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Abstract: The catalysis of four carbon materials including artificial graphite (AG), carbon black (CB), activated carbon (AC) and
carbon nanotube (CN) on chalcopyrite bioleaching by mixed moderate thermophiles was comparatively investigated. In AC and AG
added bioleaching groups, low solution pH and suitable redox potential values, high total iron and ferric iron concentrations, and
large number of adsorbed bacteria were obtained, resulting in high copper extractions. CB and CN inhibited the growth of
bioleaching bacteria and led to the low bioleaching efficiency. X-ray diffraction analysis showed that jarosite and sulfur film were the
main components of passivation layer with the addition of AG and AC, but did not hinder the dissolution of chalcopyrite. Microbial
community structures of free and attached cells in AC and AG added groups changed dramatically compared with mixed moderate
thermophiles. The sulfur-oxidizing bacteria of A. caldus S1 strain dominated the microbial community (93%—98%) at the end of
bioleaching. The iron-oxidizing bacteria of L. ferriphilum YSK only accounted for low percentage (1%—2%).
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1 Introduction

Chalcopyrite (CuFeS,) is the most abundant copper
sulfide resource; however, CuFeS, is refractory to be
chemically leached due to its high lattice energy and
stable structural configuration [1]. As an economical
and eco-friendly method, bioleaching technology has
attracted much more attention and has been used in the
copper extraction of CuFeS, [2]. In recent years,
many studies have indicated that mixed moderate
thermophiles including A. caldus, L. ferriphilum, S.
thermosulfidooxidans and F. thermophilum can greatly
accelerate reaction kinetics and reduce the formation of
passivation layer accumulated on the surface of ore
particles, thus enhance the Cu recovery of chalco-
pyrite [3,4]. Therefore, the moderate thermophiles have
the superiority for the application in chalcopyrite
bioleaching compared to mesophilic [5] and extremely

thermophilic microbial consortia [6].

Bioleaching of chalcopyrite on an industrial scale is
still limited. Several strategies have been proposed to
increase the bioleaching efficiency, such as using the
photocatalysis through increasing the reduction of Fe** to
Fe*" which was used as the substrate for microbes [7],
controlling the solution redox potentials to improve
bioleaching efficiency [8] or inventing novel technique
to remove the passivation layer by BACFOX bio-
reactor [9]. However, these methods are hardly to be
utilized in practice of chalcopyrite bioleaching,
especially in heap bioleaching. The addition of catalysts
(e.g., Ag’, polyethylene glycol and chloride) is beneficial
to increasing the dissolution rates and final copper
extraction of chalcopyrite. HU et al [10] found that a
complexly porous Ag,S—Ag layer can be formed on the
surface of chalcopyrite particles with the Ag" addition
rather than the formation of tenacious sulfur membrane,
which can improve electrical conductivity and promote
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the electronic transfer through ferric ion. Polyethylene
glycol added into chalcopyrite leaching system can
increase the biosorption of bioleaching bacteria and
intensify the sulfur layer oxidation wrapped on
bioleached residual surfaces to improve the dissolving
rate [11]. Chloride can reduce the activation energy to
enhance dissolution kinetics of chalcopyrite. However,
the microbial activity and growth can be restricted by Cl°
even at low concentration (0.1%) [12]. Therefore, the
leaching agents mentioned above are rarely available on
account of high price or toxic effect to bioleaching
microbes.

Carbon materials are produced and gained relatively
effortless. MA et al [13] indicated that the artificial
graphite prepared from nickel nanoparticles doped pitch
and natural graphite flakes by hot-pressing sintering
method exhibited high specific capacity and excellent
rate capability. This synthetic graphite is a promising
anode for lithium-ion battery. The fibrous shape of
carbon nanotube owned the properties of high aspect
ratio, large accessible external surface area and well
developed mesopore, contributing the superior removal
capacity of contaminants in drinking water [14]. Carbon
black served as carriers of platinum nanocrystals and
LiFePO, offered excellent electrochemical properties of
the new synthesized materials [15,16]. Activated carbon
was applied in the biometallurgy of chalcopyrite. The
aggregates of chalcopyrite and activated carbon formed
galvanic interaction and changed electrical conductivity
of the reaction product layer, further increased
chalcopyrite dissolution by ferric sulfate [17]. However,
previous studies concerning the carbon-aided bioleaching
technology mostly focused on the effects of activated
carbon load on chalcopyrite dissolution. It is necessary to
search the efficient, cheap and easily obtained carbon
material to improve copper extraction and lower the
production cost of chalcopyrite bioleaching on industrial
scale.

Therefore, four carbon materials of artificial
graphite, carbon black, activated carbon and carbon
nanotube were used for the chalcopyrite bioleaching by
mixed moderate thermophiles. The objectives of this
study are to determine the effects of four carbon
materials on copper bioleaching efficiencies, bioleaching
behaviors and the microbial community structures. We
expect that this study will be valuable for better

Table 2 Parameters of culture media of four strains

understanding the carbon material-aided bioleaching
technology.

2 Experimental

2.1 Chalcopyrite and carbon material samples

The original mineral sample used in this study was
achieved from Chambishi Copper Mine of Zambia. XRD
analysis showed that chalcopyrite (87.4%) and quartz
(4.5%) were the main compositions of this sample. The
chemical element analysis showed that this chalcopyrite
sample contained 30.7% Cu, 29.6% Fe, 25.7% S,
1.1% Ca and 12.9% other elements. Chalcopyrite was
milled to power with sizes <75 um for subsequent
bioleaching experiments.

Four kinds of carbon materials, including artificial
graphite (AG), carbon black (CB), activated carbon (AC)
and carbon nanotube (CN) used in this study were
purchased from Shengshi Carbon Material Co., Ltd., in
Hubei Province of China. The particle sizes of all
samples were <75 um. The properties of carbon
materials are presented in Table 1.

Table 1 Properties of carbon materials used in present study

Carbon Resistivity/ Electrical Specific surface
material  (Q-'m)  conductivity/(S'm")  area/(m’>g ")
Artificial
. 192.5+0.3 0.52+0.11 10.2+0.2
graphite
Carbon
797.4+4.1 0.13+0.02 34.8+0.3
black
Activated
1880.3+6.4 0.05+0.01 800.4+5.9
carbon
Carbon
557.1+0.5 0.18+0.02 202.1+3.2
nanotube

2.2 Mixed moderate thermophiles

Four moderately thermophilic  strains  of
Leptospirillum  ferriphilum YSK, Acidithiobacillus
caldus S1, Sulfobacillus thermosulfidooxidans ST and
Ferroplasma thermophilum L1 were provided by the
Key Laboratory of Biometallurgy of Ministry of
Education, Central South University in Changsha of
China. They were grown in basal salt medium consisting
of (NH4),SO4 (3 g/L), K;HPO4 (0.5 g/L), KCI (0.1 g/L),
Ca(NOs3), (0.01 g/L) and MgSO,-7H,O (0.5 g/L). The
culture conditions of each strain are presented in Table 2.

Species Strain Concentration of energy source/(g-L ") pH Temperature/°C
L. ferriphilum YSK FeSO,-7H,0 (44.7) 1.6 40
A. caldus S1 S%(10) 2.0 45
S. thermosulfidooxidans ST FeSO, 7H,0 (44.7) + yeast extract (0.2) 1.6 45
F. thermophilum L1 FeSO, 7H,0 (44.7) + yeast extract (0.1) 1.0 45
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Each strain was harvested by centrifuging at 10000 r/min
for 15 min when the bacterial density reached
(1-2)x10* cel/mL. Finally, equal bacterial density of
each of four strains was pooled, resulting in the
final mixed moderate thermophiles for subsequent
experiments.

2.3 Bioleaching experiments

Bioleaching experiments with the assistance of four
carbon materials were performed in 500 mL of shake
flasks containing 200 mL sterilized basal salt medium
over a period of 21 d. Each of four carbon materials was
mixed with chalcopyrite concentrate (10%) in a porcelain
mortar, and pestled for 10 min before being added into
each bioleaching group [18]. The final pulp densities of
chalcopyrite and each carbon material were 2% and
0.2%, respectively. The initial solution pH was adjusted
to 2.0 with 10 mol/L sulfuric acid. The mixed moderate
thermophiles were added into bioleaching systems, and
the initial bacterial density was 4.4x10” cell/mL. Shake
flasks were incubated at 175 r/min and 45 °C in a
temperature-controlled rotary shaker. Biotic control
group (CuFeS,+B, B represented the mixed moderate
thermophiles) was conducted in parallel without the
addition of carbon materials. The abiotic control groups
(CuFeS,, CuFeS,+AG, CuFeS,+CB, CuFeS,+AC, and
CuFeS,+CN) were also carried out without adding the
bacteria and/or carbon materials. The solution losses due
to samples for the physicochemical analysis of solution
were compensated with sterilized fresh basal salt
medium. The experiments were performed in triplicate.

2.4 Physicochemical analysis

The chalcopyrite samples were digested by an acid
mixture of HF, HNO; and HCIO, on an electric heating
plate (XJS20—42, Labotery Instruments Co., Ltd.,
Tianjin, China), and the elemental contents were
measured with an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Optima 5300 DV,
Baird Instruments Co., Ltd., Shanghai, China). The total
iron and copper concentrations in the solution during
chalcopyrite bioleaching process were also determined
by ICP-OES. The ferrous iron concentration was
detected by the phenanthroline spectrophotometry
method, and ferric iron concentration was the difference
between the concentrations of total iron and ferrous iron.
The solution pH values were measured with a digital pH
meter (PHS—3C, Leici Analytical Instruments Co., Ltd.,
Shanghai, China), and redox potentials were determined
by a platinum electrode with an Ag/AgCl electrode as
reference (BPH—221, Bell Analytical Instruments Co.,
Ltd., Dalian, China). The bacterial density in solution
was counted directly using a hemocytometer with an
optical microscope (BX41, Olympus Instruments,

Tokyo, Japan). Residue samples were collected and dried
at regular intervals as the bioleaching process continued
for the X-ray diffraction (XRD) analysis (DX-2700,
Dandong Instrument Equipment Co., Ltd., Dandong,
China).

2.5 Microbial community structure analysis
2.5.1 Total genomic DNA extraction

The free and attached cells from the CuFeS,+B,
CuFeS,+AG+B and CuFeS,+AC+B groups on day 21
were withdrawn. Samples (100 mL, containing residues
and solution) in three groups were centrifuged at 2000
r/min for 3 min for separating the supernatant and
precipitate. The supernatant was filtered through a
0.22 pm millipore filter membrane to obtain the free
cells. The genomic DNA of free cells and initial mixed
moderate thermophiles was extracted using the
TIANamp Bacteria DNA kit (Tiangen Biotech Co., Ltd.,
Beijing, China). The genomic DNA of attached cells
from bioleached residues was extracted using the
E.ZN.A. Soil DNA kit (Omega Bio-Tek Inc., Newark,
NJ, USA) in accordance with the manufacturer’s
instruction. The crude genomic DNA was purified by
1.0% agarose gel and stored at —20 °C until it was used.
The experiments were performed in triplicate.

2.5.2 Real-time quantification polymerase chain reaction

(RT-gqPCR)

RT-qPCR was used to analyze the microbial
community of free and attached cells. The primers of
four species were designed using Primer Premier 5.0
on-line design system and synthesized by BioSune
Biotech Co., Ltd., Shanghai, China. Details of primer
sequence were summarized in Ref. [19]. The quality of
amplified specific DNA fragments was checked through
1.2% agarose gel electrophoresis and purified using
E.ZN.A. Gel extraction kit (Omega Bio-Tek Inc.,
Newark, NJ, USA). DNA sequencing was conducted by
BioSune, and BLAST analysis was conducted in
GenBank  (http://www.ncbi.nlm.nih.gov/BLAST/) to
ensure the primers specificity. Before RT-qPCR,
standard curves of four strains were constructed by
diluting the conventional PCR products
(10>-10° copy/mL). The RT-qPCR was performed with
iCycler iQ Real-time PCR detection system (Bio-Rad
Laboratories Inc., Hercules, USA). The reaction
procedures were as follows: initial denaturation at 95 °C
for 30 s, and then 40 cycles of 95 °C for 15 s, 55 °C for
30, and 72 °C for 30 s. After each run ended, melting
curves for the amplicons were measured by increasing
the temperature from 59 to 99 °C at intervals of 0.5 °C.
The negative controls were also designed and all
experiments were run in triplicate.

RT-qgPCR data were analyzed using iCycler
MyiQ software v1.0 (Bio-Rad). Copy numbers of each
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conserved gene were quantified based on the standard
curves, which resulted from known concentrations of
PCR products. The correlation coefficients for the
standard curves for each gene were greater than 0.995.
The PCR amplification efficiencies were between 88.0%
and 110%. Cell number of each strain was calculated
according to the total cell numbers and percentage of
each type of strains.

3 Results and discussion

3.1 Effects of different carbon materials on copper

extraction

The copper extractions with leaching time from
chalcopyrite in the presence of four carbon materials are
shown in Fig. 1. The copper extractions were
significantly enhanced by AC and AG compared with
CB and CN with the addition of mixed moderate
thermophiles. The bioleaching efficiencies increased
slightly in the first 9 days, and subsequently began to
accelerate from day 9 to day 15, then kept stable. The
final copper extractions reached up to 69.9% (CuFeS,+
B+AC) (B is the mixed moderate thermophiles), 53.8%
(CuFeS,tB+AG) and 43.9% (CuFeS,tB) on day 21,
respectively. The copper yields increased by 26.0% and
9.9% compared to CuFeS,+ B group. However, in CB
and CN added bioleaching groups, the leaching
efficiencies of copper were only 12.2% and 18.4%,
respectively. Meanwhile, the copper extractions in all
abiotic groups were lower than 12%.
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70 b —°— Abiotic control —
——-+AG

60 F ——+CB /
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50 F —~—+CN
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Fig. 1 Variation of copper extractions during chalcopyrite
bioleaching

The highest copper extraction was obtained in the
AC added bioleaching group, indicating that AC could
greatly enhance chalcopyrite dissolution, which was in
accordance with previous studies [20—22], which
indicated that the improved dissolution rates were mainly
attributed to galvanic interaction between activated
carbon and chalcopyrite. As shown in Table 1, specific

surface area (SSA) of AC ((800.4+5.9) m%/g) was higher
than those of the other three carbon materials, but
electrical conductivity value was the lowest. HAO
et al [23] showed that SSA was the key factor improving
the bioleaching efficiency of the copper sulfide ores by
means of better galvanic interaction, biofilm formation,
direct contact and lower redox potentials. The copper
extraction in AG added bioleaching group was higher
than that in CuFeS,+B group. The great electrical
conductivity ((0.52+0.11) S/m) of AG endowed a more
electropositive (anodic) character to the bioelectrode
(moderate  thermophiles), finally enhanced the
biooxidation of chalcopyrite concentrate by acidophilic
bacteria [24]. Meanwhile, previous study also showed
that graphite could increase copper sulfide ores
bioleaching via rising the microbial population and
galvanic interaction [25]. Notably, the copper yields in
CuFeS,+B, CuFeS,+B+AG and CuFeS,+B+AC groups
increased by 40.7%, 42.6% and 52.8%, respectively
compared to the corresponding abiotic control groups,
demonstrating that the presence of moderate
thermophiles played an important role in chalcopyrite
dissolution. However, no obvious difference of copper
extractions was observed in bioleaching and chemical
leaching groups of CB and CN, which might indicate
that the bacterial growth was inhibited by CB and CN.

3.2 Effects of different carbon materials on physico-

chemical parameters in solution

The changes in pH, redox potential, total iron and
ferric iron concentrations in solution with leaching time
in the presence of four carbon materials are shown in
Fig. 2. In the bioleaching run of CB and CN added
groups, the solution pH values were higher than those of
chemical leaching groups (Fig. 2(a)). However, the
solution pH decreased rapidly from the 6th day and
finally declined to 1.48 (CuFeS,+B), 1.48 (CuFeS,+AG+
B) and 1.61 (CuFeS,+AC+B) on day 21, respectively. In
the corresponding chemical leaching groups, the solution
pH increased slowly in the first 4 days and remained
stable in the later leaching stage, and in CuFeS, group,
the lowest pH value was obtained. The pH values were
the integrated results of acid consumption and acid
generation in leaching process. Carbon materials could
promote the dissolution of chalcopyrite both in chemical
and Dbioleaching experiments, and more alkaline
substances (e.g., alkaline oxide and acid oxide) were
released and neutralized by protons, resulting in the high
solution pH. In CuFeS,+B, CuFeS,+AG+B and CuFeS,+
AC+B groups having sulfur oxidizing
organisms of A. caldus S1 and S. thermosulfidooxidans
ST were able to oxidize S’ and reduced inorganic sulfur
compounds (RISCs) dissolved from chalcopyrite,
resulting in the decrease of pH even in the presence of

inoculum,
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Fig. 2 Variation of pH (a), redox potential (b), concentrations of total iron (c) and ferric iron (d) in solution during chalcopyrite

bioleaching

carbon materials, which was responsible for the increase
of copper extractions.

As shown in Fig. 2(b), different carbon materials
induced different solution redox potential values. In the
bioleaching operation of CuFeS,, AG and AC added
groups, the redox potentials increased sharply from the
9th day and reached up to 689.7, 608.3 and 499.0 mV on
day 21, respectively. However, the redox potentials were
lower in other groups maintaining at 330—400 mV
throughout the leaching process. The iron oxidizing
microbes (e.g., L. ferriphilum DX) in mixed moderate
thermophiles could oxidize ferrous iron into ferric iron,
resulting in high solution redox potential values of
CuFeS,+B, CuFeS,+AG+B and CuFeS,+AC+B groups,
and facilitated the Cu bioleaching. Notably, the CuFeS,+
B and CuFeS,+AG+B groups stayed at the high redox
potential values of above 600 mV compared to CuFeS,+
AC+B. However, the extremely high copper extraction
was obtained in CuFeS,+AC+B. It was indicated that
carbon material-aided bioleaching performance could
accelerate the dissolution of chalcopyrite at the
appropriate redox potential values. The redox potential
was a key factor affecting the chalcopyrite dissolution.
Former studies proved that minerals sulfide dissolution

could be improved by controlling redox potential at
relatively low values. THIRD et al [26] indicated that
low redox potentials of 380—420 mV (vs Ag/AgCl)
controlled by oxygen limitation could enhance the final
copper recovery of chalcopyrite. ZHAO et al [8] also
showed that decreasing solution redox potential and
maintaining it in an appropriate range (380—480 mV (vs
Ag/AgCl)) using the bornite could increase the
chalcopyrite dissolution. In this study, AC caused
relatively low solution redox potential (330—500 mV)
compared with CuFeS,+B and CuFeS,+AG+B
bioleaching groups (600—650 mV), which was beneficial
to the final copper extraction.

The variations of total iron and ferric iron
concentrations presented the similar trends with the
redox potentials in CuFeS,+B, CuFeS,+AG+B and
CuFeS,+AC+B groups (Figs. 2(c) and (d)). The total iron
and ferric iron concentrations increased rapidly from the
9th day and reached maxima on days 12 or 15. Ferric ion
acted as an efficient oxidant and was found to be
beneficial to dissolving chalcopyrite in both chemical
leaching and bioleaching [27]. Compared to CuFeS,+B,
the high total iron concentrations dissolved from
chalcopyrite and high ferric iron concentrations
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generated from ferrous iron oxidation were obtained in
AG and AC added bioleaching groups, greatly improved
the bioleaching efficiency. At later stage of bioleaching,
ferric iron concentration decreased to 930, 1130 and
1430 mg/L in the three groups, respectively. It was
probably due to the fact that the passivation layer of
jarosite and sulfur was mainly formed, and slightly
affected the chalcopyrite dissolution, resulting in the
stable copper extractions (Fig. 1).

3.3 Effects of different carbon materials on bacterial
densities of free and attached cells

The amount of bacterial density in solution via
direct count with an optical microscope is shown in
Fig. 3(a). The variation of the number of microorganisms
was in accordance with the trend of copper extraction
(Fig. 1). The bacterial density in CuFeS,, CuFeS,+AG+B
and CuFeS,+tAC+B groups increased hardly in the
first 9 days, then rapidly increased to peaks of
10.4x10® cell/mL (day 15), 9.1x10® cell/mL (day 18) and
7.32x10° cell/mL (day 18), respectively. After that, the
bacterial concentrations of the three experiments began
to decline slightly (CuFeS,) or kept relatively stable
(CuFeS,+*AG+B and CuFeS,+AC+B). However, there
was no obvious growth of microbes in CB and CN added
groups, and the bacterial densities were near zero since
the bioleaching process began. The results indicated that
the addition of CB and CN restrained the growth of
mixed moderate thermophiles. ZHANG et al [28]
showed that the metals (e.g., copper and silver) loaded
on carbon black had the antibacterial activity to the
microorganisms via the adsorption of microbes on
carbon black surface. UPADHYAYULA et al [14] also
indicated that the inherent cytotoxic nature of pristine
CN played an indirect role in improving the microbial
sorption efficiency but prohibited the growth of
pathogens including bacteria [29] and bacteria
endospores [30] on CN surface. The inhibitory effect on
microbes scarcely caused the profitable changes of
leaching parameters (e.g., low pH, high redox potential
and ferric iron concentration) (Fig. 2), thus hardly
increased copper extractions in CuFeS,+CB+B and
CuFeS,+CN+B groups.

Figure 3(b) shows the densities of free cell in solu-
tion and attached cell on bioleached residual surface via
RT-gPCR in CuFeS,+B, CuFeS,+AG+B and CuFeS,+
AC+B groups at the end of bioleaching. The results
showed the variations of free cell density via RT-qPCR
were similar with those determined by direct count
(Fig. 3(a)). However, there was a significant difference
between the densities of free cell and attached cell in
three experiments on day 21. In CuFeS, group, the
density of attached cell was lower than that of free cell.
While the attached cell densities, especially in CuFeS,+

12
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Fig. 3 Variation of cell density in solution via direct count
during chalcopyrite bioleaching (a), and densities of free and
attached cells via RT-qPCR in CuFeS,+B, CuFeS,+AG+B and
CuFeS,+AC+B groups at end of chalcopyrite bioleaching (b)

ACHB group, were higher than free cell densities, which
might benefited from the large SSA and strong
adsorption capacity of activated carbon. The bacterial
adsorption quantity was determined by the interfacial
property of the adsorbent [31]. The characteristics of
high surface area with high surface reactivity and
microporous structure made the activated carbon to be
the versatile adsorbents for both bioleaching bacteria and
chalcopyrite particles [32]. Microbial colonization and
subsequent biofilm formation on the surface of mineral
particles were crucial to dissolve the chalcopyrite, and
the numbers of attached cells had significantly
positive correlation with the corresponding copper
extractions [33]. The biofilm including the attached
bacteria and metabolites on the interface developed many
independent and protective microenvironments against
the adverse bioleaching conditions such as possibly
infertile bulk-solution composition and dynamic force
(e.g., solution flows and abrasion) [34]. Moreover, the
bioleaching bacteria existed in biofilm could enhance
electron transfer through ferric iron and intensify
galvanic interaction between activated carbon and
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chalcopyrite, further accelerated copper extraction

efficiency by direct contact [35].

3.4 XRD analysis of solid residues

The components of raw mineral and bioleached
residues collected at the end of chalcopyrite bioleaching
were analyzed by XRD. As seen in Table 3, the contents
of chalcopyrite in raw mineral accounted for (87.4+
1.5)%, while they declined to (55.7+1.2)%, (50.6%0.8)%
and (44.1£0.7)% in CuFeS,+B, CuFeS,+*AG+B and
CuFeS,+ AC+B groups on day 21, respectively.
Meanwhile, the components of jarosite and sulfur were
detected. The contents of jarosite were (16.4+0.4)%
(CuFeS,+B), (21.5+0.3)%  (CuFeS,+AG+B) and
(35.6+£0.9)% (CuFeS,+AC+B), which also explained the
decrease trend of ferric iron concentration shown in
Fig. 2(d). However, the variations of sulfur content in
bioleached residues presented the opposite trend, and the
low percentage was observed in CuFeS,+AC+B group.
As the bioleaching process continued, Fe*" and S” were
released from chalcopyrite dissolution (Eq. (1)). S° could
be oxidized into H,SO, by sulfur-oxidizing bacteria. H'
and Fe*" as leaching agents could improve the CuFeS,
bioleaching efficiency (Egs. (2) and (3)). The generated
Fe*" could be oxidized into Fe’" by iron-oxidizing
bacteria. In the later bioleaching stage, Fe’* and S°
contents increased gradually with the decrease of the
CuFeS, content, which could accelerate the passivation
layer formation of jarosite (Eq. (4)) and S° film.

CuFeS,—Cu*"+Fe**+28"+5¢ (1)
CuFeS,+4H+0,— Cu*"+28"+Fe*'+2H,0 ()
CuFeS,+4Fe¢* — Cu*'+5Fe*" +28° (3)

M+3Fe*+ 2502~ +6H,0—> MFe3(SO4),(OH)s+6H"
(M" is monovalent cation of K*, Na" and NH,") (4)

In the process of chalcopyrite bioleaching, jarosite
and sulfur membranes were the main components of
passivation layer, which greatly slowed down the
bioleaching performance [36]. The yield and structure of
the passivation layer were significantly influenced by
microbes, ferric iron, pH and redox potential [37,38]. In
CuFeS,+AC+B group, relatively low solution pH and
redox potential values were observed, while the highest
jarosite content was still detected at the final stage of

bioleaching, which might be attributed to the highest
ferric iron concentration in solution. But even so, the
maximum bioleaching efficiency of copper was obtained
with the addition of AC, suggesting that the AC greatly
promoted the dissolution of chalcopyrite. In addition, the
attached cells of sulfur oxidizing bacteria could
effectively eliminate the sulfur membrane and promote
chalcopyrite dissolution with the assistance of AG and
AC. Therefore, the S° contents in AG and AC added
bioleaching groups were lower than that in biotic
control [39].

3.5 Effects of different carbon materials on microbial
community structure

The microbial community structures of free and
attached cells in CuFeS,+B, CuFeS,+AG+B and
CuFeS,+AC+B groups on day 21 were characterized. As
shown in Fig. 4, A. caldus S1, S. thermosulfidooxidans
ST, L. ferriphilum YSK and F. thermophilum L1
accounted for 24.72%, 25.81%, 24.14% and 25.33% in
mixed moderate thermophiles, respectively. Compared
with the relative percentage of each species in initial
inoculum, the microbial community compositions of free
and attached cells changed obviously during the
chalcopyrite bioleaching process. However, the variation
trends of free and attached cells in the same group were
similar.

In CuFeS,+B group, the L. ferriphilum YSK of free
cell and attached cell decreased to 5.70% and 6.61%,
respectively. While the percentages of 4. caldus S1
dramatically increased and became the dominant species,
accounting for 94.07% (free cell) and 93.30% (attached
cell) of the cultures. Meanwhile, 4. caldus S1 was also
the predominant species and accounted for 93.38%—
98.72% in the AG and AC added bioleaching systems.
Unexpectedly, the numbers of S. thermosulfidooxidans
ST and F. thermophilum L1 declined sharply at the late
stage of the three bioleaching systems. The proportions
of the two species accounted for just below 1%, and F.
thermophilum L1 was not even detected in AG and AC
added groups.

Elemental sulfur, RISCs and ferrous iron generated
from chalcopyrite dissolution provided energy sources
and nutrients for the growth of microorganisms. Ferrous
iron was relatively effortless to be utilized by iron-

Table 3 XRD analysis of solid residues in CuFeS,+B, CuFeS,+AG+B and CuFeS,+AC+B groups at end of chalcopyrite bioleaching

Content of components in residues/%

Experimental group Others
Chalcopyrite Jarosite Sulfur Quartz

Raw mineral 87.4+1.5 - 4.5+0.2 8.1+0.3

CuFeS,+B 55.7x1.2 16.4+0.4 26.3£0.2 1.3+0.1 0.3£0.1

CuFeS,+AG+B 50.6+0.8 21.5+0.3 21.4+0.1 6.2+0.3 0.3£0.1

CuFeS,+AC+B 44.1+0.7 35.6+0.9 18.1£0.2 1.8+0.1 0.4+0.1
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Fig. 4 Microbial community structures of free and attached cells in CuFeS,+B, CuFeS,+AG+B and CuFeS,+AC+B groups at end of

chalcopyrite bioleaching

oxidizing bacteria at the early and middle bioleaching
stages. As shown in Fig. 2(d), ferric iron concentration
from ferrous iron oxidation increased rapidly from day 9
to day 15, indicating the high activity of ferrous iron
oxidizers. Ferrous iron oxidizers could oxidize
chalcopyrite directly by means of the ferric iron, which
were most efficient for the bioleaching performance
(Fig. 1). While ferric iron concentration decreased from
day 15, the energy depletion might restrict the growth
and induce the low abundance of L. ferriphilum YSK in
the end. RISCs were the main intermediates of
chalcopyrite dissolution [40] and RISCs oxidation
yielded considerably more energy than ferrous iron
oxidation [41]. In the late bioleaching stage, the sulfur
membrane accumulated on the chalcopyrite surface
(Table 3), but could be served as energy source and
benefited the growth of A. caldus S1. As shown in
Fig. 2(a), the decrease trend of solution pH sustained till
the end of bioleaching, suggesting the continuous sulfur
oxidation process by sulfur oxidizers. All these factors
accounted for the relatively high proportion of 4. caldus
S1 in final stage. Although two cultures of S.
thermosulfidooxidans ST and F. thermophilum L1 were
frequently detected in the late stage of sulfide minerals
bioleaching [42], the high solution pH above 3.0 before
the 6th day might inhibit the growth of these two species,

resulting in the extremely low proportions.
4 Conclusions

(1) Four kinds of carbon materials including AG,
CB, AC and CN were used for the chalcopyrite
bioleaching by mixed moderate thermophiles. The
addition of AC and AG enhanced -chalcopyrite

dissolution and the final copper extractions were 69.9%
and 53.8%, which were improved by 26.0% and 9.9%
compared with biotic control group (43.9%). CB and CN
restrained the growth of mixed moderate thermophiles
and led to the low bioleaching efficiencies less than 20%.

(2) In AC and AG groups, especially for AC added
bioleaching group, low solution pH and redox potential
values, high total iron and ferric iron concentrations, and
large number of adsorbed bacteria were obtained,
resulting in high copper extraction.

(3) XRD analysis showed that jarosite and S° were
detected at the late bioleaching stage. The addition of AC
and AG accelerated the accumulation of jarosite, but
contrary to S’ film. However, the formation of
passivation layer could not significantly hinder the
chalcopyrite dissolution.

(4) AC and AG dramatically changed the microbial
community structures of free and attached cells. The
sulfur-oxidizing bacteria of A. caldus S1 strain
dominated the microbial community at the end of
bioleaching.
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