + 0.64e~ (9)

Cup ¢S — CuS + 0.60Cu*t + 1.20e~ (10)

It can be seen from Figure 5 that the dissolution process of
chalcopyrite with or without bacteria or in the presence of pure

02F e Abiotic control A2 A3 A4
----YL15 S T IS,
ol — MHf—"' ................
—-02F
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2
: 04F
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FIGURE 5 | Cyclic voltammograms of chalcopyrite electrodes in different
systems.

or mixed culture were similar. However, in the presence of
bacteria, the current intensities of all the anodic and cathodic
peaks were higher than the abiotic control, especially for the
peaks A4, C1, and C2. It indicated that the addition of bacteria
is beneficial to the dissolution of chalcopyrite. Moreover, the
intensities of the anodic peaks A2, A3, and A4, and cathodic peaks
C1 and C2 in the presence of the mixed culture were higher than
those in the presence of pure culture. The enhancement of these
peaks implied that the mixed culture increased the dissolution
reaction rates of chalcopyrite compared with the pure culture of
strain YL15. A further comparison revealed peak shifts on the
CV spectra. The peak A4 of the abiotic control was located at
~715 mV, but shifted to ~700 mV of the pure-culture group,
and ~675 mV of the mixed-culture group; The peak A2 shifted
from ~315 mV (YL15) to ~275 mV (MH]); The peak A3 of the
pure-culture group occurred at ~445 mV, and showed a shift to
~420 mV of the mixed-culture group. These demonstrated that
the dissolution reactions occurred more easily in the presence of
bacteria, especially the mixed culture.

Potentiodynamic Polarization Studies

Results of potentiodynamic polarization tests in the absence of
bacteria or in the presence of At. ferrivorans YL15/mixed culture
at 6°C are shown in Figure 6 and Table 1. While the I.o
values of groups inoculated with bacteria increased compared
with the abiotic control, their E.o. values decreased. The results
suggested that the corrosion rates increased after adding bacteria.
This was consistent with the results of leaching rates in different
groups (Figure 3), and it further demonstrated that bacteria could
enhance the dissolution of chalcopyrite. The mixed culture had
advantages over the pure culture of strain YL15. The E,, value
of the group inoculated with the strain YL15 was 121.4 mV, but
decreased to 116.3 mV of the group inoculated with the mixed
culture. The Icorr value increased from 1.49 pA/cm? of the pure-
culture group to 1.62 LA/cm? of the mixed-culture group. This
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FIGURE 6 | Tafel curves of chalcopyrite electrodes in different systems.

TABLE 1 | Tafel parameters of chalcopyrite electrodes in different systems.

Ecorr/mV |corr/(l‘«A/cm2)
Abiotic control 134.8 1.31
YL15 121.4 1.49
MHJ 116.3 1.62

implied that the mixed culture promoted the transfer of electrons,
thus accelerated the corrosion of chalcopyrite.

EIS Studies

The results of EIS in different systems are shown in Figure 7.
The shapes of different EIS spectra were similar, so the addition
of bacteria did not change the control steps of chalcopyrite
dissolution. Each group showed an arc in the high-frequency
region. This arc should be assigned to the resistance encountered
during charge transfer. There was another arc in the low-
frequency region, and this arc could be attributed to the
impedance caused by passivation. The EIS data were fitted to
an analog circuit with a linear combination of resistors and
capacitors. The equivalent circuit of the impedance data in the
present study should be Rg(R; CPE1) (R,CPE2), where Rg was the
solution resistance, R; was the charge exchange impedance, and
R; represented the impedance derived from the passivation layer.
The constant phase elements CPE1 and CPE2 were connected
with the capacitance of the electrode interface (Zeng et al., 2020).

The detailed information on the fitting results using the
analog circuit Rg(R;CPE1) (R;CPE2) is shown in Table 2. The
total impedance of different tests was MHJ < YL15 < abiotic
control, which suggested that microorganisms decreased the
impedance during chalcopyrite dissolution. Among the three
types of impedances, R; accounted for more than 50% of the
total resistance, followed by R, (took up 14-34% of the total
resistance). This implied that the chalcopyrite dissolution process
was mainly controlled by the charge transfer.
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800
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N 400}
200 f
OF
0 400 800 1200 1600
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B
Rs R1 R2
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FIGURE 7 | Results of EIS. (A) EIS curves of chalcopyrite electrodes in
different systems. (B) Simulated circuit Rg(R1CPE1) (RoCPE2).

TABLE 2 | Fitting results using the analog circuit Rg(R1CPE1) (RoCPE2) of the
chalcopyrite electrodes.

Sample Rs(2) Ry (2) CPE1-T CPE1-P R, (2) CPE2-T CPE2-P
Abiotic 52.91 606.6 3.9625E-5 1.415E-2 106.26 2.937E-4 6.310E-9
control

YL15 52.12 486.3 1.133E-4 1.625E-4 167.6 1.8298E-5 1.003E-6
MHJ 5449 227.4 2.349E-7 2.362E-6 147.49 5.898E-5 5.270E-8

As shown in Table 2, the solution resistance in different
tests was constant, whereas the charge exchange resistance and
passivation layer impedance varied a lot among different groups.
The charge exchange resistance of the abiotic control was 606.6
Q, but decreased to 486.3 Q in the presence of the strain YL15,
and 227.4 Q in the presence of the mixed culture. The passivation
layer impedance exhibited a different trend. The impedance of
the abiotic control was lower than the other two groups. This was
due to that chalcopyrite in the abiotic control was least leached,
and relatively low content of passivation substance was produced.
Compared with the group inoculated with strain YL15, the R,
value of the group MH]J decreased, indicating less passivation
on the mineral surface. S° passivation during chalcopyrite
bioleaching at low temperature has been shown (Liljeqvist et al.,
2013). The mixed culture could promote the sulfur-oxidation
activity (Supplementary Figure 1), and thus it might help
reduce the passivation caused by elemental sulfur. Although iron
precipitates such as jarosite may not passivate the mineral surface
(Peng et al., 2019), the attenuation of the passivation in the
group MHJ might also be due to the continued dissolution of
copper sulfide intermediates. Taken together, the results of EIS
demonstrated that the addition of bacteria, especially the mixed
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culture, could decrease the impedance of the leaching system and
thus accelerated the dissolution of chalcopyrite.

CONCLUSION

A mixed culture was used in chalcopyrite bioleaching at
low temperature. The mixed culture was dominated by
Acidithiobacillus spp. and Sulfobacillus spp., and it showed a
greater leaching efficiency than the pure culture of the At.
ferrivorans strain YL15. Electrochemical studies revealed that the
mixed culture enhanced the dissolution reactions, decreased the
corrosion potential while increasing the corrosion current, and
reduced the impedance of the chalcopyrite electrode compared
with the pure culture. This study provided insights into the
mechanisms through which the mixed culture enhanced the
chalcopyrite bioleaching.
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