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Evidence of cell surface iron speciation of acidophilic ironoxidizing microorganisms in indirect bioleaching process
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Abstract While indirect model has been widely
accepted in bioleaching, but the evidence of cell
surface iron speciation has not been reported. In the
present work the iron speciation on the cell surfaces of
four typically acidophilic iron-oxidizing microorganism (mesophilic Acidithiobacillus ferrooxidans ATCC
23270, moderately thermophilic Leptospirillum ferriphilum YSK and Sulfobacillus thermosulfidooxidans
St, and extremely thermophilic Acidianus manzaensis
YN25) grown on different energy substrates (chalcopyrite, pyrite, ferrous sulfate and elemental sulfur
(S0)) were studied in situ firstly by using synchrotronbased micro- X-ray fluorescence analysis and X-ray
absorption near-edge structure spectroscopy. Results
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showed that the cells grown on iron-containing
substrates had apparently higher surface iron content
than the cells grown on S0. Both ferrous iron and ferric
iron were detected on the cell surface of all tested
AIOMs, and the Fe(II)/Fe(III) ratios of the same
microorganism were affected by different energy
substrates. The iron distribution and bonding state of
single cell of A. manzaensis were then studied in situ
by scanning transmission soft X-ray microscopy based
on dual-energy contrast analysis and stack analysis.
Results showed that the iron species distributed evenly
on the cell surface and bonded with amino, carboxyl
and hydroxyl groups.
Keywords Synchrotron radiation  Iron-oxidizing
microorganism  Iron speciation  In situ  Bioleaching

Introduction
It is well known that bioleaching of metal sulfide has
potential for good or evil. On one hand, as an emerging
eco-friendly technology it takes an important role in
metal recovery from low grade mineral sulfides. On
the other hand, it is the main reason for the formation
of acid mine drainages and release of heavy metals to
the environment (Brierley 2010; Pradhan et al. 2008).
It is widely accepted that metal sulfides dissolve via
two indirect leaching mechanisms: thiosulfate pathway and polysulfide pathway (Schippers and Sand
1999; Vera et al. 2013). In both pathways, ferric iron is
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the critical oxidant to attack metal sulfide. The primary
role of acidophilic iron-oxidizing microorganisms
(AIOMs) is to oxidize ferrous iron into ferric iron,
which keeps bioleaching process recycling (Gehrke
et al. 1998). The efficiency of bioleaching much
depends on the adaptation of AIOMs to mineral, in
which the secretion of extracellular polymer substance
(EPS) and the formation of biofilm of AIOMs on the
mineral surface take important role (Crundwell 2003;
Flemming and Wingnder 2010). According to the
indirect contact model for leaching of pyrite by A.
ferrooxidans (Sand et al. 1995; Vera et al. 2013), the
EPS provides interfacial reaction space between cells
and mineral surface, where the redox of iron takes
place. Further study showed that the iron’s specific
chemical forms and their bonding states seem to
correlate to bacterial iron-oxidation (Vera et al. 2013).
However, very little in situ experimental evidence has
been reported for AIOMs up to date, except that the
iron species in the EPS were found to be probably
bound to uronic acid residues in mesophilic
Acidithiobacillus and Leptospirillum based on the
analysis of the isolated EPS fractions (Gehrke et al.
1998; Sand and Gehrke 2006).
AIOMs involved in bioleaching process are mainly
mesophiles (e.g. Acidithiobacillus and Leptospirillum)
and thermophiles (e.g. Sulfobacillus and Acidianus)
(Ding et al. 2007; Emerson et al. 2010, Li et al. 2013).
Their cell structure and physiological growth temperature are quite different. It is not clear that whether the
above model applies to all AIOMs, especially the
thermophilic AIOMs. Therefore, the in situ characterization of cell surface iron species and their bonding
states in different AIOMs are necessary.
The cells’ iron distribution can be studied by using
spectroscopic methods such as energy dispersive
X-ray electron microscopic analysis, laser microprobe
mass analyzer and nuclear microprobe (Ide-Ektessabi
et al. 2004). However, it should be noted that these
methods are not able to analyze trace amount of iron
and the iron chemical states in situ on cell surface. The
synchrotron radiation (SR)-based surface analysis
techniques such as scanning transmission soft X-ray
microscopy (STXM) combined with X-ray absorption
near-edge structure (XANES) spectroscopy and
micro- X-ray fluorescence (l-XRF) are very suitable for cell surface iron speciation analysis, due to
their highly spatial resolutions and high sensitivities to
the oxidation states, electronegativity of neighboring
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atoms, and coordination chemistry of an absorbing
atom (Lobinski et al. 2006). XANES spectroscopy has
been widely used to analyze the composition and
speciation transformation of complex geochemical
samples (Melcher et al. 2006; Prange 2008; Yang et al.
2013), and SR-based STXM and l-XRF have been
applied to analyze the in situ distribution and speciation of metals based on dual-energy contrast and
cluster analyses of the metal distribution imaging
(Wang et al. 2012; Xia et al. 2013). On the other hand,
micro-beam X-ray absorption near-edge structure (lXANES) can be applied to detect the valence states of
metals in materials and organisms (Katsikini et al.
2010; Xia et al. 2013). By combining STXM and lXANES analyses, the iron speciation and bonding
states can be measured in situ.
In the present study, the iron speciation on cell
surface of four typical AIOMs grown on different
energy substrates was analyzed in situ firstly by using
SR-based l-XRF and XANES spectroscopy, and the
iron distribution and bonding states on single cell of
the representative A. manzaensis were further analyzed by SR-based STXM and XANES spectroscopy.
It provided the direct evidence for the iron speciation
on cell surface of AIOMs for the first time, which can
improve our understanding to the iron oxidation
mechanism of AIOMs in bioleaching.

Materials and methods
Microorganisms and culture conditions
The microorganisms used in the present study were
typically mesophilic Acidithiobacillus ferrooxidans
ATCC 23270, moderately thermophilic Leptospirillum
ferriphilum YSK (Accession number in GeneBank:
SAMN03081536) and Sulfobacillus thermosulfidooxidans St (Accession number: SAMN02251434) and
extremely thermophilic Acidianus manzaensis YN25
(Accession number: EF522787), which were provided
by the School of Minerals Processing and Bioengineering, Central South University, Changsha, China.
The basal medium for the cultivation of these four
strains contained (NH4)2SO4 3.0 g/L, MgSO47H2O
0.5 g/L, K2HPO4 0.5 g/L, KCl 0.1 g/L and Ca(NO3)2
0.01 g/L, meanwhile for S. thermosulfidooxidans and
A. manzaensis, additional yeast extract (0.2 g/L) was
added as carbon source. Four different substrates
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(FeSO47H2O 22.3 g/L, S0 10 g/L, chalcopyrite 10 g/
L, and pyrite 15 g/L) were added to the basal medium
as energy sources, respectively. Before the experiment,
the strains were first acclimated to each energy
substrate by several generations of cultivation. The
cultivation was performed in 250 mL Erlenmeyer
flasks containing 100 mL culture medium with bath
rotary shakers at 170 r/min and at 30, 40, 48, and
65 °C, respectively.
Pretreatment of AIOMs cells
AIOMs cells grown on different energy substrates
were collected at the late exponential growth phases.
The cultures were filtered through Waterman No.1
filter paper. The solid residues on the filter papers were
discarded. The cells in each filtrate were collected by
centrifugation at 8000 r/min for 10 min, and resuspended in ultrapure water and then centrifuged.
The harvested cells were freeze-dried and stored at
4 °C until analyzing. The harvested cells prepared for
control experiment were treated with 6 M HCl to
remove cells’ surface substances.
Iron distribution and speciation analysis
The relative iron content and iron speciation analyses
were carried out by l-XRF analysis at the l-XANES
beamline (BL15U1) at SSRF in Shanghai, China. Prior
to the experiment, cell samples were put on the Quartz
coverslip, smeared evenly, and dried at room temperature. Then the sample was positioned at a 45o angle to
the incident X-ray beam. The X-ray fluorescence
signal was detected by a silicon detector oriented at
90o angle to the incident beam. The fluorescence
intensities of the mapping were normalized to the
collecting time and the changes in incident intensities.
The relative iron content was calculated based on the
changes of the normalized fluorescence intensities
according to previous description (Xia et al. 2013).
The iron speciation was identified with l-XANES
spectra of each cell sample, which was recorded at the
Fe K-edge from the sample spots. The chemical states
were analyzed according to the chemical shift of the
iron absorption edges (Ide-Ektessabi et al. 2004).
The morphology of cells was observed by the
scanning electron microscopy (SEM) (NovaTM NanoSEM 230, FEI, USA) and the transmission electron
microscopy (JEM-2100F, JEOL, Japan) according to
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the previous description (He et al. 2010). The cell’s
iron species distribution and the bonding states were
obtained by the two-dimensional STXM imaging and
the cluster analysis, respectively, which were carried
out at BL08U1A at SSRF, Shanghai, China. The
STXM imaging was based on the dual-energy contrast
image analysis of the Fe L-edge near edge X-ray
absorption fine structure (NEXAFS), i.e. Fe L3-edge
XANES spectra. Two energy values based on Fe
L-edge absorption spectroscopy were taken as ‘‘on the
absorption edge’’ E1 and ‘‘away the absorption edge’’
E2, respectively. The STXM images of the samples
were scanned in two dimensions with a pixel size of
30 9 30 nm2 and a dwell time of 20 ms at E1 and E2
under ultrahigh vacuum (\10-5 Torr). The cell’s iron
species distribution was obtained by digital division of
two absorption-contrast images at dual photon energies of E1 and E2 using IDL 7.06 (Exelis Visual
Information Solutions, Inc. Boulder, CO, USA) software (Xue et al. 2010; Zhang et al. 2010).
The cluster analysis was used to obtain iron L-edge
spectra corresponding to the Fe distribution imaging,
based on the stack analysis of a series of energy stack
images obtained at each energy around the Fe L-edge.
Briefly, sequences of images (‘‘stacks’’) were first
recorded at a series of sites around the Fe L-edge (step
widths of 0.2 eV from 696 to 729 eV). Then these
images were aligned via spatial cross-correlation
analysis. Finally Fe L-edge XANES spectra were
calculated from groups of pixels with similar absorption features within the Fe distribution image regions
using IDL 7.06 software (Wang et al. 2012).
The Fe XANES spectra obtained based on cluster
analysis were then fitted using standard iron-containing samples to acquire their composition and corresponding bonding states by IDL 7.06 software. The
combination fitting established on that the overall
spectrum of a mixture should be a weighted sum of
individual components. The quality of the fitting
results was evaluated with the error value and R-factor
given in the software (Ravel and Newville 2005).

Results
Iron speciation analyses of AIOMs
In SR-based l-XRF analysis, the intensity of the
fluorescence signal depends on the differences in the
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element content of the sample, size of the beam and the
distance between detector and sample (Lai et al. 1995).
Under same scan conditions, the relative quantitative
changes of certain element can be measured as being
widely used recently (Wang et al. 2010; Xia et al.
2013). Therefore, the relative content of iron of
different samples can be calculated based on the
fluorescence intensity of each sample.
The relative iron contents of A. manzaensis, S.
thermosulfidooxidans, A. ferrooxidans and L. ferriphilum grown on different energy substrates are
shown in Fig. 1a, b, c and d, respectively. Results
showed that the iron content of cells grown on S0 (A.
manzaensis, S. thermosulfidooxidans and A. ferrooxidans) was very low, which varied from *0.014 to
*0.019 (a.u.). While for cells grown on FeS2, CuFeS2
and Fe2?, the iron contents varied from *0.771 to
*1.120 (a.u.). The difference could be mainly

because only little iron presented in the former one
in form of Fe-S cluster, while large amount of bound
irons existed in the latter ones (Quatrini et al. 2009).
After treated by 6 M HCl, the iron contents of the cells
grown on FeS2, CuFeS2 and Fe2? apparently
decreased, indicating the iron was mostly located on
the cell surface. Compared with cells grown on S0, the
cells grown on iron- containing substrates also had
higher iron contents after HCl treatment, indicating
the iron was also partially located in the inner side of
the EPS.
The iron speciation of cells was then analyzed by
the Fe K-edge l-XANES spectroscopy, which could
reflect the valence state and neighboring atoms of the
absorbing elements. The Fe K-edge XANES spectra of
FeO (Fe2?) and Fe2O3 (Fe3?) were taken as the
reference spectra, as shown in Fig. 2. The spectra were
normalized by the absorption jump, which was defined
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Fig. 1 l-XRF intensities of A. manzaensis (a), S. thermosulfidooxidans (b), A. ferrooxidans (c) and L. ferriphilum (d) grown on
different energy substrates
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significantly decreased after being treated by 6 M
HCl, while for A. manzaensis grown on CuFeS2 and
FeS2, the Fe2?/Fe3? ratios increased, suggesting the
difference in iron speciation between A. manzaensis
grown on soluble ferrous iron and insoluble mineral
sulfides. However, for other AIOMs, this phenomenon
was not observed.
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Fig. 2 Fe K-edge XANES spectra of FeO and FeO3, which are
used as reference samples to reflect the iron speciation of
AIOMs. The arrows show the absorption edge of each spectrum

as the difference between the highest and lowest points
at the spectra (Ide-Ektessabi et al. 2004). The adsorption edge was used to reflect the iron speciation of
AIOMs, which was defined as the energy at the halfheight of the absorption jump (arrows in Fig. 2). The
chemical shift of iron absorption from low valence
(Fe2?) to high valence (Fe3?) reflected the speciation
changes of the iron distributed on cells (Ide-Ektessabi
et al. 2004). The chemical shift ratio of Fe2?/Fe3? was
defined as the ratio of the difference in chemical shift
between the spectra of the unknown sample and Fe2O3
to the shift of the spectra of the unknown sample and
FeO. As shown in Eq. (1), a smaller ratio of Fe2?/Fe3?
refers a lower proportion of Fe2? (Ide-Ektessabi et al.
2004).
Fe2þ =Fe3þ ratio ¼ ðdFe2 o3  dunknown Þ=ðdunknown  dFeo Þ
ð1Þ
where dFe2 o3 , dFeo and dunknown are the chemical shifts
of absorption edges of Fe2O3, FeO and the unknown
sample, respectively.
The Fe K-edge XANES spectra of A. manzaensis, S.
thermosulfidooxidans, A. ferrooxidans and L. ferriphilum grown on different energy substrates and the
chemical shift analysis of these spectra are shown in
Fig. 3 and Table 1, respectively. The chemical shifts
revealed the iron speciation in detail, which could be
very useful to evaluate the iron speciation transformation. The Fe2?/Fe3? ratio showed that the iron
speciation on the cell surface was highly related to the
species of AIOMs as well as the energy substrate. For
A. manzaensis grown on Fe2?, the Fe2?/Fe3? ratio

The iron distribution and bonding status of a single
cell or several cells were revealed based on STXM
imaging-based dual-energy contrast analysis and
stack analysis. The typical two-dimensional STXM
imaging of iron was performed at two energies which
were selected before and on the absorption edge of
iron NEXAFS spectra of Fe3O4 standard. The spectra
of iron L2, 3-edges absorption are shown in Fig. 4,
which are consistent with the literature (Wang et al.
2012). The iron L3- and L2-edge are at 706.86 and
720.73 eV, respectively. In this study, the Fe L3-edge
was chosen as the absorption edge (E1) and
702.43 eV was chosen as the energy away from the
absorption edge (E2).
Acidianus manzaensis was taken as an example to
illustrate the new technology and iron distribution and
bonding status analysis. The SEM and TEM micrographs showed A. manzaensis was in irregularly
globular shape (Fig. 5). The STXM images obtained
by dual-energy contrast analysis for A. manzaensis
grown on chalcopyrite, pyrite, Fe2? and S0 are shown
in upper-left corners in Fig. 6a, b, c and d, respectively,
which showed the iron species distribution and corresponding iron content. The contents of iron spread on
the chalcopyrite-, pyrite-, Fe2?- and S0-grown cells
were 4.31 9 10-5–23.25 9 10-5 g/cm2, 4.43 9
10-5–20.24 9 10-5 g/cm2, 6.45 9 10-5–24.06 9
10-5 g/cm2, and 0.34 9 10-5–0.46 9 10-5 g/cm2,
respectively. These results indicated that chalcopyrite-, pyrite- and Fe2?-grown cells had apparently
higher content of iron, suggesting the important role of
iron for A. manzaensis growing on iron-containing
substrates.
In order to further evaluate the iron speciation on
the surface of A. manzaensis cells grown on different
energy substrates, stack analysis were applied to the
cell samples, as shown in upper-right and lower panels
of Fig. 6a–d. The color in each image showed the
distinguished iron speciation distribution at different
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Fig. 3 Fe K-edge XANES spectra of A. manzaensis (a), S. thermosulfidooxidans (b), A. ferrooxidans (c) and L. ferriphilum (d) grown
on different energy substrates. The arrows show the absorption edge of each spectrum

sections of cell samples. The lower panels of Fig. 6a–d
showed clear iron L2,3-edge spectra for A. manzaensis
cells grown on iron-containing substrates, but no
obvious peaks for S0-grown cells and the background
(stack 0).
The corresponding L3-, and L2-edge energy values
are shown in Table 2. It can be seen from Table 2 that
there is no obvious difference in positions of Ea, Eb, Ec
and Ed between cluster 1 and cluster 2 of spectra of A.
manzaensis grown on each energy substrate, indicating that the iron species distributed evenly on different
sections of a cell. This result suggests the different
colors in the iron distribution maps and peak intensities of cluster 1 and cluster 2 merely resulted from the
difference in iron concentration.
It should be noted that the iron’s STXM imaging
and stack analysis reflect the entire iron species
distributed on both the cell surface and the internal
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cytoplasm. Results in Fig. 6d showed that there were
no detectable iron species in S0-grown A. manzaensis
cells, which suggests that the cluster spectra of A.
manzaensis are closely related to the cultivation
conditions of the strains. In addition, we further
analyzed the iron content and speciation distribution
on the cells treated by 6 M HCl. After acid treatment,
the minimal and maximal concentrations of iron on the
cells grown on Fe2? were 0.23 9 10-5 and
0.56 9 10-5 g/cm2 (Fig. 7). However, no obvious
absorption edge was found on the cluster spectra,
which is because the iron content was too low. The
harvested cells grown on CuFeS2 and FeS2 also
showed the similar results as on Fe2? (data not shown).
These results indicated that the iron species of A.
manzaensis grown on iron-containing substrates was
mostly distributed on the cell surface. It has been
proposed that the existence of iron-sulfur clusters in
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Table 1 Chemical shifts and Fe2?/Fe3? ratios of the AIOMs grown on different energy substrates
Samples

Electron
donors

Treating
with HCl*

FeO
Fe2O3
A. manzaensis

S. thermosulfidooxidans

A. ferrooxidans

Chemical
shift (eV)

7.1170

0

Fe2?/Fe3?
ratio

7.1246

7.6

CuFeS2

-

7.1217

4.7

0.62

FeS2

-

7.1202

3.2

1.38

Fe2?

-

7.1216

4.6

0.65

S0

-

7.1218

4.8

0.58

CuFeS2

?

7.1197

2.7

1.81

FeS2

?

7.1194

2.4

2.17

Fe2?

?

7.1239

6.9

0.10

S0

?

7.1235

6.5

0.17

CuFeS2

-

7.1212

4.2

0.81

FeS2

-

7.1217

4.7

0.62

Fe2?

-

7.1227

5.7

0.33

S0

-

7.1207

3.7

1.05

CuFeS2
FeS2

?
?

7.1214
7.1219

4.4
4.9

0.73
0.55

Fe2?

?

7.1212

4.2

0.81

S0

?

7.1211

4.1

0.85

CuFeS2

-

7.1213

4.3

0.77

Fe2?

-

7.1207

3.7

1.05

S0

-

7.1179

0.9

7.44

CuFeS2

?

7.1213

4.3

0.77

2?

Fe
L. ferriphilum

Absorption
edge (keV)

?

7.1197

2.7

1.81

S0

?

7.1224

5.4

0.41

Fe2?

-

7.1214

4.4

0.73

Fe2?

?

7.1217

4.7

0.62

* -, ? represent without and with treatment of cells by 6 M HCl, respectively

the cells is necessary for the cell’s sulfur and iron
oxidation activity (Vera et al. 2013). Results of iron’s
STXM imaging in Fig. 6(d) and Fig. 7, however,
showed no detectable of iron that might come from
iron-sulfur clusters. The iron concentration of ironsulfur clusters in the present study may be under the
detection limit of XANES spectroscopy.
In order to analyze the chemical and bonding states
of iron distributed on the surface of A. manzaensis, the
XANES spectra of some reference compounds were
collected, which are shown in Fig. 8. It can be seen
from Fig. 8 that there is significant difference in the
peak intensity between the L3-edge and the L2-edge.
For iron L3-edge, the intensity of peak Ea for Fe(II)
(from ferrous oxalate) is significantly higher than that

of peak Eb. Instead, the intensity of peak Eb for Fe(III)
(from ferric hydroxide) is significantly higher than that
of peak Ea.
According to previous descriptions (Mosselmans
et al. 1995; Van der Laan and Kirkman 1992; Thole
and Van der Laan 1988; Van Aken and Liebscher
2002; Ravel and Newville 2005), Fe L2, 3-XANES
spectra can be used as iron valence fingerprints to
provide chemical information about valence-specific
multiplex structure by linear combination fitting. The
cluster spectra of the A. manzaensis cells grown on
Fe2? were selected to analyze the possible bonding
states of iron by their linear combination fitting with
the reference spectra (Fig. 8). The fitted results
showed that the iron species of Fe2?- grown A.
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Fig. 4 The L2, 3-edge XANES spectrum of iron (from Fe3O4),
which was used to choose the absorption edge E1 and away the
absorption edge E2 for analyzing the iron distribution of A.
manzaensis

manzaensis contained *13.8 % of jarosite, *48.7 %
of ferrous oxalate, *15.8 % of ammonium ferric
citrate and *21.6 % of ferric hydroxide (R factor
0.088 %), indicating the iron species of A. manzaensis
grown on Fe2? were bound with amino, carboxyl and
hydroxyl groups. In addition, inorganic iron residues
(from jarosite) were also found on the surface of A.
manzaensis cells grown on iron-containing substrates.
Discussion
The mechanism of iron oxidation of AIOMs has been
widely studied. Valdés et al. (2008) suggested that the
catalysis of Fe(II) to Fe(III) by mesophilic A.

ferrooxidans is carried out by a c-type cytochrome
(Cys2), which was presumed locating at the cell’s outer
membrane. It indicated that there are iron-oxidizing
moieties on the cells’ surface to catalyze this oxidation
reaction. These iron-oxidizing moieties were suggested to present on the bacterial extracellular polymer
substances (EPS) by bonding with uronic acid residues
(Gehrke et al. 1998; Sand and Gehrke 2006). The
bonding states of surface iron may modify surface
electrostatic state and contribute to the specific electrostatic attachment of cells to the mineral surface
(Vera et al. 2013). The localizing of iron by bonding
state may be favorable for maintaining chemical
stability of iron species. It also can provide a
suitable distance for the complexed Fe(III) to oxidize
metal sulfides via thiosulfate pathway (Eq. 2) or
polysulfide pathway (Eq. 3), as well as the regeneration of Fe(III) by microorganisms (Eq. 4) (Schippers
and Sand 1999; Vera et al. 2013). In the present study,
the new findings give us a sight into the important role
of iron bound on the AIOMs cells, and provide the
direct evidence for the indirect contact leaching
models.
MS2 þ 6EPS-FeðIIIÞ þ 3H2 O
þ
! 6EPS-FeðIIÞ þ M2þ þ S2 O2
3 þ 6H

ð2Þ

MS þ EPS  FeðIIIÞ þ Hþ
! EPS-FeðIIÞ þ M2þ þ 0:5H2 Sn ðn  2Þ

ð3Þ

bacteria

4EPS-FeðIIÞ þ O2 þ 4Hþ ! 4EPS-FeðIIIÞ
þ 2H2 O
ð4Þ

Fig. 5 The SEM (a) and TEM (b) micrographs of A. manzaensis cells, which showed A. manzaensis is irregularly globular shape
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Fig. 6 The distribution and speciation of iron on the surface of
A. manzaensis grown on chalcopyrite (a), pyrite (b), ferrous iron
(c), and S0 (d). In each panel, the upper-left part is the iron’s
STXM imaging with a color bar of the content range of iron
(unit: 1 9 10-5 g/cm2), the upper-right part is the image of

photon absorption obtained from the stack scan, marked with
‘‘stack 0’’, ‘‘stack 1’’ and ‘‘stack 2’’ in different colors that
demonstrate three different irons’ stack composition regions and
the bottom part shows the iron L2, 3-edge XANES spectra
corresponding to ‘‘stack 0’’, ‘‘stack 1’’ and ‘‘stack 2’’

The iron speciation and distribution of four typical
ASOMs were analyzed in situ for the first time. The
relative content of surface irons was analyzed based on

the XRF intensity of the cells, meanwhile the HCltreated cells and the cells grown on S0 were taken as
contrast. The method using HCl-treated cells as
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Table 2 The energy (Ea,
Eb, Ec, Ed) of L2, 3
absorption peaks of each
stack regions for A.
manzaensis cells grown on
different energy substrates

Biometals (2016) 29:25–37

Energy source

Stack regions

Ea

Eb

Ec

Ed

Cultured on CuFeS2

Cluster 0

ND*

ND

ND

ND

Cluster 1

705.2

706.9

719.1

720.9

Cluster 2

705.2

706.9

719.1

720.9

Cluster 0

ND

ND

ND

ND

Cluster 1

705.0

707.0

719.1

721.1

Cluster 2

705.0

707.0

719.1

721.1

Cluster 0

ND

ND

ND

ND

Cluster 1
Cluster 2

705.4
705.4

706.9
706.9

719.1
719.1

720.9
720.9

Cluster 0

ND

ND

ND

ND

Cluster 1

ND

ND

ND

ND

Cultured on FeS2

Cultured on Fe2?

Cultured on S0
* ND not detectable

Ea

Ec

Eb

Ed

Normalized absorption

Ferrous oxalate
Ammonium ferric citrate

Ferric hydroxide

Jarosite
Measured spectra
Fitted spectra

695

700

705

710

715

720

725

730

Energy (eV)

Fig. 8 The Fe L2, 3-edge spectra from selected standards with
iron coordinated to different groups. The dotted vertical lines
represent the positions of Fe L3-edge absorption peaks (Ea, Eb)
and Fe L2-edge absorption peaks (Ec, Ed). The bottom of the
figure shows the fitted spectra (dash line) of the measured iron
L2, 3-edge XANES spectra (solid line) of A. manzaensis grown
on Fe2? with standard spectra shown in the figure
Fig. 7 The distribution and speciation of iron on the surface of
A. manzaensis grown on Fe2? after being treated by hydrochloric acid. The upper-left part in this figure is the iron’s STXM
imaging; the upper-right part is the image of photon absorption
obtained from the stack scan, marked with different colors to
present different irons’ stack composition regions; the lower
panel shows there is no obvious iron L2, 3-edge XANES spectra
for different irons’ stack composition regions

contrast, in which the surface-bound iron was essentially quantitatively dissolved, is valuable to study the
EPS-bonded iron. Using this method, the surface iron
in the EPS could be analyzed without extraction of the
EPS from the cells, which guaranteed the surface iron
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can be in situ analyzed without breaking of cells.
Results showed the iron content of the FeS2, CuFeS2
and Fe2?-grown cells decreased significantly after
being treated by HCl (Table 1), indicating the iron was
mainly distributed on the cell surface. Compared with
the cells grown on S0, the cells grown on ironcontaining substrates after acid treatment also had
higher iron content, indicating more iron also presented in the inner side of the EPS of the later ones.
By using Fe K-edge XANES spectra, the iron
speciation of irons bonding on acidophilic AIOMs
cells was analyzed for the first time. The Fe2?/Fe3?

Biometals (2016) 29:25–37

ratio showed the chemical speciation between the
AIOMs grown on different energy substrates was
obviously different. It should be noted that for A.
manzaensis grown on Fe2?, the Fe2?/Fe3? ratio
significantly decreased after being treated by HCl,
while this ratio increased for A. manzaensis grown on
CuFeS2 and FeS2. This result suggests the iron species
in A. manzaensis cells grown on soluble ferrous iron
solutions and insoluble mineral sulfides are different.
In addition, the Fe2?/Fe3? ratio of the Fe2?-grown L.
ferriphilum cells after being treated by HCl showed
similar trend to the Fe2?-grown A. manzaensis.
However, for the moderately thermophilic S. thermosulfidooxidans and mesophilic A. ferrooxidans, the
Fe2?/Fe3? ratios of Fe2?-grown cells increased after
being treated by HCl, while the CuFeS2 and FeS2grown cells stayed basically unchanged. By analyzing
the Fe2?/Fe3? ratios of different AIOMs grown on
different energy substrates (Table 1), we can speculate
the followings: (1) the iron speciation of the same
AIOMs cells is affected by the energy substrates; (2)
though the iron content mainly distributed on HCldissolvable cell surface, the inner side of the EPSbonding iron species might also take important role;
(3) for A. manzaensis, S. thermosulfidooxidans and A.
ferrooxidans grown on S0, the Fe2?/Fe3? ratios
decreased significantly, suggesting the existence of
similar Fe-S cluster structure for sulfur oxidation
among these acidophilic strains (Bonnefoy 2010); and
(4) the different cell structures of these four AIOMs
probably are at least partially accountable for their
different Fe2?/Fe3? ratios when grown on different
substrates.
For AIOMs grown on iron-containing substrates, the
Fe2?/Fe3? ratios of the soluble Fe2?-grown ones are
quite different from that of the solid CuFeS2 and FeS2grown ones, which is probably a result of the different
sulfur-oxidizing activities of these strains. It has been
reported that these strains have different sulfur-oxidizing activities and even let to different sulfur speciation
transformation when they are grown on sole sulfur
energy (compared with the sole Fe2? energy substrates)
(Chi et al. 2007; Zhang et al. 2008) and different S0
allotropes (a-S8 and l-S) (Liu et al. 2013; Nie et al.
2014; Peng et al. 2014). However, the potential effect
of the sulfur-oxidizing activities of AIOMs on the iron
speciation should be studied further.
The Fe2?/Fe3? ratios reveal the different chemical
states of different AIOMs grown on different energy
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substrates. However, several questions are still unclear
and need to be emphasized. The Fe2?/Fe3? ratio is
obtained with the following assumptions: the chemical
shift based on the absorption jump is only represented
by iron oxides (FeO and Fe2O3). However, the iron
speciation of the bound iron on AIOMs cells may be
more complex, which might be bound with organic
groups or even hydroxide radical. On the other hand,
the harvest time of AIOMs cells may also affect the
chemical speciation. It should be noted that, though
these assumptions or questions are too simplified to
study the complex cell bound iron, the chemical
speciation of iron on AIOMs cells can be easily
distinguished (Ide-Ektessabi et al. 2004).
In order to solve the potential problems of the above
analyses based on l-XANES, the iron distribution and
possible bonding status of single or several AIOMs
cells were studied based on dual-energy contrast and
cluster analyses of the metal distribution imaging,
which could give the in situ iron distribution and
speciation on the cellular surface. The iron’s STXM
imaging (Fig. 6) showed that A. manzaensis cells
grown on chalcopyrite, pyrite and Fe2? had apparently
higher content of iron than the cells grown on S0.
Further analysis of the peak positions of corresponding
L3- and L2- edge cluster spectra of A. manzaensis
grown on each energy substrate indicated that the iron
species distributed evenly and there was no difference
in iron speciation in different surface sections of a cell.
The fitted results of the cluster spectra with the
reference samples indicated that the EPS-iron bonds
with amino, carboxyl and hydroxyl groups. It should
be noted that, besides the EPS-bound iron species that
take role in mineral redox reaction in leaching of
mineral sulfides (Vera et al. 2013), the jarosite was
also detected. Jarosite is obviously an extracellular
iron compound, which probably has protective effects
at extremely high temperature for A. manzaensis. It is
obvious that further study is needed to evaluate that
role of the specific iron species and their evolution
mediated by AIOMs.

Conclusions
In order to demonstrate the evidence of indirect
bioleaching model, the speciation and bonding states
of iron on the cell surface of AIOMs grown on
different energy substrates were comparatively

123

36

studied in situ by using SR-based technology. Results
show that the cells grown on iron-containing substrates had apparently higher surface iron content than
the cells grown on S0. The iron speciation of the same
AIOMs cells was affected by the different energy
substrates. Though the iron content mainly distributed
on the cell surface, the iron species bound in other
parts of cells might also take important role in iron
oxidation. The distribution and bonding status analysis
revealed the surface iron species distributed evenly
and they were bonding with amino, carboxyl and
hydroxyl groups.
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