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Abstract

Microbiological reduction of a biogenic sulfated green rust (GR2(SO,>")), was examined using a sulfate reducing bacte-
rium (Desulfovibrio alaskensis). Experiments investigated whether GR2(SO,*") could serve as a sulfate source for D. alask-
ensis anaerobic respiration by analyzing mineral transformation. Batch experiments were conducted using lactate as the
electron donor and biogenic GR2(SO,?") as the electron acceptor, at circumneutral pH in unbuffered medium.
GR2(SO,*") transformation was monitored with time by X-ray diffraction (XRD), Transmission Mdssbauer Spectroscopy
(TMS), Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), Transmission Electron Microscopy
(TEM) and X-ray Photoelectron Spectroscopy (XPS). The reduction of sulfate anions and the formation of iron sulfur min-
eral were clearly identified by XPS analyses. TMS showed the formation of additional mineral as green rust (GR) and vivia-
nite. XRD analyses discriminated the type of the newly formed GR as GR1. The formed GR1 was GR1(CO,>") as indicated
by DRIFTS analysis. Thus, the results presented in this study indicate that D. alaskensis cells were able to use GR2(SO,>") as
an electron acceptor. GR1(CO,>"), vivianite and an iron sulfur compound were formed as a result of GR2(SO,2") reduction
by D. alaskensis. Hence, in environments where geochemical conditions promote biogenic GR2(SO,>~) formation, this min-
eral could stimulate the anaerobic respiration of sulfate reducing bacteria.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Green rusts (GRs) are Fe(II-I1II) layered double hydrox-
ysalts hydroxides belonging to the sjogrenite—pyroraurite
mineral class (Hansen, 1989; Génin et al., 1998). The crys-
tallographic structure consists of positively charged triocta-
hedral metal sheets alternating with negatively charged
hydrated interlayers of anions. X-ray diffraction analysis
distinguishes two different types of GR, namely GR1 and
GR2 (Bernal et al., 1959). GR1 contains planar or spherical
anions (e.g., CO,>", CI7) (Abdelmoula et al., 1996; Refait
et al.,, 1998), whereas GR2 contains non-planar anions
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(e.g., Se0,*", SO,>") (Hansen et al., 1994; Refait et al.,
2000; Simon et al., 2003). Direct evidence for the presence
of green rusts in hydromorphic soils (Trolard et al., 1997;
Abdelmoula et al., 1998; Feder et al., 2005) and their occur-
rence during corrosion of iron in drinking water pipes
(Stampfl, 1969) or in seawater (Olowe et al., 1989; Génin
et al., 1993; Refait et al., 2003a) have been widely reported.

Fe(II-1IT) minerals such as green rust and magnetite, that
could be formed through bacterial Fe(III) reduction (Fred-
rickson et al, 1998; Ona-Nguema et al, 2002;
Zachara et al., 2002; Glasauer et al., 2003), are commonly
generated as a result of interaction between microrganisms
and their surrounding environment (Konhauser, 1997).
These biogenic Fe(1I-11I) minerals are relevant because they
could support bioreduction processes by serving as electron
acceptors. Therefore, an understanding of the chemical and
biological factors controlling the reduction of these minerals
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appears to be essential for predicting the impact of microbial
anaerobic respiration (Fredrickson et al., 1998). For in-
stance, Shewanella putrefaciens strain CN32 and MR-1 can
use Fe(Ill) in crystalline biogenic magnetite as electron
acceptors (Dong et al., 2000). To the best of the author’s
knowledge, the availability of other Fe(II-111) minerals, such
as green rust (GRs), to assist the respiration of anaerobic bac-
teria has not yet been investigated.

The GR2(SO,?") and sulfate reducing bacteria (SRB)
are found to be associated with corrosion products in sea-
water (Olowe et al., 1990). SRB are the most extensively
studied microorganisms in relation to biocorrosion and
are considered as the main causative organisms in microbi-
ologically influenced corrosion (MIC) in seawater (Hamil-
ton and Lee, 1995; Beech and Gaylarde, 1999; Geesey
et al., 2000). These bacteria use organic sources or H; as
electron donors and sulfate as the final electron acceptor
during their anaerobic respiration (Hamilton, 1998; Mar-
chal, 1999). Lee et al. (2006) showed the co-existence of
SRB and dissimilatory iron reducing bacteria (DIRB) on
carbon steel submerged in ocean water. The formation of
GR2(SO,*") has been shown to occur during bioreduction
of lepidocrocite in S. putrefaciens culture (Ona-Nguema
et al., 2004; Zegeye et al., 2005). Therefore, the sulfate in
the mineral could serve as an electron acceptor for SRB
anaerobic respiration. Thus, DIRB could supply the elec-
tron acceptor for SRB from the product of their own anaer-
obic Fe(III) respiration allowing the SRB activities.

In a previous study (Zegeye et al., 2005), have focused
on the formation and the characterization of a biogenic
GR2(SO,*"). The present study was initiated to examine
the potential for biotically formed GR2(SO,>") to serve
as a sulfate source for the anaerobic respiration of SRB. Be-
cause the initial green rust mineral was formed by a dissim-
ilatory iron reducing bacterium, we examine what can be
considered as a biotically coupled process. The solid phase
was inoculated with strictly anaerobic sulfate reducing bac-
teria (D. alaskensis), recovered from a soured oil well, using
lactate as the electron donor in unbuffered medium. We
specifically focus on the characterization of mineral phase
transitions during the microbial reduction of sulfate from
the biotic GR2(SO,?"). We used X-ray Diffraction
(XRD), Transmission Mossbauer Spectroscopy (TMS),
Diffuse Reflectance Infrared Fourier Transform Spectros-
copy (DRIFTS), Transmission Electron Microscopy
(TEM) and X-ray Photoelectron spectroscopy (XPS) to
investigate the solid phase transformation resulting from
D. alaskensis activity.

2. MATERIALS AND METHODS
2.1. GR2(SO,*") mineral

The GR2(SO,?") was obtained by bacterial dissimila-
tory Fe reduction as described in Zegeye et al. (2005).
Briefly, the GR resulted from the reduction of lepidocrocite
(y-FeOOH) by Shewanella putrefaciens CIP 8040 using H,
as electron donor. According to XRD, DRIFTS and
TMS analyses, about 55% of y-FeOOH was transformed
into a single iron(II-1I1)-bearing mineral i.e. GR2(SO,>").

After 3 months of incubation, the mixture of 45% v-
FeOOH and 55% GR2(SO,*") was recovered by centrifu-
gation and subsequently washed three times with sterilized
and oxygen-free 18 MQ cm ™! resistivity nano-pure water.
This procedure ensures the removal of adsorbed sulfate
from the GR2(SO,*") (Zegeye et al., 2005). One should
note that the mineral mixture was not autoclaved, to avoid
any transformation of GR2(SO,>") by heating. However, a
layer consisting of S. putrefaciens cells that was formed on
top of the biogenic mixture pellet was carefully removed
with a sterile spatula after each washing step and no S.
putrefaciens cell in the pellet was detected by plate counts
method on trypticase soy agar (TSA). The minerals were
then dried for 24 h in an anaerobic chamber (N,:H,, 95:5)
under a 90% relative humidity. XRD analysis indicated that
the GR2(SO,>") was not transformed during the washing
and drying processes (data not shown). The GR2(SO,*")
in the dried mixture was used as the sole sulfate reservoir
and electron acceptor for D. alaskensis.

2.2. Bacteria and media

The Desulfovibrio alaskensis strain, initially isolated
from a soured oil reservoir in Prudhoe Bay, Alaska, was
provided by Pr. Iwona Beech (Portsmouth University).
The cells were cultivated to stationary growth phase at
30 °C in trypticase soy broth (TSB) supplemented with
SgLf1 MgSO, in an anaerobic (N,:H,, 95:5) chamber
(Coy laboratory product). Cells were harvested by centrifu-
gation, washed twice and concentrated in 35 mL of a sterile
O, free NaCl 0.7% solution. This bacterial suspension was
used to inoculate batches containing the mixture of lepido-
crocite and GR2(SO,*).

2.3. Bioreduction assays

The batch medium (sodium lactate, 3.5gL7!;
MgCly6H,0, 34gL™!; NaCl, 03gL™!; K,HPO,,
0.5gL~"; CaCl,, 0.1 gL™") was sterilized by autoclaving
and purged with filter sterilized N,. Eighty milliliters of
the medium was dispensed into sterile 100 mL flasks
and crimp sealed with butyl rubber stoppers. Samples
of 0.402 +0.002 g of biologically produced GR2(SO,*")
(containing y-FeOOH) were introduced into the flasks
in the anaerobic chamber. D. alaskensis cell suspensions
were added to produce a final concentration of
4.4 %10 colony forming unit (CFU) mL~'. A pH of
7.5 was measured after all components were mixed. Cul-
tures were incubated at 30 °C in darkness and each treat-
ment was replicated four times. A first control sample
was prepared with 0.07 g of lepidocrocite with D. alask-
ensis cells, in order to control if D. alaskensis was able
to reduce Fe(Ill) without sulfate under the experimental
conditions. A second control sample was cell-free and
otherwise identical to the biotic samples. These controls
were checked for mineral stability, after 25 days of incu-
bation in the reduction media, by XRD analysis (data
not shown). A third control was carried out with an abi-
otically formed GR2(SO,>") otherwise identical to the
biotic sample in order to determine if the presence of
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v-FeOOH affect the mineralogical bio-transformation of
the GR2(SO,?7). This control served also to check if a
residual activity of S. putrefaciens cells in the biotic as-
says could modify the transformation of GR2(SO,*")
by D. alaskensis. This control was analyzed for mineral
transformation after 3 and 20 days of incubation by
XRD and DRIFTS.

2.4. Chemical analysis

At selected time points, 1 mL of suspension was re-
moved from the reduction medium, in the anaerobic cham-
ber, introduced directly into 1 mL HCI (2 N) and incubated
for 1 week. This 1 N HCI extraction ensures the dissolution
of the biogenic Fe(Il). Fe*" concentration was then deter-
mined by the modified 1,10-phenanthroline method
(Fadrus and Maly, 1975).

2.5. Instrumentation

2.5.1. X-ray diffraction

After sampling, the suspension was filtered through
0.45 um pore membrane filters under N,:H, (95:5) atmo-
sphere. The obtained wet paste was spread out on a glass
plate and coated with glycerol to inhibit oxidation (Hansen,
1989). The XRD data were collected with D8 Bruker dif-
fractometer, equipped with a monochromator and a posi-
tion-sensitive detector. The X-ray source was a Co anode
(A =0.17902 nm). The diffractogram was recorded in the
3-64 20 range, with a 0.0359° step size and a collecting time
of 3 s per point.

2.5.2. Transmission electron microscopy

Transmission electron microscopy was conducted using
CM20/STEM Philips with a voltage of 200 kV. One drop
of the suspension was laid on an amorphous carbon-coated
grid and loaded into the analysis holder of the microscope
under 10® Torr vacuum.

2.5.3. Transmission Mdssbauer spectroscopy

Maossbauer spectra were obtained from a constant accel-
eration Mdssbauer spectrometer connected to a 512 multi-
channel analyzer. The amplifier output and the drive
mechanism were manufactured by Halder Electronics
GmbH. The detector consisted of an Nal(TI) scintillation
counter. The source of 50 mCi *’Co in Rh matrix was main-
tained at room temperature. The spectrometer was cali-
brated with a 25-um foil of o-Fe at room temperature
and isomer shifts were given relative to this reference. Ali-
quots were taken from the well-homogenized medium and
the iron bearing particles were concentrated by filtration
(0.45 um pore size) under (N,:H,, 95:5) atmosphere inside
an anaerobic chamber. The sample absorbers were immedi-
ately cooled to the liquid nitrogen temperature and main-
tained until measurements were taken. To prevent
oxidation, they were quickly transferred to the cryostat un-
der an inert He atmosphere before measurements. The max-
imum area density of Fe in the samples was approximately
10 mg cm 2 and thickness effects were assumed to be negli-
gible. The spectra were fitted with the Recoil Software of

Lagarec and Rancourt (http://www.physics.uottawa.ca/re-
coil) (Lagarec and Rancourt, 1997), using the Lorentzian
or pseudo-Voigt method. The parameters resulting from
any computer fitting must be mathematically and physically
significant (> minimization); in particular the width of all
lines must be small enough.

2.5.4. Diffuse reflectance infrared fourier transform
spectroscopy

A Fourier transform infrared spectrometer (Perkin-El-
mer, 2000), equipped with a KBr beam splitter and a DTGS
detector, was used for sample characterization by vibra-
tional spectroscopy. The spectral resolution and the total
acquisition time were 4cm~! and 10 min, respectively.
FTIR spectra in diffuse reflectance mode were collected
using Harrick DRA-2CI equipment. To perform the analy-
sis, the washed and dried samples were first diluted in a KBr
matrix (5 wt%). The samples were then mixed gently with
KBr in an agate mortar, so that the mixtures were not sub-
jected to elevated pressures. The samples were prepared in
an anaerobic chamber (N,:H,, 95:5) to avoid exposure to
oxygen and enclosed in an airtight Harrick HVC-DRP cell
with KRS-5 windows for infrared analysis. The reflectances
R; of the sample and R; of pure KBr, used as a non-absorb-
ing reference powder, were measured under the same condi-
tions. Iron oxide-hydroxide reflectance is defined as R = R/
R,. The spectra are shown in pseudo-absorbance (—logR)
mode.

2.5.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded with a KRA-
TOS Axis Ultra instrument using monochromatic Al Ko X-
rays (hv = 1486.6 eV) operated at 150 W. The samples were
pressed onto a Cu tape on a holder and introduced into the
spectrometer. The base pressure of the analytical chamber
was approximately 10~° Torr. The spectra were collected
at normal (90°) take-off angle. Survey scans were used to
determine the chemical elements at the sample surface.
They were acquired with a pass energy of 160 eV and a
X-ray spot size of 0.3 x 0.7 mm. Narrow region electron
spectra were used to determine the chemical state informa-
tion. They were acquired with an analyser pass energy of
20 eV and an X-ray spot size of 0.3 x 0.7 mm. The spectral
resolution is 0.5 eV. The binding energy was calibrated by
assigning the C(1s) peak to 284.6eV. Spectra for sulfur
were fitted using a Shirley Background (Shirley, 1972)
and a pseudo-voigt peak model.

3. RESULTS
3.1. Monitoring of biomass, pH and Fe(II)

Concerning the biomass, the cell cultivability has been
followed over time. No growth is observed in bioreduction
assays, the total cultivable cells remaining stable from 4.4 to
2x 108 CFUmL ™! during the incubation time. Cultivable
cells fall down to 1.0 x 10° CFU mL™" in the control con-
taining lepidocrocite and SRB without the single potential
electron acceptor, the GR2(SO,*"), indicating that GR is
needed to maintain biomass in a steady-state.
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Visual changes inside the batch bottles were evident
within 3 days. The color of the solid phase changed from
blue-green to black, suggesting a mineral transformation.
Moreover, the characteristic H,S odor, escaping from the
bottles when aliquots were removed for analyses, signaled
the reduction of sulfate anions. Fe(Il) concentration in
the treatments immediately increases after the inoculation
of SRB and during the time of incubation (Fig. 1). The
pH remains constant and equal to 7.5 during the experi-
ment. Approximate values of 25 mM were reached, indicat-
ing Fe(IIT) reduction of either y-FeOOH or GR2(SO,*").
In the cell-free control assay with GR2(SO,>"), Fe(II) con-
centrations reached around 8§ mM, during the same time of
incubation. This suggests a residual activity of S. putrefac-
iens cells since the mixture GR2(SO,>") and y-FeOOH was
not sterilized. However, the concentration of Fe(Il) in the
assay are about three times higher than those in the blank
experiment, thus indicating an extensive reduction by
D. alaskensis activity. Higher Fe(IlI) concentrations than
the cell-free control were never found in the assay contain-
ing only y-FeOOH with SRB. Thus, the enhanced reduc-
tion of Fe(Ill) in the presence of the bio-generated
GR2(SO,*") plus y-FeOOH is not due to the biotic reduc-
tion of y-FeOOH by D. alaskensis.

Taking these different results into consideration, the in-
crease in Fe(II) concentration in the treatments containing
SRB cells and the mixture of the bio-generated
GR2(SO,*") plus y-FeOOH indicates the abiotic reduction
of y-FeOOH and/or GR2(S0,*") by H,S, which is the reac-
tion product of bacterial sulfate reduction.

3.2. Mineral products of biogenic GR2(SO,*") reduction by
D. alaskensis: evidence of sulfate reduction

3.2.1. X-ray diffraction
Prior to SRB inoculation, the diffraction patterns exhibit
only the diffraction lines of the bio-generated GR2(SO,*")
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Fig. 1. Monitoring of the total ferrous ion (in the solid and
aqueous phase) production during the incubation of the mixture of
GR2(SO,*") and lepidocrocite with D. alaskensis during the
21 days of incubation. Error bars show =+ standard deviation of
n =4 cultures.

and y-FeOOH (Fig. 2a) in agreement with previous data
(Hansen et al., 1994; Simon et al., 1997, Ona-Nguema
et al., 2004; Zegeye et al., 2005). Experimental GR2 d-spac-
ings are similar to those previously obtained in biotic and
abiotic conditions for GR2(SO,>7). After 3 days of incuba-
tion with D. alaskensis, the XRD pattern exhibits diffrac-
tion lines of GR2(SO,>") and y-FeOOH, the intensity of
which are both strongly decreased. An additional reflection
line with d-spacing characteristic of vivianite [(Fe;(POy4),-8-
H,0](0.684 nm, 14.9° 20) is also observed. Significant min-
eralogical changes are revealed by the XRD pattern after
20 days of incubation. X-ray diffraction peaks of GR2
and y-FeOOH disappear and new lines ascribable to the
GR1 are observed, which was the predominant product
after 20 days of incubation. This GR1 is a GR1CO,>" as
established by DRIFTS analysis (Drissi et al., 1995; Ona-
Nguema et al., 2002). The peak at 0.684 nm (14.9° 20) as-
signed to vivianite is also present. The X-ray diffraction pat-
terns of assay containing the biotic GR2(SO,>") plus y-
FeOOH do not show further changes after 300 days of
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Fig. 2. XRD spectra of the mineral solids from the treatments with
D. alaskensis on biotic GR2(SO,>") plus lepidocrocite (a) and
abiotic GR2(SO,>") (b) after different incubation time (day 0, day
3, day 20 and day 300). Green rust 2, lepidocrocite, green rust 1 and
vivianite peaks are indicated by GR2, L, GR1, V, respectively.
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incubation and are consistent with the presence of a mix-
ture of GR1(CO,>") and vivianite.

The same mineralogical transformation is observed in
the control run with the chemically synthesized
GR2(SO,*") (Fig. 2b). Indeed, characteristic peaks of vivia-
nite and GR1 are revealed after 3 and 25 days of incuba-
tion, respectively. This control indicates that the presence
of y-FeOOH does not affect the biotransformation of the
biogenic GR2(SO,*"). It also shows that biotransformation
of the GR2(SO,*") was not due to a residual activity of S.
putrefaciens cells but to D. alaskensis cells. The cell-free
control does not show any GR2(SO,*") transformation.
This observation further supports the idea that the ob-
served mineral transformation is attributable to the activity
of D. alaskensis cells.

3.2.2. Mdssbauer spectroscopy

Mossbauer measurements (between 215 and 13 K)
were performed to follow the mineralogical transforma-
tion during the incubation period (Fig. 3). In contrast
to XRD, this method provides information on com-
pounds that do not exhibit long-range structural order
(poorly crystalline solids). The starting mineral exhibits
doublets D; and D, corresponding to GR and the dou-
blet D; is assigned to paramagnetic Fe*" in lepidocrocite
at 77 K. The doublet D, corresponds to the ferrous state,
whereas the D, is assigned to the ferric state. These char-
acteristic features indicate that these components are
associated with ordered arrangements of Fe’' and Fe*"
in the brucite sheet. As expected, the Fe(II)/Fe(11l) ratio
in the GR formed is about 2. It was not possible to dis-
criminate between GR1 and GR2 by TMS because this
technique is sensitive to the local environment of the
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probe nucleus, Fe. The hyperfine parameters result from
the perturbation of these nuclear levels by their electronic
environment. In contrast, XRD is a global method (crys-
tallographic) technique and allow to observe the struc-
tural specificity of the GRs which can intercalate three
dimensional anions (GR2) or planar anions (GR1).

In agreement with XRD the Mossbauer spectrum ob-
tained after 3 days of incubation, displays two new ferrous
components assigned to vivianite. These paramagnetic
quadrupole doublets correspond to vivianite with two crys-
tal sites for Fe(II). D, is assigned to vivianite-Fel and D, to
vivianite-Fe2. The TMS analysis shows also a new magnetic
component which exhibited sextets, S, and Sg. The hyper-
fine parameters of this spectrum are Sx (6 =0.47 mms™';
H=475k0e) and Sp (d=0.84mms™'; H=277kOe).
This phase is not identified by XRD analysis, probably
due to its poor crystallinity and/or its low amount. In spite
of the appearance of a new Fe(II) component ascribable to
vivianite, the total amount of Fe(II) is smaller than that of
Fe(III), which corresponds to two overlapping doublets
(Fe(III) of lepidocrocite and GR, respectively). The 215 K
Moéssbauer spectral pattern for the bio-reduced material
after 20 days of incubation is similar to the pattern for
3 days of incubation, except that the total amount of para-
magnetic Fe(IIl) decreases substantially. The decrease of
the lepidocrocite doublets is probably due to its reductive
dissolution by H,S that was produced by sulfate reduction.
After 300 days of incubation, the paramagnetic compo-
nents attributable to vivianite and the GR are always pres-
ent; in addition, the intensity of the magnetically ordered
component increased. This component is probably iron sul-
fide in the form of greigite (FesS,) supported by the values
of the hyperfine magnetic fields H of its two sextets (280
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Fig. 3. TMS spectra of solid phase obtained at different times of incubation (day 0, day 3, day 20 and day 300).
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and 355 kOe). Greigite, Fe;S,, is the sulfur analog of mag-
netite (Fe;04) and has a similar inverse spinel structure.

3.2.3. Characterization of anions in the solid phase

Fig. 4A illustrates the DRIFTS spectral changes occur-
ring after 300 days of incubation of D. alaskensis. Spectrum
(a) exhibits the typical features of sulfate green rust (Peulon
et al., 2003; Ona-Nguema et al., 2004; Zegeye et al., 2005):
bands arising from the brucite-like sheets at 515, 780, 880
and 1550 cm™' and bands due to the intercalated sulfate
at around 620/660 and 1105/1138 cm™'. In addition to
these GR spectra lines, this spectrum reveals the presence
of y-FeOOH, with a characteristic absorption at
1022 cm™! (Zegeye et al., 2005). After 300 days of incuba-
tion (spectrum b), it is noteworthy that the bands associated
with brucite-like sheets are almost unaffected. In contrast,
both the characteristic signals of sulfate and the sharp band

A 2
FeOH SO
=
[=)]
o
PO/
A
Io.1
—
600 800 1000 1200 1400 1600 1800
Wavenumber (cm™)
B_ s0*
T
D
o
-—
700 800 900 1000 1100 1200 1300

Wavenumber (cm™)

Fig. 4. Infrared spectra of the mineral solid from the treatments
with D. alaskensis on biotic GR2(SO,>") plus lepidocrocite and
abiotic GR2(SO,*"). (A) Spectra for (a) GR2(SO,*)/y-FeOOH
minerals and (b) 300 days after SRB inoculation. (B) Spectrum of
(a) abiotic GR2(SO,*") and (b) 20 days after SRB inoculation
focused on the spectral range of sulfate adsorption (1300-
700 cm™') (L: lepidocrocite). Before analysis each mineral was
kept in an anaerobic chamber for 24 h under 90% relative
humidity.

due to lepidocrocite have disappeared. A large and intense
band at 1000 cm™!, with shoulders at 1047, 1101 and
1142 cm™!, assigned to a phosphate solid (Farmer, 1974)
appears concomitantly with a very intense peak at
1351 cm™! with a shoulder at 1395 cm™! assigned to the
carbonate ions intercalated in a GRI1 structure (Peulon
et al., 2003; Ona-Nguema et al., 2004).

The same result is observed for the control run with the
abiotic GR2(SO,?") (Fig. 4B). The spectrum (a) exhibits
the typical features of a sulfate GR as described above.
The characteristic signals of sulfate have disappeared after
20 days of incubation (spectrum b). This results indicate
that y-FeOOH does not interfere with sulfate reduction in
the assay containing the biogenic GR2(SO,*"). This result
corroborates the conclusions obtained by XRD, which indi-
cate that the transformation of GR2(SO,>") was due to the
activity of D. alaskensis.

3.2.4. Surface analysis by XPS

Figs. 5 and 6 show the high resolution S(2p) and Fe(2ps,
») spectra for the mixture GR2(SO,?")/y-FeOOH and the
products obtained after 300 days of incubation
(GR1(CO,>")/vivianite), respectively. S(2ps) and
Fe(2p3/2) binding energies for various model compounds
are listed in Table 1.

The S(2p) spectra are fitted using doublets 2p;,, and 2ps,
» separated by a spin—orbit splitting of 1.2 eV (Fig. 5). The
S(2py/,) peak area is constrained to one-half of the area of
S(2ps/») peak. As expected, a good fit of the spectrum of the
GR2(SO,*)/v-FeOOH initial mixture is obtained using a
doublet with 2p;/, binding energy at 168.2 eV correspond-
ing to sulfate species (Table 2 and Fig. 5). No other sulfur
species are observed. To adequately fit the S(2p) spectrum
of the final products, three doublets are required (Table
3). The 2p;;, binding energy of the major doublet at
160.9 eV is typically attributed to monosulfide species.
Monosulfide species represent 66% of the whole signal.
Additionally, two others doublets are fitted to take into ac-
count for the high energy tail of the spectrum. The 2ps/,
components are located at 161.8 and 163.3 eV and may cor-
respond to disulfide (S,?”) and polysulfides (S,*"), respec-
tively. The presence of disulfide and polysulfide species
was previously reported by Herbert et al. (1998) at the sur-
face of iron monosulfide precipitated in the presence of
SRB.

The broad Fe(2ps/,) spectra present a major contribu-
tion occurring near 710.5 and 710.7 eV for the initial mix-
ture and the final products, respectively (Fig. 6). To the
best of the authors knowledge, the assignment of Fe(II)
and Fe(III) features in XPS spectra of green rusts is not reli-
ably established yet. The reasons for this have to do with
the small binding energy difference between the Fe(2ps.)
peaks of Fe(II) and Fe(III) coordinated by oxygen, the vari-
ety of chemical environments for Fe in GR, and the multi-
plet structure of Fe XPS spectra. This is probably explained
by the small difference in binding energy range between
combined to the multiplet structure of iron. Our spectra
are made more complex by the presence of several Fe-con-
taining phases. No attempt was therefore made to fit the
Fe(2ps3/2) spectra. However, the main features observed in
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Fig. 5. XPS S(2p) spectra of (Bottom) GR2(SO,>")/y-FeOOH minerals and (Top) 300 days after SRB inoculation.

Fig. 6 are not surprisingly the sum of Fe(II) and Fe(IlI)
contributions, both corresponding to iron—oxygen bond
types in (oxyhydr)oxides (Table 2). Note that the Fe(Il)—
O component located at 710 eV is clearly evidenced in the
spectrum  relative to  the initial mixture of
GR2(SO,*")/y — FeOOH. Of interest is the shoulder that
only appears at the low energy side of the Fe(2p;/,) spec-
trum of the final products. The corresponding binding en-
ergy is around 707 eV, which typically falls in the range
reported for Fe(I)-S compounds (Table 2). Note that the
binding energy range of Fe(II) bound to S is much slower
than that of Fe(II)-O, so that the discrimination between
these two components is unambiguous.

XPS data are clearly consistent with the microbial reduc-
tion of sulfate. Iron (oxyhydr)oxides are dominantly ob-
served and the formation of an Fe(II)-S compound is
suggested.

3.2.5. Transmission electron microscopy

TEM images of the inoculated and un-inoculated treat-
ments incubated for 20 days illustrate the presence of
numerous crystals. In the control treatment, large hexago-
nal crystals assigned to GR2(SO,>") and some vivianite
crystals are also observed (data not shown). In the inocu-
lated treatments, two additional mineral phases appear,
GRI1(CO,>") and a highly aggregated mineral structure
(Fig. 7a). The elemental analysis of this structure yields
prominent S and Fe peaks on EDX spectrum with a S/Fe

ratio of about 1 (Fig. 7b), thus indicating the probable for-
mation of an Fe-S compound. The SAED pattern of this
mineral exhibits a ring-like powder pattern (not shown)
consistent with a poor degree of crystallinity. Thus,
unequivocal assignment to a particular Fe-S mineral is
not possible.

4. DISCUSSION

The experimental results define two major findings. The
first one demonstrates that sulfate anions from a biogenic
GR2(SO,*") serve as sulfate pool for D. alaskensis respira-
tion. The second one reveals that GR1(CO,*") and iron
sulfur minerals are formed as biogenic products of SRB
activity. The formation of vivianite is also observed due
to the presence of phosphate in the culture medium.

4.1. Bioreduction of GR2(SO,*")

Under the experimental conditions, the SO42’ from
the GR2(SO,*") was accessible for D. alaskensis anaero-
bic respiration with lactate as the electron source. Indeed,
the DRIFTS analysis revealed the disappearance of sul-
fate bands after 300 days of incubation, suggesting the
reduction of sulfate anions by SRB. The XPS analysis
corroborates this result as no sulfate signal was observed
after the incubation period. The simplified chemical reac-
tion is:
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2CH;CHOHCOO™ +S0,? =2CH;CO0" + 2HCO; +H,S
(1)

The mechanisms by which SRB acquire the sulfate anions
trapped in the GR2(SO,>") structure has not been yet
established. Laboratory studies have demonstrated that
some SRB can reduce sulfate anions bound in minerals
by an energy-conserving process (Katrnachuk et al., 2002;
Kowalski et al., 2003). These studies highlight the dissolu-
tion of the solid phase prior to sulfate reduction. Moreover,
the dissolution process could be accelerated by the produc-
tion of extracellular polymeric substances by SRB (Beech
and Cheung, 1995; Zinkevich et al., 1996). These findings
suggest that dissolution of the mineral occurred prior to
sulfate reduction which is in agreement with the biochemi-
cal pathway of sulfate reduction by SRB. It is preceded by
sulfate ion transport into the cells and followed by sulfate
activation through ATP sulfurylase (Hamilton, 1998).
Thus, it seems likely that the dissolution of GR2(SO,>) oc-
curred prior to sulfate anions uptake for D. alaskensis
anaerobic respiration. The mechanistic pathway of how
SRB utilize the sulfate from the GR2(SO,>") (in situ or
ex situ reduction) would require a dedicated and through
investigation and is beyond the scope of this work.
Hydrogen sulfide is a product of anaerobic sulfate
reduction. The reaction of dissolved H,S with iron oxides
has been well documented and was proposed to occur via
a reductive dissolution mechanism with strong pH depen-

Table 1

5457

Mossbauer parameters of solid phase obtained at different times of

incubation (day 0, day 3, day 20 and day 300)

Incubation

5

Aor2® H° Relative
time and (mms) (mms~!) (kOe) abundance
temperature (%)
t =0 day, GR Dy: 1.27 292 36

77K D,: 048 0.44 21
Lepido Dy: 0.47 0.62 43
t=3days, GR D;: 1.24 287 16
100 K D,: 0.53 0.39 10
Lepido D;:0.46 0.73 46

Vivianite 1133 32 7

:1.24 254 6

Greigite 1047 -0.14 475 9

:0.84 0.02 277 6

t=20days, GR D:1.18 2.6 34
215K D,: 04 0.5 32
Lepido Dy:0.47 0.5 5

Vivianite :1.20 2.96 13

Greigite 1041 —-0.09 419 11

:0.85 —0.5 387 4

t =300 days, GR Dy: 1.24 2.67 29
13K D,: 045 0.43 17
Vivianite 1 1.27 3.1 14

Greigite :049 0 280 20

:0.88 —0.5 355 8

Iron oxide :048 —0.15 504 12

@ Tsomer shift relative to metallic iron.
® Quadrupole splitting or quadrupole shift.
¢ Hyperfine magnetic field.

dence (Peiffer et al., 1992; Yao and Millero, 1996; Poulton
et al., 2002, 2003). In the present study carried out at a pH
value of around 7, total Fe(II) (solid and soluble phase)
concentration increased when the mixture of GR2(S0,*")
and y-FeOOH was incubated with SRB. As Fe(Il) was
not detected in the treatment containing only y-FeOOH,
it seems that the Fe(III) reduction observed in these assays
was due to an inorganic reduction of Fe(III) by H,S rather
than enzymatic activity of bacterial cells. This hypothesis is
corroborated by an earlier study that suggests an enhance-
ment of the alteration of a Fe-rich clay mineral via biogenic
sulfide during sulfate reduction (Yi-Lang et al., 2004). Be-
cause H,S is reactive towards Fe(III), hydrogen sulfide
may also influence the dissolution of GR2(SO,*").

4.2. The by-product of GR2(SO,>~) bioreduction

TMS and XRD analyses showed the formation of vivia-
nite in the reduction media. In agreement with previous
studies vivianite is formed rapidly at circumneutral pH
(Fredrickson et al., 1998; Kukkadapu et al., 2004). The rate
of vivianite formation was greater than that of
GRI1(CO,*") under our experimental conditions. Indeed
after 3 days of incubation, vivianite is the only alteration
product in the XRD spectra. This trend was also observed
during the bioreduction of ferrihydrite in a phosphate con-
taining media by S. putrefaciens CN32 (Kukkadapu et al.,

2004). The formation of vivianite in abiotic or biotic sys-
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Table 2
Binding energies for S(2p;/,) and Fe(2p;/,) peaks in various model
compounds

Species Binding References
energy (eV)
Fe(2ps2)
Fe(11)-S 706.8 Mullet et al. (2002)
707.3 Herbert et al. (1998)
Fe(I1)-O 709.5 Mclntyre and Zetaruk (1977)
709.0 Thomas et al. (1998)
Fe(111)-S 709.20* Pratt et al. (1994)
709.15% Herbert et al. (1998)
Fe(111)-O 710.30* Nesbitt and Muir (1994)
710.8% Schaufuss et al. (1998)
S(2ps/)
2= 161.3 Mullet et al. (2002)
160.9 Herbert et al. (1998)
S, 162.2 Herbert et al. (1998)
S, >~ 163.6 Nesbitt and Muir (1994)
163.4 Thomas et al. (1998)
SO,*~ 168.1 Thomas et al. (1998)

% Measurements corresponding to the main component of the
multiplet peaks.

Table 3
XPS peak fit parameters: peak energy, FWHM and area ratio of
the S(2p) spectra

BE (eV) FHWM Area Species
Starting material GR2(S0O,%7)
168.2 1.1 100 Sulfate
t =300 days
160.9 0.9 66.0 Monosulfide
161.8 1.2 20.1 Disulfide
163.3 1.4 13.9 Polysulfide

Binding energy peak location is accurate to 0.1 eV. Area for S(2p)
includes 2p;,, and 2p;/, contributions.

tems requires the reaction between ferrous ions and dis-
solved phosphate anions. The increase in Fe(II) concentra-
tion during the incubation of the mixture of GR2(SO,*")
plus y-FeOOH with SRB supply Fe(Il) ions for the precip-
itation of vivianite. However, the characteristic vivianite
line (0.684 nm, 14.9° 20) was also observed after 25 days
of incubation in the control experiments (data not shown).
The formation of this mineral could be explained by the
reaction between aqueous Fe?" ions which were in equilib-
rium with the GR2(SO,*") (Bourrié et al., 1999) and the
dissolved phosphate anions present in the medium. The pre-
cipitation of vivianite in solution containing high level of
phosphate and in presence of GR2(SO,>") was also ob-
served in abiotic assay (Hansen and Inge, 1999). Therefore,
it was not possible to determine the contribution of bacte-
rial activity to vivianite formation. The Fe(Il) in vivianite
probably originates from both GR2(SO,>") and y-FeOOH.

Lactate oxidation coupled with sulfate reduction re-
sulted in an increase in carbonate anions (as bicarbonate)
within the culture media. DRIFTS and XRD analyses con-
clusively showed the formation of GR1(CO,*") in our
experiments. TMS hyperfine parameters indicated that the

Fe(Il)/Fe(Ill) ratio of the biogenic GRI(CO,>") was
around 2 (Drissi et al., 1995; Ona-Nguema et al., 2002).
No GR(PO,*") formed in contrast to the study of Parmar
et al. (2001) who attribute the precipitation of GR(PO,*")
to phosphate in the reduction media. In contrast, Benali
et al. (2001) did not observe the formation of GR(PO,*")
during the incubation of a GR1(CO,*") in a phosphate rich
media (0.06 M, Na,HPO,). Accordingly, Kukkadapu et al.
(2004) suggested a higher affinity for carbonate rather than
for phosphate during GR formation. Moreover Bocher
et al. (2004) demonstrated that phosphate anions adsorbed
preferentially upon the lateral faces of the GR1(CO,>~) but
do not penetrate in the brucite sheet, thus stabilizing the
Fe(II-11I) mineral.

The formation of FeS compounds such as greigite
(FesS4), mackinawite (FeS;_,, 0<x<0.07) or pyrite
(FeS,) in field settings was often attributed to the presence
of sulfate-reducing bacteria (Herbert et al., 1998; Popa and
Kinkle, 2000; Neal et al., 2001). In agreement with TEM
and TMS analyses, XPS analysis also evidenced the forma-
tion of a Fe-S compound. The binding energy of the main
S(2p) component (Fig. 6) is in agreement with that reported
for poorly crystallized compounds such as mackinawite
FeS;_, 0 <x <0.07 and/or greigite Fe;S4. Note that mack-
inawite is the first iron sulfide phase formed by the precip-
itation of iron (II) and sulfide S(-II) and that greigite is an
oxidation product of mackinawite (Boursiquot et al., 2001).
The Fe(2p) spectra of the final products were consistent
with the presence of iron sulfide containing phases, but
were equivocal with regards to the specific phase present.
Herbert et al. (1998) have previously reported the forma-
tion of poorly crystallized precipitates of disordered mack-
inawite and greigite in media containing SRB. Although
none of the analytical techniques used in the present study
put forward unequivocal evidence as to the nature of iron
sulfide mineral formed, the results obtained by TMS analy-
sis suggested the formation of greigite as the best hypothe-
sis. Indeed, Mossbauer spectra displayed a magnetically
ordered compound and the fitting indicated that greigite
would be the potential candidate.

4.3. Environmental implication

GR2(SO,*") is formed during the marine corrosion of
iron in aquatic environments (Olowe et al., 1989; Refait
et al., 2003b) and SRB are found in close association with
the Fe sulfide phase and GR2 corrosion products (Olowe
et al., 1990). Moreover a recent study reported that iron
and sulfate reducing bacteria colonized a carbon steel sub-
merged in ocean water, indicating the co-existence of DIRB
and SRB (Lee et al., 2006).

In an attempt to integrate the data put forward earlier in
this study, we propose a scheme of a corrosion process in
which DIRB and SRB are implicated (Fig. 8). Our focus
is to illustrate a possible interaction between DIRB and
SRB with GR2(SO,*") playing the central role. In such a
consortium, the major interaction illustrated between the
two bacterial groups could be described as: the secondary
mineral formed by the activity of one group, the DIRB,
serves as electron acceptor for the second group, the SRB.
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Fig. 7. (a) TEM image of solids formed after 20 days of incubation. The arrow indicates FeS compound, whose composition is determinate by

the SAED analysis (b).

In the microenvironment at a corroded surface, we
would expect that SRB cells are not in direct contact with
the bulk solution but enclosed in a corrosion tubercle.
The formation of GR2(SO,*"), through DIRB activity
(Fig. 8, path 1) or by an abiotic pathway (Fig. 8, path 2),

Bulk solution

S0

Corroded floor

could allow sulfate to become locally concentrated in the
biogenic mineral (2 mM cm?). This mineral could then
serve as an electron acceptor reservoir for SRB that can
not reach the bulk solution to use sulfate anions for energy
production (Fig. 8, path 3). The reduction of aqueous or

Corrosion
layer

Anaerobic
zZone

i I‘|I' : Dissimilatory iron reducing '-é::; Sulfate reducing bacteria (SRB)

bacteria (DIEB)

Fig. 8. A model of DIRB and SRB interaction via GR2(SO,*") formation during a corrosion process of an iron surface in sea water.
Representative SRB cells inside a tubercle of corrosion are shown. The hypothetical reactions occurring during DIRB and SRB interactions
are numbered (path 1 — 6) and are issued from the following references. Reaction no. (1), (Zegeye et al., 2005) reaction no. (2), (Géhin et al.,
2002), reaction nos. (3)—(5), (this study) and reaction no. (6), (Drissi et al., 1995). Details are provided in the text.
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embedded sulfate coupled to organic matter oxidation
would lead to the formation of H,S and carbonate
(Fig. 8, path 4). H,S subsequently reacts with Fe(IlI)
and/or Fe(Il), which form during corrosion, and contrib-
utes to the formation of Fe,S, compound (Fig. 8, path 5)
whereas CO,*~ would react with Fe(II) and Fe(III) to pre-
cipitate carbonate green rust (Fig. 8, path 6).

In this study, we demonstrated that sulfate anions of a
biogenic GR2(SO,>") were available for SRB anaerobic
respiration. Since the initial green rust was formed by an
iron reducing bacterium, this study examines what appears
to be a biotically coupled process. This laboratory-based
study can contribute to a better understanding of natural
systems, which are inherently complex with respect to
microorganisms and minerals. In the environment, more
than one species would constitute the biofilm on a corroded
surface and trophic interactions would not be the only one.
Moreover, the environmental chemistry would also be sig-
nificantly more complex and influence the overall reactions.
However, the presence of Fe(II), H,, [CHO], and the differ-
ent solid phases included in the illustration are widely de-
scribed in the literature to occur during corrosion
processes (Beech and Gaylarde, 1999; de Windt et al.,
2003; Dubiel et al., 2002; Geesey et al., 2000; Jeffrey and
Melchers, 2003). The schema (Fig. 8) is merely a discussion
of this study and further investigations are needed to vali-
date the model proposed herein.
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