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Abstract: The effect of the surface microstructure and chemical speciation of chalcopyrite on the
attachment behaviors of thermoacidophilic archaeon Sulfolobus metallicus was evaluated for the first
time by using integrated techniques including epifluorescence microscopy (EFM) and sulfur K-edge
X-ray absorption near edge structure (S K-edge XANES) spectroscopy, as well as scanning electron
microscopy with energy dispersive spectrometry (SEM/EDS) and Fourier transform infrared (FT-IR)
spectroscopy. In order to obtain the specific surface, the chalcopyrite slices were electrochemically
oxidized at 0.87 V and reduced at −0.54 V, respectively. The EFM analysis showed that the quantity
of cells attaching on the mineral surface increased with time, and the biofilm formed faster on
the electrochemically treated slices than on the untreated ones. The SEM-EDS analysis indicated
that the deficiency in energy substrate elemental sulfur (S0) in the specific microsize of local defect
sites was disadvantageous to the initial attachment of cells. The XANES and FT-IR data suggested
that the elemental sulfur (S0) could be in favor of initial attachment, and surface jarosites inhibited
the adsorption and growth of S. metallicus. These results demonstrated that not only the surface
microstructure but also the chemical speciation defined the initial attachment behaviors and biofilm
growth of the extreme thermophilic archaeon S. metallicus.

Keywords: chalcopyrite; bioleaching; Sulfolobus metallicus; XANES

1. Introduction

Bioleaching is as an eco-friendly and cost-effective way to extract the precious metals
from low-grade ores, and was recognized as one of ten top world challenge technologies by
Scientific American in 2011 [1]. In this method, bioleaching microbes oxidize ferrous ion (Fe2+)
and S0 into ferric iron and sulfuric acid that attack and dissolve the rocky materials and release the
metals. However, this process could be detrimental to the environment due to the formation of acid
mine drainages (AMDs) in the sites of abandoned ores or tailings if it is not constrained and prevented.
It is recognized that the interaction between microbe and mineral can be determined mainly by the
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properties of the microenvironment of the interface between mineral and microbe, including the
surface microstructure and chemical speciation of mineral and extracellular polymer substances (EPSs)
of the microbe. The microstructure is the crystal structure in terms of individual atoms on the surface of
the mineral, and it can strongly influence the physical properties (e.g., roughness, corrosion resistance,
etc.) of the mineral surface and govern the interaction between microbe and mineral [2–6]. To date,
there have been few studies on this topic [3–8], and the microbe-mineral interfacial interaction is
still unclear, especially for the case of iron- and sulfur-oxidizing archaea, whose cellular structure
and physiological temperature are quite different from the mesophilic or moderate thermophilic
bioleaching bacteria.

The microbe-mineral interaction includes the following processes: adsorption, growing with
Fe/S oxidation, and desorption of the cells. These processes can be affected by the category of
minerals, microorganisms, and environmental parameters [4]. It was also found that the redox reaction,
adsorption of intermediates, and superficial interaction had decisive influences on the productivity of
copper extraction [9].

Microbial adsorption on the mineral surface is the prerequisite for efficient interfacial interaction,
which plays an important role during mineral dissolution [10]. It was reported that the electrostatic
force and hydrophobicity, as well as the crystal lattice defect of the mineral surface can affect the
adsorption behavior of microbes [11]. Specific adsorption or attachment is often mineral-selective,
mediated by the bacterial EPS [12] and restricted to crystal boundary, which have higher chemical
energy than normal areas and lead to the increase of internal energy and reactivity [13]. It was also
reported that in the early stage of attachment, the cracks and the creviced areas of mineral surfaces are
more readily corroded [14–16], and the electrochemically oxidized chalcopyrite surface favors bacterial
attachment [5]. These studies show that the microstructure and physicochemical properties of a mineral
can significantly affect the attachment behaviors of the bioleaching microbes, and consequently affect
the microbe-mineral interaction.

Considering that chalcopyrite (CuFeS2) is the most abundant and refractory copper-bearing
mineral [17], and S. metallicus is the thermoacidophilic archaeon that demonstrates inherent distinct
advantages for the industrial application of chalcopyrite bioleaching [18,19], we used them to get
insight into the correlation between the surface microstructure, the mineral speciation, and the
specific adsorption behavior of the microbe. The original chalcopyrite was electrochemically
corroded at specific redox potentials that were chosen based on cyclic voltammetry studies. Then,
the microstructure and chemical speciation of the treated surface as well as the specific adsorption of
S. metallicus were analyzed by using integrated in situ techniques including epifluorescence microscopy
(EFM) and sulfur K-edge X-ray absorption near-edge structure (S K-edge XANES) spectroscopy,
as well as scanning electron microscope with energy dispersive spectrometer (SEM/EDS) and Fourier
transform infrared (FT-IR) spectroscopy. This research could lead to a better understanding of the
molecular mechanism of the specific interaction between chalcopyrite and the thermoacidophilic
archaeon S. metallicus.

2. Materials and Methods

2.1. Strain and Culture Medium

The thermoacidophilic archaeon strain S. metallicus DSM-6482 was purchased from
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH. S. metallicus is a thermophilic
obligate autotrophic archaeon which grows by oxidizing ferrous iron, S0, and reductive inorganic
sulfur compounds at temperatures between 65 and 80 ◦C [20,21]. It was activated on a rotary
shaker at 65 ◦C in 500 mL Erlenmeyer flasks with 200 mL basal medium with 1% chalcopyrite
as the sole energy source [22]. For microscopy studies, cells were cultivated in the basal medium
88 (M88) with chalcopyrite slices. The M88 medium contained 1.3 g/L (NH4)2SO4, 0.28 g/L KH2PO4,
0.25 g/L MgSO4·7H2O, 0.07 g/L CaCl2·2H2O, 0.02 g/L FeCl3·6H2O, 1.8 mg/L MnCl2·4H2O, 4.5 mg/L
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NaB4O7·10H2O, 0.22 mg/L ZnSO4·7H2O, 0.05 mg/L CuCl2·2H2O, 0.03 mg/L NaMoO4·2H2O,
0.03 mg/L VOSO4·2H2O, 0.03 mg/L CoSO4, and 0.2 g/L yeast extract.

2.2. Mineral Samples

The chalcopyrite sample was bought from Wantong Gao’s mineral museum in Guilin City,
Guangxi Province, China. X-ray fluorescence spectroscopy (PANalytical, Eindhoven, The Netherlands)
showed that the main contents of the mineral were (mass fraction): Cu 35.84%, Fe 31.03%, S 29.25%,
O 3.38%, Si 0.36%, Al 0.04%, P 0.02%, Ca 0.02%, and Se 0.01%. The X-ray diffraction (XRD, PANalytical,
Eindhoven, The Netherlands) analysis indicated that chalcopyrite was the main phase.

2.3. Electrochemical Experiments

The electrochemical experiments including cyclic voltammetry (CV) and potentiostatic corrosion
were performed on a potentiostat PAR 283 (EG&G, Gaithersburg, MD, USA). The electrochemical
cell was a 500 mL glass cell with a typical three-electrode system composed of a massive
chalcopyrite electrode as the working electrode, graphite rod (99.99% purity) as the counter electrode
(Johnson Matthey, Princeton, NJ, USA), and saturated silver-silver chloride electrode in a Luggin
capillary as the reference electrode.

The chalcopyrite working electrode was prepared as follows. The natural chalcopyrite sample
was cut by a Rock slicer JKJQ-300 (Jack Machinery Factory, Taizhou, China) to get cylindrical slices with
a diameter of 1.2–1.5 cm and thickness ~0.5 cm, and as far as possible, with no visible imperfections.
Each chalcopyrite slice was mounted in a polytetrafluorethylene matrix. Before conducting each
electrochemical experiment, the surface of the working electrode was sequentially polished with SiC
abrasive papers of different mesh number from 200 to 3500, and then it was cleaned by ultrasonic
treatment in deionized water three times

Forward CV was performed with a positive-going potential scan between −0.8 V (referred to
standard hydrogen electrode (SHE), the same for the following text unless otherwise stated) and +1.0 V
and reverse CV with a negative-going potential scan between +1.0 V and −0.8 V at a scan rate of
5 mV s−1. Both the forward CV and reverse CV scans started at the open circuit potential (OCP).
The same electrode used in the CV experiment was then applied for potentiostatic corrosion at a set of
potentials based on the CV results. The reductive potential in this study was set at −0.54 V for 10 min.
To determine the suitable oxidizing potential, 0.67 V, 0.72 V, 0.77 V, 0.82 V, 0.87 V, and 0.92 V potentials
were tested for potentiostatic oxidation for 1 h. All the electrochemical experiments were performed
at 25 ◦C in 9 K basal medium (pH 1.8) with N2 (99.999%) filling the container [5]. The composition
of electrolyte (e.g., anions and pH) has an important impact on the electrochemical behavior of the
chalcopyrite electrode. The 9 K medium contained 1.5 g/L (NH4)2SO4, 0.01 g/L CaCl2·2H2O, 0.25 g/L
MgSO4·7H2O, and 0.25 g/L KH2PO4, which could accelerate the redox reaction of chalcopyrite in
solution [23,24].

2.4. Bioleaching Experiments

Bioleaching was performed on a rotary shaker at 65 ◦C, 170 r/min in 250 mL Erlenmeyer flasks
containing 100 mL culture medium with the addition of S. metallicus. Three kinds of chalcopyrite
slices were placed in Erlenmeyer flasks: oxidized at 0.87 V, reduced at −0.54 V, and without redox
treatment. The initial inoculated concentration was 2 × 108 cells/mL, and the initial pH was adjusted
to 1.8. Abiotic experiments performed at the same conditions were carried out as sterile controls.

The mineral samples were taken out at 2-day intervals to day 10 to detect the adsorption of
microbes and the morphological changes on the chalcopyrite surface. All experiments were done
in triplicate.
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2.5. Adsorption Behaviors Analysis

The adsorption behaviors of S. metallicus on the different surfaces of chalcopyrite slices were
characterized by both initial adsorption and biofilm formation, which were observed by SEM/EDS
(Quanta FEG 250, FEI, Thermo Fisher Scientific, Hillsboro, OR, USA) and EFM (DM2500, Leica,
Buffalo Grove, IL, USA), respectively. The initial adsorbed cells on the mineral surface were
measured in carbon atom amount (at %). The formation of biofilm was visualized by staining
with DAPI (4′6-diamidino-2-phenylindole) that was dissolved in phosphate buffered saline (PBS)
to a concentration of 10 µg/mL for 10 min [22]. For each EDS result, at least six spots were used for
statistical analysis.

2.6. Surface Structure and Chemical Species Analyses

The surface structure—both the surface morphology and phase composition of chalcopyrite—was
analyzed by SEM/EDS (Quanta FEG 250, FEI, Thermo Fisher Scientific, Hillsboro, OR, USA).

As previously described, the evolution of surface chemical species was analyzed by FT-IR
spectroscopy (Nicolet 630, Thermo Fisher Scientific, Hillsboro, OR, USA) and S K-edge XANES
spectroscopy. For FT-IR, samples (leaching residues) were mixed with potassium bromide (KBr)
and tabletting. The same sample was measured three times, and the optimal result was adopted
in order to keep the accuracy of the FT-IR. The S K-edge XANES spectra were recorded at 4B7A
beam-line (medium energy X-ray beamline 2100–6000 eV), Beijing Synchrotron Radiation Facility
(BSRF), Beijing, China, in fluorescence mode at ambient temperature and scanned at step width of
0.2 eV from 2456 to 2498 eV [25,26]. The XANES spectra were normalized to the maximum of the
absorption jump and fitted by the linear combination of reference spectra with the IFEFFIT program
as previously described [27]. The R-factor is one of the statistical measures to evaluate the degree of
fitting between empirical data and a corresponding model, and if the R-factor <0.02, then a good result
was obtained.

3. Results

3.1. The Electrochemical Study and Characterization of Chalcopyrite

Both forward and reverse CV curves for chalcopyrite electrodes are shown in Figure 1. In the
forward CV, A1 at about 0.67 V was the initial anodic peak, which was called the “prewave” by
Xia et al. [5]. A1 represented the beginning of the oxidizing reaction on the surface of chalcopyrite and
non-stoichiometric amorphous products that lacked Fe/S according to Price et al. [6] (see Equation (1)).
In the reverse CV, two cathodic peaks C1 and C2 appeared at −0.07 V and −0.54 V, which were in
accordance with the observation in Ref. [5] (see Equation (2) below):

CuFeS2 → Cu1-xFe1-yS2-z + xCu2+ + yFe2+ + zS0 + 2(x − y) e− (1)

2CuFeS2 + 6H+ + 2e−→ Cu2S + 2Fe2+ + 3H2S (2)

In order to get different surface structures of chalcopyrite and study the characteristics of selective
attachment of S. metallicus, the potentials for a range of the anodic peaks were chosen to carry out
potentiostatic corrosion. On account of the uncertain value of the A1 peak, a series of potentials of
potentiostatic corrosion were carried out as shown in Figure 2, in order to obtain the optimal potential.
The result showed that the electricity variation at 0.87 V was manageable to alter and it was suitable
for the following corrosion experiments.
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Figure 1. The (A) forward cyclic voltammetry (CV) and (B) reverse CV of chalcopyrite at the scan rate
of 5 mV s−1 in 9 K medium at pH 1.8. SHE: standard hydrogen electrode.

Prior to the cell adsorption experiment, the chalcopyrite electrodes were characterized by
SEM/EDS. Before potentiostatic oxidation, each mineral slice was polished and cleaned in order
to get closely identical sample surfaces. The results (Figure 3) showed that the chalcopyrite surface
treated at 0.87 V and −0.54 V changed obviously, and the one treated at −0.54 V was corroded much
more seriously. The normalized molecular formula of several regions on the mineral surface were
calculated based on Cu, and they were CuFe0.99S2.05 for the untreated case, CuFe1.03S2.16 for the case
treated at 0.87 V, and CuFe0.30S0.72 for the case treated at −0.54 V, indicating that the surface treated at
0.87 V was somewhat enhanced in the content of S, whereas there was a distinct deficiency in S and Fe
for the surface corroded at −0.54 V.

Figure 2. The potentiostatic corrosion curves with a series of gradient voltages from 0.67 V to 0.92 V.

Figure 3. SEM images of chalcopyrite (A) without treatment; (B) treated at 0.87 V; and (C) treated at−0.54 V.
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3.2. Cell Attachment and Biofilm Formation on Chalcopyrite Surface

The characterization of the attachment capacity of S. metallicus on the chalcopyrite surface was
performed by EFM and FT-IR. The results (Figure 4) showed that the adsorption quantity of cells on
the mineral surface increased with leaching time until day 6 when a biofilm formed.

By microscopically comparing the initial attachment of cells on the three chalcopyrite surfaces
(Figure 5), it was found that the adsorption quantity of cells on the mineral surface became different
starting on day 2, which was characterized by the blue bright spots of DAPI selectively stained
DNA [14]. The bright blue spots at day 2 on the untreated surface were much less than those on the
surfaces treated at 0.87 V (Figure 5B) and −0.54 V (Figure 5C), and those on the surfaces treated at
0.87 V were more than surfaces treated at−0.54 V. Thus, the adsorption quantity at day 2 was observed
in the order: chalcopyrite treated at 0.87 V > chalcopyrite treated at −0.54 V >> untreated chalcopyrite.
The same order was found at day 4, but from day 6 the cell quantities in the biofilm on the three
mineral surfaces could not be clearly differentiated through EFM (data not shown). Therefore, other
methods were adopted to characterize the evolution of cell absorption and surface morphology.

By using FT-IR spectroscopy, the functional groups as well as cell quantities on the chalcopyrite
surfaces were examined. The results of sterile controls for the chalcopyrite surface (Figure 6A)
showed that there was no FT-IR absorption for the untreated chalcopyrite surface, and there was some
absorption near 711.6 cm−1 that could be assigned to the stretching band of Fe–O for the case of treated
at 0.87 V, and there was some absorption near 1000 cm−1 that could be assigned to the stretching band
of S–O for the case of surface treated at−0.54 V. For the bioleached chalcopyrite surfaces (Figure 6B–D),
it was found that there were typical proteins bands near 1634 and 1539 cm−1 (amide I and amide
II) [28]. The –NH2 and –OH broad bands were also found near 3000–3400 cm−1, as well as the –CH2

stretching band near 2850 cm−1 [29]. These peaks indicated the occurrence of biomass. At the same
time, there was a S–O bending vibration band at 1000–1200 cm−1 that could be assigned to SO4

2−,
and –NH vibration peaks at 1415 (Figure 6C) and 1427 cm−1 (Figure 6D) that could be assigned to
ammonium, which were similar to that of potassium jarosites and ammonium jarosites [30]. It is clear
that both biomass and jarosites increased much more with bioleaching at the two treated surfaces cases
(Figure 6C,D) than that in the untreated surface case (Figure 6B).

By further comparing the FT-IR results for the two treated surfaces cases (Figure 6C,D),
for the surface treated at 0.87 V, both biomass and jarosites were formed quickly in the early stage
corresponding to the S-rich environment constructed by electrochemical corrosion (Figure 6C). On the
contrary, the biomass and jarosites were slowly formed in the early stage on the surface treated at
−0.54 V with a deficiency in S/Fe (Figure 6D). This indicates that the surface S species promoted the
cell growth and the interaction between microbe and mineral. It was apparent that both cell attachment
and surface structure were non-homogeneous (Figures 4 and 5), which could reflect the effect of surface
structure (richness or deficiency in S) on cell adsorption, in accordance with the surface chemical
species as shown in Tables 1 and 2 in the following section.

Figure 4. The epifluorescence microscopy (EFM) images of cells of S. metallicus adsorbed on the surface
of untreated chalcopyrite: (A) day 0; (B) day 2; (C) day 4; (D) day 6; (E) day 8; (F) day 10.
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Figure 5. The EFM images of cells of S. metallicus adsorbed on the surface of (A,D) untreated
chalcopyrite; (B,E) chalcopyrite treated at 0.87 V; (C,F) treated at −0.54 V. The suffix “1” indicates day
2; suffix “2” indicates day 4.

Figure 6. The Fourier transform infrared (FT-IR) spectra of chalcopyrite leaching residues. (A) Sterile
chalcopyrite; (B) Bioleached chalcopyrite untreated; (C) Bioleached chalcopyrite treated at 0.87 V;
(D) Bioleached chalcopyrite treated at −0.54 V.
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Table 1. The normalized energy dispersive spectroscopy (EDS) results of Cu, Fe, and S and atom
percent (at %) of elemental carbon (C) for different chalcopyrite surfaces at different leaching time on
creviced area.

Time

Mineral Original Chalcopyrite Chalcopyrite Treated at 0.87 V Chalcopyrite Treated at −0.54 V

Normalized Results C (at %) Normalized Results C (at %) Normalized Results C (at %)

0 h CuFe0.98S2.01 0 CuFe1.00S2.16 0 CuFe0.24S0.69 0
1 h CuFe1.02S1.98 6.47 CuFe1.07S2.03 10.38 CuFe0.67S1.68 6.28
2 d CuFe1.04S1.92 10.48 CuFe1.07S1.90 16.51 CuFe0.96S1.66 6.36
4 d CuFe1.12S1.81 11.47 CuFe1.09S1.57 16.69 CuFe1.04S1.46 9.27
6 d CuFe1.01S1.75 11.86 CuFe1.25S1.28 15.23 CuFe1.10S1.67 11.32
8 d CuFe0.97S1.59 13.47 CuFe1.16S1.87 17.03 CuFe1.02S1.76 14.85

10 d CuFe1.06S1.84 16.86 CuFe1.62S1.83 18.07 CuFe1.48S1.53 16.34

Table 2. The normalized EDS results of Cu, Fe, and S and atom percent (at %) of elemental carbon (C)
for different chalcopyrite surfaces at different leaching times on flat area.

Time

Mineral Original Chalcopyrite Chalcopyrite Treated at 0.87 V Chalcopyrite Treated at −0.54 V

Normalized Results C (at %) Normalized Results C (at %) Normalized Results C (at %)

0 h CuFeS2.08 0 CuFe1.05S2.16 0 CuFe0.36S0.74 0
1 h CuFe1.01S2.05 2.53 CuFe1.02S2.15 5.94 CuFe0.63S1.53 1.97
2 d CuFe1.00S1.80 3.70 CuFe1.05S1.94 8.28 CuFe0.97S1.82 6.48
4 d CuFe1.02S1.77 4.81 CuFe1.11S1.71 9.89 CuFe1.02S1.71 5.49
6 d CuFe1.06S1.48 6.32 CuFe1.03S1.40 7.07 CuFe1.14S1.63 8.77
8 d CuFe0.96S1.54 8.9 CuFe1.09S1.84 9.18 CuFe0.99S1.72 13.92

10 d CuFe1.04S1.88 11.47 CuFe1.80S1.78 10.9 CuFe1.49S1.60 14.05

3.3. Analysis of Mineral Surface Morphology and Elemental Composition

To study the bioleaching process, the SEM/EDS results of chalcopyrite slices were analyzed to
characterize the changes in mineral morphology, surface elemental composition, and surface content
of cells.

The change in mineral surface morphology for the case treated at −0.54 V is shown as an example
in Figure 7. It showed that during bioleaching the degree of surface corrosion gradually increased
and the cell accumulation was visible from day 6. The cell adsorption on the creviced area was much
greater than that on the flat area. The change in normalized surface elemental composition (CuxFeySz)
and surface content of cells (could be roughly seen as the content of surface carbon (C), C %) for all
three different surface cases are shown, respectively, in Table 1 for the creviced area and Table 2 for
the flat area. The results showed that in the creviced region the content of C (i.e., the cell quantities)
was generally greater than that in the flat area for all three different surfaces. Comparing more detail
of C % for each kind of area for the three different surfaces, it was found that before day 2, the cell
quantities followed the order for both the creviced and flat area: chalcopyrite treated at 0.87 V >
original chalcopyrite > chalcopyrite treated at −0.54 V. Since day 2, the cell quantities on the flat
area followed the order: chalcopyrite treated at 0.87 V > chalcopyrite treated at −0.54 V > original
chalcopyrite, which was consistent with the results of EFM, and in the creviced area followed the order:
chalcopyrite treated at 0.87 V > original chalcopyrite > chalcopyrite treated at −0.54 V. This means
that in the early stage of bioleaching (i.e., initial cell adsorption), the area’s deficiency in S led to lower
cell adsorption, but after that (i.e., during the bioleaching process), the surface with crystal defect
resulting from electrochemical corrosion was more readily attacked [5,14–16], so the content of C on the
two treated surfaces was much higher than the untreated one. It should be noted that for the creviced
area the content of C was just dependent on surface energy substrates S0 during initial cell adsorption
and the bioleaching process. This suggests that the interaction between microbe and mineral could be
determined by both surface microstructure and chemical speciation.

Based on further analysis of the normalized molecular formula and the change of surface element
composition (Tables 1 and 2), it was clear that during bioleaching the changes in surface chemical
composition of chalcopyrite for the three cases were quite different. For the case treated at −0.54 V,
the surface chemical composition of chalcopyrite increased greatly in S and Fe in the early stage
(i.e., CuFe0.24S0.69 to CuFe0.67S1.68 in 1 h and to CuFe0.96S1.66 at day 2). After that, the content of Fe
increased slowly, meaning that in the early stage the surface Cu released quickly, which was most
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probably under attack by H+, and then attacked by Fe3+. For the case treated at 0.87 V, the surface
content of S decreased gradually and the Fe increased from beginning. For the untreated case only,
the surface content of S decreased gradually while the contents of Fe and Cu changed little from
starting values, meaning that the bioleaching effect was not obvious, explaining the much lower IR
absorption compared to the other two electrochemically treated cases. It is also noted that according
to the changes in the content of C, it could be derived that the initial attachment of cells for the case
treated at −0.54 V lasted until day 2, and that for the other two cases could be finished in 1 h as
observed in [5]. That could explain the much smaller change in FT-IR before day 2 for the case treated
at −0.54 V (Figure 6D). By combining the results of SEM/EDS and FT-IR, it is clear that the change in
surface chemical composition is strongly related to the change in cell quantities on the surface, both of
which resulted from the differences in the mineral-microbe interaction.

In order to evaluate the effect of available S and Fe species on the mineral–microbe interaction,
the relationship between the content of C and the ratio S/(Cu+Fe+S) or Fe/(Cu+Fe+S) was analyzed.
In Figure 8, the content of C increased with the ratio Fe/(Cu+Fe+S), and decreased with the ratio
S/(Cu+Fe+S) at day 4, owing to the fact that S. metallicus is more likely to utilize the S0 and reductive
inorganic sulfur compounds on the treated surface, and the utilization of surface S0 could lead to the
increase in ratio Fe/(Cu+Fe+S) and decrease in ratio S/(Cu+Fe+S). Such a trend was not obvious at
day 10. This may be due to the formation of the jarosites as discussed in the FT-IR results (Figure 6),
which covered the mineral surface and could not be utilized by microbes.

Figure 7. SEM images of the chalcopyrite surface treated at −0.54 V at different leaching times: (A) day
0; (B) day 2; (C) day 4; (D) day 6; (E) day 8; and (F) day 10.

Figure 8. Cont.
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Figure 8. The relationship between the content of C and Fe/(Cu+Fe+S) at (A) day 4 and (B) day 10 and
the content of C with S/(Cu+Fe+S) at (C) day 4 and (D) day 10.

3.4. Analysis of Sulfur Speciation on the Chalcopyrite Surface

Considering that the surface sulfur species may affect the mineral-microbe interaction, they were
further analyzed by S K-edge XANES. The S K-edge XANES spectra of a series of sulfur-bearing
standards—including chalcopyrite, bornite, chalcocite, covellite, jarosites, and S0—are shown in Figure 9A.
The characteristic peaks for these standards clearly differ from each other; that is, 2470.0 eV and
2476.6 eV for chalcopyrite, 2470.0 eV, 2475.8 eV, and 2482.5 eV for bornite, 2470.0 eV, 2473.0 eV, 2475.8 eV,
and 2482.5 eV for chalcocite, 2471.9 eV and 2476.5 eV for covellite, 2472.5 eV and 2479.9 eV for S0,
and 2482.7 eV for jarosite, which were similar to the results of Liu [31,32]. The evolution in S K-edge
XANES spectra during bioleaching of the chalcopyrite samples, including the untreated chalcopyrite,
chalcopyrite treated at 0.87 V, and chalcopyrite treated at −0.54 V are shown in Figure 9B–D, respectively.
These spectra were fitted by their respective spectral standard spectra. The fitted results are shown in
Table 3, which confirmed that covellite and S0 were produced on the chalcopyrite surface treated at 0.87 V,
and bornite and S0 were produced on the chalcopyrite surface treated at −0.54 V.

Figure 9. Cont.
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Figure 9. The sulfur K-edge X-ray absorption near-edge structure (S K-edge XANES) of chalcopyrite
surfaces with leaching time, where (A) standards; (B) untreated chalcopyrite; (C) chalcopyrite treated
at 0.87 V; (D) chalcopyrite treated at −0.54 V.

Table 3. The fitted S-K XANES results for Figure 9.

Sample Time (d)
Percentage of Contribution of Reference Spectra (%)

R-Factor (%)
Chalcopyrite Jarosite Bornite S0 Chalcocite Covellite

b: chalcopyrite
untreated

0 100 - - - - - 0.0017
2 100 - - - - - 0.0018
4 100 - - - - - 0.0015
6 100 - - - - - 0.0018
8 98.9 1.1 - - - - 0.0016

10 96.6 2.1 - - - 1.3 0.0017

c: chalcopyrite
treated at 0.87 V

0 83.0 - - 14.3 - 2.7 0.0015
2 98.8 - - - - 1.2 0.0016
4 98.8 0.7 - - - 0.0016
6 98.7 1.3 - - - - 0.0015
8 95.4 2.3 - 0.9 - 1.2 0.0014

10 92.6 3.5 - 1.9 - 2.0 0.0013

d: chalcopyrite
treated at −0.54 V

0 68.8 - 23.0 - 9.2 - 0.0013
2 89.5 - 10.1 - - 0.4 0.0018
4 98.6 - 1.1 - - 0.3 0.0015
6 98.9 1.1 - - - - 0.0012
8 97.7 1.7 - 0.6 - - 0.0014

10 96.7 2.2 - 1.1 - - 0.0016

4. Discussion

In the present study, both electrochemically treated surfaces—especially the surface treated at
−0.54 V—clearly had more creviced area than the untreated surface (Figure 3). By electrochemical
corrosion, the chalcopyrite treated at 0.87 V formed an S-rich surface and that treated at −0.54 V
formed a Fe/S-deficient surface (Tables 1 and 2). Moreover, the results of EDS showed that the initial
attachment of cells observed the following order for both the creviced and flat areas: chalcopyrite
treated at 0.87 V > original chalcopyrite > chalcopyrite treated at −0.54 V, indicating that the bacteria
cells preferred S species on the mineral surface. On the mineral surface, the richness in S0 (treated at
0.87 V) made more S. metallicus cells adsorb to the mineral surface where they oxidized S0 sedimentation
to sulfates (SO4

2-), as in Equation (3). On contrary, however, if the mineral surface was deficient in
S0 (treated at −0.54 V), the chalcopyrite could first be attacked by H+ and the surface iron could be
released as ferrous ion (Fe2+) into solution that can be further oxidized to ferric iron by the planktonic
cells, as in Equations (4) and (5). After that, the corrosive surface was attacked by ferric iron and
produced ferrous iron and S0 as in Equation (6), which attracted more cells to adsorb to the surface,
causing the rapid formation of biofilm as shown in Figure 4B–D [33,34]. With ongoing bioleaching,
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the precipitated jarosites gradually increased as in Equation (7) and hindered the dissolution of
chalcopyrite [35], and the extension of the biofilm (as shown in Figure 4E,F) was inhibited. It is noted
that EFM can only observe the outermost layer of the cells of the biofilm; it can roughly exhibit the
formation procedure of the biofilm, but it cannot differentiate the difference in fluorescence intensity
for the inner cells of the biofilm. In contrast, FT-IR can detect the absorption of the multilayers of
cells of the biofilm. The FT-IR data in Figure 6B for the attachment cells on the untreated surface
are much less intense, and are not comparable with that in C and D. This may be because the much
fewer cells in the biofilm on the untreated surface could not sensitively provide absorption of FT-IR.
Nevertheless, by combing EFM with FT-IR, the quantities of cells determined during biofilm formation
could be credible.

2S0 + 3O2 + 2H2O
microorganisms−→ 4H+ + 2SO4

2− (3)

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

4Fe2+ + O2 + 4H+ microorganisms−→ 4Fe3 + + 2H2O (5)

CuFeS2 + 4Fe3+ → Cu2+ + 5Fe2+ + 2S0 (6)

M+ + 33+ + 2SO4
2− + 6H2O → MFe3(SO4)2(OH)6 ↓ + 6H+ (7)

In formula (7), M+ refers to cations such as K+, NH4
+, and H3O+.

The intermediates may also affect the attachment behaviors of cells during bioleaching. Li and
Huang [30] mentioned the appearance of S0 on the chalcopyrite surface treated by electrochemical
methods. In this study, covellite, bornite, and jarosites were detected on the chalcopyrite surface
treated at 0.87 V, and covellite, bornite, jarosites, chalcocite, and S0 were detected on the chalcopyrite
surface treated at −0.54 V. Previous research showed that S0 had no evident inhibitory effect on the
copper extraction, although α-S8 was produced as the predominant intermediate [28,31]. He et al. [36]
stated that A. ferrooxidans can accelerate the accumulation of both linear polysulfide and α-S8 when
the cells grew on sulfur powder and thiosulfate, and S0 may partially be derived from covellite and
chalcocite [18]. The results in [28] showed the relationship between the organization of acidophilic
archaeal biofilm and surface sulfur. For the chalcopyrite surface treated at 0.87 V, S0 was detected
before bioleaching, disappeared in the early stage, and reappeared later. This may imply that S0 was in
favor of the initial attachment of S. metallicus, which was in accordance with the results of SEM/EDS as
presented in Section 3.3. These results demonstrate that both microstructure and chemical speciation
on the minerals surface could effectively determine the attachment of cells and the growth of the
biofilm of the extreme thermophilic archaeon S. metallicus.

5. Conclusions

The study investigated the relationship between the microbiological attachment, surface
microstructure, and chemical speciation of chalcopyrite. The action of cells to the mineral energy
substrate(s) can be roughly recognized as attachment followed by sulfur and iron oxidation. It was
evident from microscopic observation for specific adsorption that attachment of cells was dependent
on the surface availability of energy substrate elemental sulfur (S0), which was testified by the greater
attachment on the mineral surface abundant in S0 than that deficient in S0. Surface defects resulting
from the electrochemical corrosion can favor the minerals’ oxidation by ferric iron or microorganisms,
which was in accordance with the greater growth of cells and the rapid formation of a biofilm on the
creviced area compared to that on the flat area. On the other hand, the formation of S0 during the
bioleaching process can favor cells’ growth.
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