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Abstract: Iron L-edge and sulfur K-edge X-ray absorption near edge structure (XANES) spectroscopy analysis of pyrite leached by
extreme thermophilic Archaea strain Acidianus manzaensis (A. manzaensis) was carried out. Leaching experiments show that the
oxidation of pyrite can be accelerated by 4. manzaensis. Leaching results show that with the increase of leaching time, pH value in
the leaching solution gradually decreases, redox potential increases rapidly from day O to day 3, and then increases slowly. The SEM
results show that the pyrite surfaces are corroded gradually by A. manzaensis, and the XRD results show that the leaching residues
contain new compositions of jarosite and elemental sulfur (S°). The iron L-edge XANES spectroscopy analysis of pyrite during
biooxidation indicates that pyrite is gradually converted to Fe(Ill)-containing species. The sulfur K-edge XANES spectroscopy
analysis indicates that elemental sulfur is produced during bioleaching and maintains mass fractions of 3.2%—5.9%. Sodium

thiosulfate was also detected from day 2 to day 4, indicating the existence of thiosulfate during biooxidation of pyrite.
Key words: pyrite; bioleaching; chemical speciation; XANES; Acidianus manzaensis

1 Introduction

Biohydrometallurgy takes important role in precious
metal recovery from low grade mineral sulfide ores with
attractive  economical, environmental and social
benefits [1]. Within these ores, pyrite is the most widely
distributed and commonly coexists in  coals,
hydrothermal veins, contact metamorphic deposits and
sedimentary rocks [2,3]. It has been widely studied that
the biooxidation of pyrite can promote the extraction of
inclusive gold and copper [4,5].

The dissolution kinetics and biooxidation
mechanism of pyrite have been widely studied in recent
years. According to VERA et al [6], pyrite can be
initially attacked by Fe(Ill) and the sulfur moiety of
pyrite is oxidized to sulfur intermediates, and then these
sulfur intermediates can be finally oxidized to sulfate,

which is well known as thiosulfate pathway, as presented
in the following equations (Egs. (1) and (2)). According
to the mechanism, thiosulfate and other sulfur
intermediates can be produced. Recently, there have been
some publications focusing on the intermediate produced
during bioleaching [7,8] and the intermediate sulfur has
been confirmed [7,9]. However, these studies mostly
concentrate on mesophiles (such as Acidithiobacillus
ferrooxidans) and moderate thermophiles (such as
Sulfobacillus thermosulfidooxidans) [3,10]. Up to now,
only few publications concern on the dissolution of
pyrite by extreme thermophilic Archaea strain, which
shows high extraction rate of metal ions from metal
sulfides [11]. In addition, it has been confirmed that the
dissolution of surface sulfur-containing compounds may
occur in different ways under different conditions during
biooxidation of pyrite [12,13]. Therefore, it could be
interesting to investigate the dissolution of pyrite by
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extreme thermophiles (such as Acidianus manzaensis).
FeS,+6Fe’*+3H,0—> S,0;° +7Fe¢* +6H' (1)
$,05> +8Fe’ +5H,0— 8Fe* " +10H +2S0,* ()

On the other hand, the surface chemicals of sulfide
minerals during bioleaching are so less abundant and/or
unstable that they could be hardly detected [14]. This
problem can be resolved by synchrotron radiation based
X-ray absorption near edge structure (XANES)
spectroscopy, which is efficient for analyzing
composition and speciation transformation on surface of
minerals [15,16]. In our previous study, sulfur K-edge
XANES spectroscopy was used to study the surface
sulfur speciation analysis during bioleaching of
pyrite [17]. However, some important information in the
dissolution process could be missed merely based on
sulfur speciation. In order to learn the details of the
dissolution, other chemical species transformation (i.e.,
Fe) during bioleaching should be also included.

In the present study, the Fe L-edge and S K-edge
XANES spectroscopy patterns of pyrite leached by the
typical extreme thermophilic Archaea strain A.
manzaensis were analyzed. It could be useful for better
understanding the dissolution mechanism of pyrite
during bioleaching by thermophiles.

2 Experimental

2.1 Strain and culture medium

The strain A. manzaensis YN-25 (accession number
of 16S rDNA in GeneBank: EF522787) was provided by
the Key Laboratory of Biometallurgy of Ministry of
Education of China, Changsha, China. The basal medium
for cells’ cultivation contained 3.0 g/L (NH4),SOy,
0.5 g/L MgSO,7H,0, 0.5 g/L K;HPO4, 0.1 g/L KCI,
0.01 g/L Ca(NOs3),, and 0.2 g/L yeast extracts. The initial
pH of the basal medium was adjusted to 1.7 with dilute
sulfuric acid.

2.2 Mineral samples

The standard samples used in this research were
provided by School of Minerals Processing and
Bioengineering, Central South University, Changsha,
China. X-ray fluorescence spectroscopy showed that the
content of the original pyrite contained 45.68% S,
51.61% Fe, 1.74% Cu, 1.40% Si, 0.13% Mn, 0.11% Ca,
0.10% Al 0.10% Mg, 0.05% As, 0.04% Pb and 0.03% K
(mass fraction). Before the experiment, the original
samples were ground to powder and passed through a
sieve with hole diameter of 200—400 mesh and pretreated
to remove the inorganic and organic matters from the
mineral surface with water/ethanol solution (25% AR
anhydrous ethanol and 75% sterilized ultrapure water)

and acetone at room temperature.

2.3 Bioleaching experiment

The leaching experiment was carried out in the
500 mL flask containing 200 mL sterilized basal medium
and 2 g pyrite in a high-temperature bath rotary shaker at
65 °C and 170 r/min. For bioleaching experiment by 4.
manzaensis, the initial inoculated cell density was 2x10’
cell/mL. The abiotic control groups were performed
without A. manzaensis. All above experiments were
triplicate under the same conditions. During the
experiment, the leaching parameters of total [Fe], [Fe’'],
[Fe*'], pH, redox potential (Pt, vs SCE) and cell density
were monitored at 24 h intervals. The total [Fe], [Fe’"]
and [Fe’"] were determined by S-sulfosalicylic acid
spectrophotometry [18]; pH value was measured with a
pH meter (PHS—3C); redox potential value was measured
with a platinum (Pt) electrode, using a calomel electrode
(Hg/Hg,Cl,) as reference; and the cell density was
monitored by direct counting with a corpuscle counter.

2.4 Analysis methods

The surface morphology of pyrite residues was
observed by the scanning electron microscopy (SEM)
(Nova™ NanoSEM 230, FEI, USA) according to the
previous descriptions [15,16]. Leaching residues were
characterized by XRD analysis using an X-ray
diffractometer (DX 2000, Dandong Fangyuan Instrument
Co., Ltd., China) with Cu K, radiation (A= 0.154 nm).

S K-edge and Fe L-edge XANES spectroscopy
analyses were carried out at 4B7A beam-line and 4B7B
beam-line, respectively, at Beijing Synchrotron Radiation
Facility, Beijing, China, which were performed
according to previous description [6,19]. Briefly, S
K-edge XANES spectra data were recorded in the
fluorescence mode at ambient temperature and scanned
at step width of 0.2 eV between 2460 and 2490 eV. Fe
L;-edge XANES spectra data were recorded in the total
electron yield (TEY) mode at the step widths of 0.5 eV
from 690 to 703 eV and 0.1 eV from 705 to 928 eV.
Then, these spectra were normalized to the maximum of
the absorption spectrum and fitted for their linear
combinations using known spectra from standard
samples with IFEFFIT program [20].

3 Results and discussion

3.1 Leaching experiments

The leaching experiments of pyrite by 4.
manzaensis in sterile control groups were performed in
terms of the cell density, pH and redox potential value,
total [Fe], [Fe’'] and [Fe'*] (Figs. 1(a)—(d)). The results

in Fig. 1(a) show that, during bioleaching of pyrite by A.
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manzaensis, the cell density increases from day 0 to day
2 reaching the stationary phase with cell density of
2.5x10% cell/mL, and then decreases from day 3.5. The
pH value of the culture solution decreases continuously,
and reaches 1.14 after 5 days’ bioleaching. The redox
potential value increases rapidly from day 0 to day 3 and
then increases slowly. Results in Fig. 1(b) show that both
total [Fe] and [Fe’] increased with prolonging time,
while total [Fe] was slightly higher than [Fe’*] from day
0 to day 2.5 and then was basically the same. [Fe*"]
slightly increases from day 0 to day 0.5, reaching the
maximum value of 0.12 g/L, and then decreases to
approach zero. By contrast, results in Fig. 1(c) show that,
in the sterile control groups, the pH value decreases
rapidly from 1.70 to 1.64 at day 0—0.5 and then slowly
decreases to reach 1.60. The redox potential value
gradually increases from 348 to 355 mV. Results in
Fig. 1(d) show that total [Fe] and [Fe*'] increase fast
initially and then increase slowly. Meanwhile, [Fe’'] is
basically zero.

According to previous descriptions [3,6], proton and
ferrous ion can be formed during the oxidation of pyrite,
as shown in Egs. (3) and (4), which probably lead to the
decrease of pH value in Figs. 1(a) and (c), and the
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increase of [Fe’"] in the initial stage (Figs. 1(b) and (d))
during leaching of pyrite. However, ferrous ions can be
rapidly oxidized to ferric ions with the growth of A.
manzaensis cells (Eq. (5)), which can accelerate the
dissolution of pyrite (Eq. (2)). It should be noted that
with the increase of ferric ions, the formation of jarosite
could be also accelerated (Eq. (6)). Previous study
indicated that the accumulation of jarosite on the surface
of minerals could hinder the dissolution [21], which
could be one of the reasons for the slowing down of the
redox potential value and cell growth.

2FeS,+2H,0+70,—> 2Fe* +4S0,> +4H" (3)
FeS,+8H,0+14Fe’ — 15Fe*'+280,” +16H" 4)
4Fe” +4H'+0,—>4Fe’+2H,0 %)

M+3Fe’+2S0,> +6H,0—> MFe;(SO,),(OH)s+6H' (6)

where M is a monovalent cation, such as H;O", K', Na*
and NH,".

3.2 Surface morphology and composition analysis

The surface morphologies of the pyrite residues
bioleached by A. manzaensis and in the sterile control
experiment are observed by SEM (Fig. 2). Results in
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Fig. 1 Leaching behavior of pyrite with 4. manzaensis (a,b) and in sterile control experiment (c,d) (m Cell density; ® pH; < Redox
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Fig. 2 SEM micrographs of pyrite particles leached by A. manzaensis cells after 0 d (a), 2 d (b) and 5 d (c), and in sterile control

experiment (d)

Figs. 2(b) and (c) show that the surfaces of pyrite are
corroded gradually by 4. manzaensis, and the surface of
the leaching residue at day 5 (Fig. 2(c)) becomes rough
compared with the original pyrite (Fig. 2(a)). By
contrast, results in Fig. 2(d) show that few products form
in sterile control experiment and the surface
morphologies are basically unchanged compared with
the original pyrite.

The XRD patterns of original pyrite and pyrite
residue leached by A. manzaensis and chemically
leached in the sterile controls are shown in Figs. 3(a)—(c),
respectively. Compared with the XRD pattern of original
pyrite (Fig. 3(a)), the XRD pattern of bioleaching
residues (Fig. 3(b)) shows new peaks corresponding to
jarosite and elemental sulfur (S”) appears. While no
obvious change occurs in the sterile control experiment

(Fig. 3(c)).

3.3 Iron L-edge and sulfur K-edge XANES
spectroscopy analysis of pyrite leached by A.
manzaensis
In order to study the iron and sulfur speciation

during bioleaching, Fe L-edge XANES spectroscopy and

S K-edge XANES spectroscopy are used, respectively.

The Fe L-edge XANES spectra of the standard samples

(pyrite (FeS,); ferrous sulfate (FeSO,); ferroferric oxide

(Fe;04); sulfate  (Fey(SOs)3),

ferric jarosite

KFe;(SO4)2(OH)g) and pyrite leached by A. manzaensis
and in the sterile control experiment are shown in
Figs. 4(a) and (b), respectively. It can be seen from
Fig. 4(a) that there is a significant difference in the shape
of the L;-edge and the L,-edge. For iron L;-edge, the
intensity of peak a for ferrous sulfate (Fe(Il)) is
significantly higher than that of peak b. Instead, the
intensity of peak b for ferric sulfate (Fe(IIl)) is
significantly higher than that of peak a. It can also be
seen from Fig. 4(a) that the L,-edge for Fe(Il) is higher
than that for Fe(IIl). In the case of ferroferric oxide, the
situation is between ferrous sulfate and ferric sulfate. The
Fe L-edge XANES spectra of the original pyrite and the
produced jarosite during bioleaching of pyrite show the
similar features of the L;-edge and L,-edge for Fe(Il) and
Fe(Ill), respectively, which are also consistent with
previous description [22]. Previous study indicated that
the formation of Fe(Ill) on the mineral surface should
result in an increase in the branching ratio, I(Lyy)/
[{(Ln)/I(Lm)], as iron changes from low-spin Fe(Il) to
high-spin Fe(IIl) [23]. This indicates that the increase of
the intensity of peak b accompanied with the decrease of
the intensity peaks a and ¢ can reflect the conversion of
Fe(II) speciation to Fe(III) speciation.

Results in Fig. 4(b) show that the intensity of peak a
is gradually decreased with prolonging time during
bioleaching, while the intensity of peak b is gradually
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Fig. 3 XRD patterns of original pyrite (a) and pyrite residue
leached by A. manzaensis (b) and chemically leached in sterile
controls (c¢)

increased, meanwhile the intensity of peak c¢ is also
gradually increased. This indicated the increase of Fe(I1I)
speciation and the decrease of Fe(Il) speciation on the
surface of pyrite during bioleaching. It should be noted
that the spectra of pyrite bioleached at day 5 are similar
to those of original pyrite, indicating that pyrite is mostly
converted to Fe(Ill)-containing species. In addition,
compared with the spectra of original pyrite (Fig. 4(a)),

(a) u L;-edge L,-edge

Pyrite

Ferrous sulfate

CFerroferric oxide

¢ _Ferric sulfate

Jarosite

700 705 710 715 720 725 730
Energy/eV

(b) L;-edge

Sterile control

700 705 710 715 720 725 730
Energy/eV

Fig. 4 Iron L-edge XANES spectra of standard samples (a) and
pyrite residues leached by A. manzaensis for 1, 2, 3, 4 and 5 d,
and leached chemically for 5 d (b) (a and b represents low
energy shoulder and high energy shoulder of L;-edge,
respectively; ¢ represents L,-edge)

the spectra of pyrite after chemically leaching for 5 d in
the sterile control experiment show the existence of
Fe(IIT) on the mineral surface, which may result from the
oxidation of pyrite by Eq. (5).

The sulfur K-edge XANES spectra of the standard
samples and pyrite leached by 4. manzaensis and in the
sterile control experiment are shown in Figs. 5(a) and (b),
respectively. It can be seen from Fig. 5(a) that the
XANES spectra of standard samples (pyrite FeS,,
elemental sulfur S°, oxidized glutathione GSSG, reduced
glutathione GSH, sodium tetrathionate Na,S404, sodium
thiosulfate Na,S,0;, sodium sulfite, Na,SO;, jarosite
KFe;(SO4)2(OH)g)) show significant difference in the
position intensity and width of the absorption peaks,
which are in accordance with previous descriptions [17].
Results in Fig. 5(b) show that, compared with the spectra
of original pyrite, the XANES spectra of pyrite leached
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Fig. 5 Normalized sulfur K-edge XANES spectra of standard
samples (a), spectra of original pyrite and pyrite leached by 4.
manzaensis and in sterile control experiment (b), and fitted
spectra of pyrite leached for 2 d by A. manzaensis (c)
(Abbreviations of GSSG and GSH in (a) represent oxidized
glutathione and reduced glutathione, respectively)

by A. manzaensis change overtime, in which the peak at
2472 eV becomes weaker overtime and finally basically
disappears, and the peak at 2483 eV gradually appears
and finally becomes the main peak. By contrast, little

change is found from the spectra of pyrite residues in the
sterile control experiment.

In order to quantify sulfur speciation composition,
the S K-edge XANES spectra of these unknown samples
(Fig. 5(b) are fitted for their linear composition using
the standard spectra of sulfur-compounds (Fig. 5(a)),
respectively. The fitted spectra of pyrite leached for 2 d
and the fitted results of pyrite leached at different time by
A. manzaensis are shown in Fig. 5(c) and Table 1,
respectively. Results in Table 1 show that during
bioleaching, the amount of pyrite gradually decreases,
and after bioleaching for 5 d the residue contains only
4.2% pyrite.
bioleaching and maintains mass fractions at 3.2%—5.9%.

Elemental sulfur is produced during

Jarosite gradually increases and finally reaches mass
fraction of 89%. The decrease of pyrite and the increase
of jarosite probably are caused by the rapid increase of
ferric ion during bioleaching (Fig. 1(b)), which should be
contributed to the increase of Fe(Ill) speciation and the
decrease of Fe(Il) speciation in Fig. 4(b), which is also
consistent with XRD results (Fig. 3(c)).

Table 1 Fitted results of S K-edge XANES spectra of pyrite
treated by A. manzaensis with different reference standard

spectra
Contribution of standard spectra/%
Sample
Pyrite S’ Jarosite Na,$,0,
In sterile control 96.8 1.7 1.5 -
Bioleaching for 1 d 89.3 3.2 7.5 -
Bioleaching for 2 d 52.8 5.1 38.8 33
Bioleaching for 3 d 18.7 5.7 71.1 4.5
Bioleaching for 4 d 8.0 5.5 83.3 3.2

Bioleaching for 5 d 4.2 5.9 89.9 -

It should be noted that sodium thiosulfate is also
detected at day 2 to day 4, which is in agreement with
XIA et al [17], indicating that sodium thiosulfate is
formed as an important intermediate compound during
bioleaching of pyrite (Eq. (1)). According to previous
descriptions [6,24], the thiosulfate specie, which might
bind to the pyrite surface as Py—S—SO; (Py represents
pyrite), can be formed with the oxidation of the sulfur
moiety of pyrite, and has been proposed by BORDA
et al [25,26]. The decomposition of Py—S—SO; may
occur as Eq. (7) [17]. In addition, with the formation of
thiosulfate, elemental sulfur can be formed (Eq. (8)),
indicating the existence of elemental sulfur and
thiosulfate during biooxidation of pyrite.

Py—S—S0;—>Py+MS,0; (7)
S,0:* +2H" —> S*+H,S0; (8)
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4 Conclusions

1) Bioleaching experiment shows that the oxidation
of pyrite can be accelerated by A. manzaensis.

2) Compared with the original pyrite, the surfaces of
pyrite are corroded gradually by A. manzaensis. The
XRD patterns of bioleaching residues show the leaching
residues contain new compositions of jarosite and
elemental sulfur (S°).

3) The iron L-edge XANES spectroscopy analysis
of pyrite during biooxidation indicates that pyrite is
gradually converted to Fe(IlI)-containing species.

4) The sulfur K-edge XANES spectroscopy analysis
indicates that during bioleaching, pyrite gradually
decreases and jarosite gradually increases. Elemental
sulfur is produced during bioleaching and maintains
mass fractions of 3.2%—5.9%. Interestingly, sodium
thiosulfate is also detected, indicating the existence of
thiosulfate during biooxidation of pyrite.
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Acidianus manzaensis iz H E= 5k 13 F
$ L 12 #0%% K 1 XANES =017

W', HeZM RSEY, LTA', BEAS K B B4R, ALK’

1. PRFRS RN LS TRE2ERE, Kb 410083;
2. FRIRE EYNRSHETRE MK E, K 410083;
3. FEEFERE SReEIEEIT, JEsT 100049

W E. WTEPENEAN Acidianus manzaensis (A. manzaensis)izg 1 ¥ R F 2k L 14 XANES FliE K il
XANES HEATH 1824007 . BASEER M, A manzaensis RSN 14Uk . BB TS TR0, 2 HRT
pH {HIEH AL AR FALEAE S 0~3 RN, RGZEH . SEM 45 AR, WY K 4
manzaensis 1 XRD g5 50K B, &I AL S 2415 ST ERBIURI TR « £k L 1 XANES J6il 2%/ ik i,
SR A AR R B A B WA N Fe(IDY . Tt K 3 XANES JGil 22 0 Mk W], ek B thid
Fa b= AR e 2 HAL i i LU AR RFTE 3.2%~5.9% TiACHRIR SR7EEE 2~4 AP Hik, X R YR it
FEPAELERR AR IR SR -
KRR BT AEWR N IERS: XANES; Acidianus manzaensis
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