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ABSTRACT: Green rust (GR) as highly reactive iron mineral potentially plays a key role
for the fate of (in)organic contaminants, such as chromium or arsenic, and nitroaromatic
compounds functioning both as sorbent and reductant. GR forms as corrosion product of
steel but is also naturally present in hydromorphic soils and sediments forming as
metastable intermediate during microbial Fe(III) reduction. Although already suggested
to form during microbial Fe(II) oxidation, clear evidence for GR formation during
microbial Fe(II) oxidation was lacking. In the present study, powder XRD, synchrotron-
based XAS, Mössbauer spectroscopy, and TEM demonstrated unambiguously the
formation of GR as an intermediate product during Fe(II) oxidation by the nitrate-
reducing Fe(II)-oxidizer Acidovorax sp. strain BoFeN1. The spatial distribution and Fe
redox-state of the precipitates associated with the cells were visualized by STXM. It
showed the presence of extracellular Fe(III), which can be explained by Fe(III) export
from the cells or extracellular Fe(II) oxidation by an oxidant diffusing from the cells.
Moreover, GR can be oxidized by nitrate/nitrite and is known as a catalyst for oxidation of dissolved Fe(II) by nitrite/nitrate and
may thus contribute to the production of extracellular Fe(III). As a result, strain BoFeN1 may contribute to Fe(II) oxidation and
nitrate reduction both by an direct enzymatic pathway and an indirect GR-mediated process.

■ INTRODUCTION
Fe(II)-oxidizing bacteria play an essential role in the redox
cycling of iron in both oxic and anoxic environments.1,2

However, the mechanisms and intermediate Fe minerals
formed during microbial Fe(II) oxidation and Fe(III) mineral
precipitation, as well as the environmental consequences for the
sequestration and transformation of contaminants and
nutrients, are barely understood (e.g., refs 3,4). Under oxic
conditions microbial Fe(II) oxidation competes with abiotic
Fe(II) oxidation.5 Under anoxic conditions and at neutral pH,
dissolved Fe(II) can be oxidized abiotically by manganese
oxides and nitrite,6,7 while Fe(II) in green-rust (GR) is known
to be oxidized by both nitrate8 and nitrite.9 However, microbial
oxidation of dissolved Fe(II) either coupled to the reduction of
nitrate or using light energy is the main process for the
formation of Fe(III) precipitates under anoxic conditions.1,10,11

Straub et al.12 and Hafenbradl et al.13 identified microorganisms
that are able to directly couple Fe(II) oxidation to nitrate
reduction. About a decade later, the nitrate-reducing Fe(II)-
oxidizing Acidovorax strain BoFeN1 was isolated from Lake
Constance sediments14 and a closely related strain was isolated
from arsenic-contaminated aquifers in Bangladesh.15 For
Acidovorax sp. strain BoFeN1 the spatial association of the
cells with the Fe(III) minerals that are precipitated during
Fe(II) oxidation, the temporal development of mineral
formation, coprecipitation of toxic metal and metalloid ions

(arsenic), and the growth benefits of Fe(II) oxidation for the
cells have been described.16−19 It was shown that biomineral-
ization starts within the periplasm of BoFeN1 and that some
extracellular Fe-phosphate precipitation occurs in P-rich culture
growth medium20 while in P-poor medium goethite was
formed.17,18

Generally, geochemical conditions, e.g., pH, the presence of
carbonate, phosphate, mineralogical nucleation sites, and other
metal ions strongly influence the mineralogy of the precipitates
formed during microbial Fe(II) oxidation.17,21,22 Depending on
these conditions, the microbial formation of poorly crystalline
ferrihydrite-type minerals, Fe(III) phosphates as well as
crystalline minerals such as goethite, lepidocrocite, and
magnetite, has been described.1,14,20,23−25

In one study GR has been suggested to form during
microbial Fe(II) oxidation (by Dechlorosoma suillum). However,
it was only tentatively identified based on the presence of a few
weak X-ray diffraction peaks at high 2θ values and none of the
main peaks of GR at 100%, 80%, and 60% intensity.23 In
contrast, microbial GR formation has been described for several
Fe(III)-reducing strains.26−28 GR are mixed Fe(II)−Fe(III)
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hydroxides with a general formula of [FeII1‑xFe
III
x(OH)2]

x+*-

[(x/n)An‑*(m/n)H2O]
x‑ (e.g., ref 31). The crystal structure of

GR can be described as consisting of brucite-like layers, i.e.,
hydroxide layers alternating with anion and water molecules as
interlayers.29,30 Bernal et al.29 first classified GRs in two types:
GR one (GR1) incorporating planar or spherical anions such as
carbonate or chloride30 and GR two (GR2) incorporating
anions with a more three-dimensional structure such as sulfate.
GRs show different Fe(II)/Fe(III) ratios depending on the
mechanism of synthesis.31,32 GRs are naturally found in
hydromorphic soils, e.g., fougerite,33−35 and potentially act as
sorbents and reductants for contaminants such as nitrate,
selenium, chromium, and etc.9,36−39

Several mechanisms for synthetic GR formation have been
proposed so far, including solid-state transformation of
ferrihydrite by Fe2+ 8,40 and controlled oxidation of ferrous
hydroxide in the presence of intercalating anions.36 GR
formation by Fe(II)-oxidizing bacteria should thus be possible.
Based on these knowledge gaps described above, the objectives
of this study were (i) to determine the identity and stability of
transient and final Fe mineral phases (with a focus on green
rust) formed by Acidovorax sp. strain BoFeN1 during oxidation
of dissolved Fe(II) at low phosphate concentrations and (ii) to
map the spatial distribution of Fe-minerals and their
corresponding redox-states around BoFeN1 cells.

■ MATERIALS AND METHODS
Bacterial Strain and Cultivation Conditions. Experi-

ments were performed with the anaerobic chemoorganotro-
phic, nitrate-reducing ß-Proteobacterium strain BoFeN1,
closely related to Acidovorax sp. The bacteria were grown
mixotrophically, oxidizing ferrous iron and using acetate as
organic cosubstrate for assimilation and energy generation by
oxidizing it to CO2.

14,19 During mixotrophic growth with
Fe(II)/acetate and nitrate as electron acceptor, low concen-
trations of nitrite appeared in the growth medium.14,19 For
cultivation of strain BoFeN1, 10 mM FeCl2, 10 mM Na-nitrate,
and 5 mM Na-acetate were added to freshwater mineral
medium18,41 with a reduced phosphate concentration of 1 mM.
The composition of the mineral medium was as follows: 0.14 g
L−1 KH2PO4, 0.2 g L−1 NaCl, 0.3 g L−1 NH4Cl, 0.5 g L−1

MgSO4·7 H2O, 0.1 g L−1 CaCl2·2 H2O, 1 mL L−1 vitamin
solution, 1 mL L−1 trace element solution, 1 mL L−1 selenate−
tungstate solution, and 22 mM bicarbonate buffer, pH 6.8−7.2,
and the headspace was flushed with N2/CO2 (80/20). The
addition of the FeCl2 led to precipitation of a white−gray
precipitate consisting of Fe(II) phosphate and Fe(II)
carbonate.24 To exclude the presence of background Fe(II)
minerals before Fe(II) oxidation and Fe mineral precipitation
started, the medium was filtered before inoculation following
the protocols of Hohmann et al.17 and of Kappler and
Newman24 resulting in approximately 6 mM dissolved Fe(II)
and approximately 10−20 μM phosphate remaining in the
medium. This medium stayed free of Fe(II) precipitates for
several weeks in the absence of Fe(II)-oxidizing bacteria which
allowed identification of the biotically precipitated Fe(III)-
bearing minerals. Five percent of a freshly grown (∼3−5 days
old) acetate/nitrate (without Fe(II)) grown culture of strain
BoFeN1 was added as inoculum. The cultures were incubated
at 28 °C in the dark.
Mineralogical and Spectroscopic Analyses. The min-

eral species formed at the early stage of Fe(II) oxidation were
identified by combining transmission electron microscopy

(TEM), powder X-ray diffraction (XRD), extended X-ray
absorption fine structure (EXAFS) spectroscopy, and Mössba-
uer spectroscopy. For TEM, 1 mL of culture suspension was
taken in the anoxic glovebox (100% N2), centrifuged and rinsed
with deionized water, the supernatant was discarded, and about
1 μL of suspension was deposited onto a Formvar-coated TEM
grid. The grids were dried within the glovebox. Dry grids were
then transferred to the microscope vacuum chamber. TEM
analyses were performed using a JEOL 2100F TEM.
For XRD and EXAFS analysis at the Fe K-edge, samples

were collected after 2 days of incubation by filtration (Steritop-
GP 0.22 μm, PES, Millipore) and vacuum-dried at room
temperature. For XRD, dry powder samples were filled in 0.5-
mm diameter glass capillary tubes sealed within a glovebox
under anoxic conditions. XRD data were collected using an
X’Pert Pro MPD Panalytical diffractometer in Debye−Scherrer
transmission geometry. For EXAFS dry powders were pressed
to a powder tablet under anoxic conditions within an anoxic
glovebox. Special care was taken to maintain anoxic conditions
during sample transfer to the beamline and analysis, according
to procedures reported in refs 16,17,42, and 43. EXAFS data at
the Fe K-edge were collected at 10 K under He atmosphere at
bending-magnet beamline BM29 at the ESRF in transmission
detection mode using Si(111) double crystal monochromator.
EXAFS data were extracted following classical procedures42,43

and analyzed by linear combination least-squares fitting (LCF)
as described in 17. For this fitting procedure our set of iron
model compounds included especially goethite, akaganeite,
maghemite, ferrihydrite,44 lepidocrocite, biogenic hydroxycar-
bonate GR, magnetite,42 Fe(OH)2,

43 vivianite, and amorphous
ferric iron phosphate.16

For Mössbauer spectroscopy analysis, the medium was
spiked with 57Fe (25 μL of a 1 mM 57Fe(II) stock solution45)
to improve the quality of the data. To minimize mineral aging,
the samples were analyzed directly after sampling. For the
analysis, 15 mL of a 2-day-old culture suspension was filtered
(0.45 μm, cellulose acetate, Millipore). The wet filters were
sealed between two layers of Kapton tape under anoxic
conditions. These samples were then mounted on a closed-
cycle exchange-gas cryostat (Janis, USA) that allowed cooling
of the sample to a set temperature (±0.5 K). Mössbauer spectra
were collected with a constant acceleration drive system in
transmission mode and with a 57Co source. Spectra were
calibrated against a spectrum of alpha-Fe metal foil collected at
room temperature. Spectral calibration and fitting was
performed with Recoil software (University of Ottawa, Canada)
using Voigt-based spectral line shapes. The half width half-
maximum value (HWHM) was fixed at 0.097 mm/s for
modeling.
For XANES at the Fe L2,3-edges and scanning transmission

X-ray microscopy (STXM) analyses, samples were collected at
two different time points (6 h after incubation and after 1
week). Small aliquots were sampled, centrifuged, and rinsed
with deionized water, sandwiched between two Si3N4 windows
and sealed with epoxy under anoxic conditions in the glovebox.
The samples were analyzed with STXM on beamline 10-ID-1 at
the Canadian Light Source. Image stacks were acquired across
the C-1s and the Fe-2p edges with a spectral resolution of 0.1
eV in the energy regions of interest.20 The program aXis200046

was used for fitting the stacks using a singular value
decomposition algorithm for linear decomposition of XANES
spectra at the L2,3-edges. Calculations for the quantitative
species maps were done according to 47. In brief, the image
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sequences across the Fe L2,3 edges were converted from
transmission to linear absorbance (optical density, OD) scale.
The resulting spectra at each pixel are then fitted by a linear
combination of reference compounds (GR, goethite, and a
modeled, nonspecific background, fitted as CH2O based on the
atomic scattering factors48). The Fe-reference compounds were
selected based on the results of the bulk measurements by
EXAFS and Mössbauer spectroscopy since the slight differences
of the XAS spectra of the STXM measurements at the Fe L2,3
edge would not allow for an unambiguous identification of the
Fe-mineral phase. The goethite sample used as reference for
this analysis was synthesized according to the procedure
reported by Juillot et al.49 The sample of hydroxycarbonate
green-rust, GR(CO3), used in the present study as reference for
XANES analysis at the L2,3-edges as well as for EXAFS analysis
at the Fe K-edge was synthesized from the reduction of
lepidocrocite by Shewanella putrefaciens strain ATCC 12099
and characterized as described in the paper by Ona-Nguema et
al.28

■ RESULTS
Morphology and Identity of Fe Minerals Formed by

BoFeN1. XRD analysis (Figure 1), EXAFS analysis (Figure 2),

and TEM observations (Figure 3), as well as Mössbauer
spectroscopy analysis (Figure 4), of precipitates formed by the
nitrate-reducing Fe(II)-oxidizer BoFeN1 within 2 days of
incubation (after oxidation of ∼2 mM of the initial ∼6 mM
Fe(II)) demonstrate that they consist of a mixture of the major
compounds goethite and GR(CO3). In particular XRD analysis
of the 2-d BoFeN1 sample under anoxic condition revealed that
the d-spacings at d003 = 0.753 nm, d006 = 0.376 nm, d012 = 0.267
nm, d015 = 0.235 nm, and d018 = 0.197 nm correspond to those
of GR(CO3), as previously shown by Ona-Nguema et al.28,50

for biogenic GR(CO3) formed during bioreduction of

lepidocrocite. Accordingly, LCF of EXAFS data reveals that
GR(CO3) accounts for 25 ± 10% of the total iron after 2 days
(Figure 2). Indeed, the best fit was obtained when including the
spectra of small particle goethite44 and biogenic GR(CO3) as
fitting components. This is especially obvious at the strong
shoulders exhibited at 8.5 and 9 K of the experimental data of
the LCF analysis (Figure 2A). Comparison of the fitting results
obtained using GR(CO3) and GR(Cl) is reported in Figure S1,
showing that the best fit is obtained with GR(CO3). The sum
of the components was 88% for this best fit, which is below
100%. However, as illustrated in Figure S1, addition of any
other component including GR(Cl), magnetite Fe3O4, vivianite
[Fe3 (PO4)2·8H2O], amorphous ferric phosphate,

20 ferrihydrite,
or other Fe(III) (oxyhydr)oxides than goethite44 did neither
improve the fit nor the sum of the fitting components. XRD
analysis indicated the absence of siderite, Fe(CO3), but
revealed the presence of minor amount of bobierrite,
Mg3(PO4)2·8H2O, that could have formed from precipitation
of Mg2+ and phosphate ions present in the culture medium.
Consequently, although the absence of vivianite is confirmed by
EXAFS analysis, the presence of Fe(II) substituted for Mg(II)
in the bobierrite structure could account for the discrepancy
observed on the sum of our EXAFS components. Further
synthesis of such model compounds would be required to
check this hypothesis. Alternatively, this discrepancy on the
sum of the LCF components could rely on the difficulty to
reproduce the low amplitude spectrum of the biogenic goethite
component compared to that of bulk goethite, even using our
small particle goethite model compound. It could also be due to
possible differences in the Fe(II)/Fe(III) ratio in our GR(CO3)
model compound compared to the biogenic one produced by
BoFeN1. When normalized to a sum of 100%, the GR(CO3)
and goethite components can be estimated as 25 ± 10% and 75
± 10%, respectively.
TEM images of BoFeN1 cells and precipitates in samples

collected after 2 days of incubation displayed nm-sized globular
mineral structures at the cell surface, as already described
previously for BoFeN1 cells,16 plus hexagonal crystals with a
diameter of ∼1 μm (Figure 3). After 6 h of incubation
hexagonal crystals were not well developed compared to the
samples collected after 2 days of incubation (Supporting
Information Figure S5). Similar hexagonal structures with a
diameter of ∼2 μm were described and identified as GR by
McGill.51 The diameter of the particles was shown to be
influenced by the synthesis method, the age of the crystal
particle, and the Fe(III)-reducing bacterial strain involved in
GR formation.52−54 Continuous growth and aging during
precipitation of GR either by chemical synthesis or formation
by Fe(III)-reducing bacteria forms larger crystals (particle size
of a few μm)28,52,53 compared to synthesis by rapid Fe(II)
oxidation, e.g., by H2O2, or by coprecipitation of Fe2+ and Fe3+

ions, that lead to small particle size of several hundred nm.55,56

The hexagonal plates produced by the nitrate-reducing Fe(II)-
oxidizing strain BoFeN1 have a diameter of ∼1 μm (Figure 3)
which correlates well with the size of GR crystals measured in
other studies where precipitation during bacterial Fe(III)
reduction by Shewanella sp. was used as synthesis mecha-
nism.28,52,54

Finally, Mössbauer spectroscopy analysis of BoFeN1
precipitates collected after 2 days of incubation from cultures
that were spiked with 57Fe(II) (Figure 4) confirmed TEM and
EXAFS analyses at the Fe K-edge. The dominant component of
the Mössbauer spectrum measured at 77 K (Table S1) was

Figure 1. X-ray powder diffraction pattern of biogenic Fe-bearing
minerals produced upon Fe(II) oxidation by the nitrate-reducing
Acidovorax sp. strain BoFeN1 after 2 days of incubation. The
diffractogram clearly indicates the presence of hydroxycarbonate
green-rust (GR) mixed with goethi te and bobierr i te
[Mg3(PO4)2·8H2O]. CoKα radiation (λ = 0.179 nm).
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goethite, with the goethite sextet covering 70% (% of atomic
57Fe) of the total spectral area. Three doublets with a total area
of 24% are assigned to hydroxycarbonate GR according to
parameter values reported in 57 and 58 at 77 K (Table S1) for
the two crystallographic Fe(II) sites and the Fe(III) site in
GR(CO3). This biogenic green-rust has an Fe(II)/Fe(III) ratio
of 2.5 (Table S1) in agreement with the ratio reported by
Murad and Taylor59 for GR(CO3), i.e., between 2 and 3. The
fit is further improved by including an additional Fe(III)
doublet with an area of 6%, which may correspond to a poorly
crystalline superparamagnetic Fe(III) oxyhydroxide phase such
as, e.g., ferrihydrite or nanogoethite.
Spatial Distribution of Fe Precipitates and BoFeN1

Cells. STXM which combines XANES with high spatial
resolution microscopy (in this study approximately 50 nm)
allows an elemental-edge based discrimination between
elements, their redox states, and even different chemical
compounds based on their bonding environments. STXM at
the Fe L2,3-edges was used for analyzing the spatial distribution
of Fe mineral precipitates formed by strain BoFeN1 6 h (Figure
5) and 1 week after inoculation (Supporting Information S3).
Interestingly, we frequently identified very fine pre-edge
structures on the L3 edges at around 705.6, 706.0, and 706.3
eV and on the L2 edge at around 718.6 eV on spectra measured
on 6 h samples (Figure 5F). These features are visible only in
the spectrum of reference GR whereas they are absent from all
the spectra of reference Fe(III) (oxy)hydroxides and Fe(II)
carbonate (data not shown). Figure 5F shows an average
spectrum typical of what is measured on 6 h samples and the
corresponding fit using a linear combination of GR and
goethite reference spectra selected according to EXAFS, TEM,
and Mössbauer data. The relative energy position of the peaks
which is a major parameter in XANES spectra at the L2,3 edges
(e.g., explained for the Fe-L2,3-edge in ref 60) is well explained
by the spectra of the reference compounds at both the L2 and
L3 edges. The absolute energy position at the Fe L2,3 edges
cannot be determined precisely since in this energy region no

gas spectra are available for energy calibration. However, this is
not a problem for data analysis as all data are treated equally. In
contrast to the energy position, the relative intensity of the
different peaks is slightly different. One reason might be that
the Fe(II)/Fe(III) ratio is not the same in the reference
GR(CO3) we used and in the GR(CO3) formed by strain
BoFeN1 within 6 h after inoculation. Average C-1s spectra of
GR-rich regions in the 6 h sample clearly show a pronounced
absorption peak at 290.3 eV (Supporting Information Figure
S2) characteristic of carbonate groups, thus giving evidence for
the presence of GR(CO3) in this 6 h sample. GR and goethite
STXM maps were fitted using spectra of reference compounds.
Maps showed that GR(CO3) was present in the vicinity of cells
(between cells) as well as in association with the cells (Figure
5A and C). In the 6 h sample, goethite was identified in the
vicinity of the cells but also to a large extent associated with the
cell surfaces (Figure 5B and C). One week old samples showed
an advanced oxidation state of the iron precipitates with almost
exclusively goethite precipitates associated with the cells
(Supporting Information Figure S3).

■ DISCUSSION

Mechanism of Green Rust Formation by BoFeN1. The
finding of Fe(III) associated with GR in the extracellular
environment of neutrophilic Fe(II)-oxidizing cells rises the
question regarding the Fe(II) oxidation process or processes in
this system. In cultures of Fe(III)-reducing bacteria, dissolved
Fe(II) produced by cells reacts with remaining nondissolved
Fe(III) that is initially present in the extracellular medium to
form GR.28,54,61 Acidovorax sp. BoFeN1 was shown to
enzymatically oxidize Fe(II).19 The presence of Fe(III) away
from Fe(II)-oxidizing bacteria is somewhat surprising given the
low solubility of Fe(III) at neutral pH.62 Several nonexclusive
hypotheses can be proposed: (1) Fe(II) is oxidized in the
periplasm of BoFeN1 then exported extracellularly. This would
be favored by a local pH drop (as suggested, e.g., in ref 24), cell
lysis, or the formation of an inorganic aqueous complex and/or

Figure 2. (A) Linear combination fit (LCF) of k3-weighted EXAFS data obtained at the Fe K-edge for the BoFeN1 sample incubated for two days
(BoFeN1, 2 days). Experimental data and fit curves are displayed in black and red, respectively, and fit components are given below the data and fit
curves. Data obtained for BoFeN1 precipitated collected after 2 days were modeled either by a combination of small particle goethite and biogenic
GR (top) or by goethite alone (bottom). Note the strong shoulders at 8.5 and 9 K. (B) Comparison of fits of Fourier-transformed data either
including (top) or not including (bottom) GR indicates that GR is a significant component of the biogenic “BoFeN1, 2 days” sample. The first and
second peaks of the FT transform magnitude correspond to the contributions from Fe−O and Fe−Fe backscattering paths, respectively.
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as a colloidal aggregate as suggested by Miot et al.16 (2) Some
Fe(II) is oxidized extracellularly (in addition to Fe(II)
oxidation in the cells) by nitrite/nitrate (probably also catalyzed
by green rust), see Discussion below. The nitrite concentration

usually observed in cultures of the nitrate-reducing Fe(II)-
oxidizer strain BoFeN1 is 1.0−1.5 mM after the beginning of
Fe(II) and acetate consumption.14 This latter hypothesis has
been proposed by Miot et al.16 Indeed, these authors followed
the spatial and temporal evolution of the Fe redox state of the
nitrate-reducing Fe(II)-oxidizer BoFeN1 in growth medium
that contained a higher phosphate concentration compared to

Figure 3. Scanning transmission electron microscopy (STEM) image
of BoFeN1 culture suspension after 2 days measured in the high
angular annular dark field mode (HAADF) (A). Magnified trans-
mission electron microscopy image of BoFeN1 cell with hexagonal
carbonate GR flakes measured in brightfield mode (B). Selected area
electron diffraction (SAED) pattern on a single GR particle oriented
along the [001] zone axis (C). The electron diffraction pattern is
composed of spots distributed on a hexagonal lattice. The cell
parameters deduced from the diffraction patterns are a = b= 3.12 Å in
agreement with the GR structure.77 A calculated diffraction pattern is
provided (D).

Figure 4. Mössbauer spectrum (measured at 77 K) of BoFeN1 precipitates formed in growth medium that was spiked with 57Fe(II) (Mössbauer
spectroscopy parameters are provided in Table S1). Precipitates were sampled after 2 days of incubation. Goethite (GT) − gray sextet, green rust
(GR) with GR Fe(III) and GR Fe(II) doublets, superparamagnetic phase (SPM) − dashed line.

Figure 5. STXM data for a BoFeN1 culture suspension collected after
6 h of incubation. Quantitative species maps of the Fe(II)- and
Fe(III)-containing compounds of the cell−mineral aggregates,
calculated from spectromicroscopic STXM measurements (A, B).
The values, e.g., 123 nm, noted beneath the labeling Fe(II) or Fe(III)
give the maximum cumulative thickness (white) of the respective
compounds. The spatial arrangement of the individual compounds is
shown in a color overlay (C). Fe(II) and Fe(III) maps have been
modeled using carbonate GR and goethite as reference, respectively
(A, B, C). The non-Fe-background was fitted as CH2O (D). The
residuals are displayed (E). Linear combination fit of an average
spectrum (measured) of extracellular precipitate (6 h sample),
including carbonate green rust and goethite as fitting components,
as well as the summarized fit (sum), all on linear absorbance scale (F).
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the present study (4.4 mM compared to 1 mM phosphate;
values before filtration of growth medium) and described a
gradual oxidation of Fe(II) leading to the formation of an
amorphous Fe(III)−phosphate mineral phase. However, they
did not detect GR although they could observe a greenish
intermediary precipitate after 4 days. This greenish precipitate
was interpreted in their study as a mixed valence Fe(II)−
Fe(III) phosphate. The difference from their study to what we
observed here is most likely due to the phosphate
concentration that is significantly lower in our experiments
and thus prevented the formation of Fe(II)−Fe(III) phosphate
minerals.
Implications of GR Formation by Fe(II)-Oxidizing

Bacteria. GR might serve as an intermediate compound28,63,64

that is then transformed to goethite through further Fe(II)
oxidation (Supporting Information S4). Although discrim-
ination between a solid-state transformation of GR or
transformation in the presence of a fluid phase by interface-
coupled dissolution-reprecipitation65 is beyond the scope of
this paper, we have evidence that templating effects sometimes
occur preserving the morphology of hexagonal GR platelets,
e.g., goethite needle growth on the edge of hexagonal GR
platelets (Supporting Information Figure S4). Various minerals,
e.g., ferrihydrite, goethite, akaganeite, lepidocrocite, hematite,
and maghemite as well as magnetite, have been described to
form during abiotic as well as biotic oxidation of GR.23,39,62,66

Oxidation of Fe(II) in GR might be due to reaction with nitrate
present in the growth medium and/or nitrite that can be
produced by BoFeN1 cells (e.g., 14 and 16).
Interestingly, it has been shown previously8,9 that GR can

catalyze oxidation of dissolved Fe(II) by reduction of nitrate
and/or nitrite. This process might explain part of the Fe(II)
oxidation occurring in the extracellular growth medium of
BoFeN1. All these results can be reconciled in the following
scenario: BoFeN1 cells oxidize Fe(II) into Fe(III) in their cell
wall and produce some nitrite. Some Fe(III) might form
extracellularly at a slow rate by nitrite-coupled Fe(II) oxidation.
The formation of GR then occurs extracellularly as shown in
this study. GR then catalyzes further Fe(II) oxidation
extracellularly by reducing nitrate and nitrite leading to the
formation of goethite. GR thus could play a crucial role as
catalyst for extracellular Fe(II) oxidation by nitrite/nitrate.
Overall, this suggests that there may be a direct cell-membrane-
associated role of BoFeN1 cells in the oxidation of Fe(II) in
parallel with an indirect extracellular and GR-catalyzed role.
The relative proportion of each process in the oxidation of
Fe(II) has yet to be quantified precisely. Furthermore, this
study sets a stage for future experiments with anaerobic and
aerobic Fe(II)-oxidizing bacteria where progressive Fe(II)
oxidation and secondary mineral formation can be explored,
including a thorough understanding of why goethite is the
stable end product, e.g., as described by Drissi et al.,58 under
these geochemical conditions.
More generally, GRs are highly reactive Fe mineral phases in

many environments including soils, sediments, and permeable
reactive barrier systems.33,35,67,68 They were often described as
reductants for several contaminants, e.g., carbon tetrachloride,69

nitrate and nitrites,8,9 selenium,70,71 chromium,37−39 and
uranium72, but also gold, silver, copper, and mercury.73

Additionally, isomorphic substation of Fe2+ by incorporating
divalent cations has been described so far for nickel as well as
for zinc, cadmium, cobalt, and magnesium.27,74,75 All these
mechanism may influence the (im)mobilization of contami-

nants, e.g., removal of nitrate from water or agricultural soil
through GR enhanced reduction to ammonium.8,9,55 For
arsenic, the formation of arsenate- as well as arsenite-inner-
sphere complexes with GR rather than arsenate reduction to
arsenite and thus a potential mobilization and increase in As
toxicity have been described.64,76 This is of special interest as
the nitrate-dependent Fe(II)-oxidizer BoFeN1 used in this
study is closely related to an Acidovorax strain recently
identified in an As-contaminated aquifer.15 Strain BoFeN1
was also shown to effectively immobilize arsenic from solution
by adsorption and coprecipitation.17,18

Overall the present study extends the range of possible
processes forming reactive GRs further enhancing the potential
importance of GRs as reactive species for contaminant
transformation. Additionally, the present study illustrates the
importance of analysis of minerals formed during the course of
microbial (or chemical) Fe(II) oxidation and shows that it is
not sufficient to identify and characterize the end products of
this oxidation process since many highly reactive minerals will
be overlooked, although they might readily influence the fate of
contaminants.
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M. R. Electrochemical formation of a new Fe(II)-Fe(III) hydroxy-
carbonate green rust: Characterisation and morphology. Electrochim.
Acta 2001, 46 (12), 1815−1822.
(53) Geh́in, A.; Ruby, C.; Abdelmoula, M.; Benali, O.; Ghanbaja, J.;
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(57) Geńin, J.-M. R.; Bourrie,́ G.; Trolard, F.; Abdelmoula, M.;
Jaffrezic, A.; Refait, P.; Maitre, V.; Humbert, B.; Herbillon, A.
Thermodynamic equilibria in aqueous suspensions of synthetic and
natural Fe(II)−Fe(III) green rusts: Occurrences of the mineral in
hydromorphic soils. Environ. Sci. Technol. 1998, 32 (8), 1058−1068.
(58) Drissi, S. H.; Refait, P.; Abdelmoula, M.; Geńin, J. M. R. The
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