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Abstract

Sorption of contaminants such as arsenic (As) to natural Fe(III) (oxyhydr)oxides is very common and has been demon-
strated to occur during abiotic and biotic Fe(II) oxidation. The molecular mechanism of adsorption- and co-precipitation
of As has been studied extensively for synthetic Fe(III) (oxyhydr)oxide minerals but is less documented for biogenic ones.
In the present study, we used Fe and As K-edge X-ray Absorption Near Edge Structure (XANES), extended X-ray Absorp-
tion Fine Structure (EXAFS) spectroscopy, Mössbauer spectroscopy, XRD, and TEM in order to investigate the interactions
of As(V) and As(III) with biogenic Fe(III) (oxyhydr)oxide minerals formed by the nitrate-reducing Fe(II)-oxidizing bacterium
Acidovorax sp. strain BoFeN1. The present results show the As immobilization potential of strain BoFeN1 as well as the influ-
ence of As(III) and As(V) on biogenic Fe(III) (oxyhydr)oxide formation. In the absence of As, and at low As loading
(As:Fe 6 0.008 mol/mol), goethite (Gt) formed exclusively. In contrast, at higher As/Fe ratios (As:Fe = 0.020–0.067), a fer-
rihydrite (Fh) phase also formed, and its relative amount systematically increased with increasing As:Fe ratio, this effect being
stronger for As(V) than for As(III). Therefore, we conclude that the presence of As influences the type of biogenic Fe(III)
(oxyhydr)oxide minerals formed during microbial Fe(II) oxidation. Arsenic-K-edge EXAFS analysis of biogenic As–Fe–min-
eral co-precipitates indicates that both As(V) and As(III) form inner-sphere surface complexes at the surface of the biogenic
Fe(III) (oxyhydr)oxides. Differences observed between As-surface complexes in BoFeN1-produced Fe(III) (oxyhydr)oxide
samples and in abiotic model compounds suggest that associated organic exopolymers in our biogenic samples may compete
with As oxoanions for sorption on Fe(III) (oxyhydr)oxides surfaces. In addition HRTEM–EDXS analysis suggests that As(V)
preferentially binds to poorly crystalline phases, such as ferrihydrite, while As(III) did not show any preferential association
regarding Fh or Gt.
� 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The metalloid As is a class 1 non-threshold carcinogen
for humans (WHO, 2004) affecting about 1-2% of the
world’s population via contaminated groundwater aquifers
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and soils. Arsenic is mainly of geogenic origin (Smedley and
Kinniburgh, 2002) and, in many cases, it is associated with
Fe(III)-bearing minerals. The most environmentally rele-
vant inorganic species of As are AsðIIIÞO3�

3 (arsenite) and
AsðVÞO3�

4 (arsenate). Arsenite is the more toxic species
and at neutral pH it is more mobile than arsenate. Arsenate
oxoanions (e.g., H2AsO�4 and HAsO2�

4 ) and arsenite species
(e.g., H3AsO3) sorb to the surfaces of Fe(III) (oxy-
hydr)oxide minerals over a wide pH range (Dixit and Her-
ing, 2003), because they form strong inner-sphere surface
complexes (Waychunas et al., 1993; Manning et al., 1998;
Manning, 2002; Ona-Nguema et al., 2005), as well as
hydrogen-bonded surface complexes recently proposed in
the case of arsenate ions (Catalano et al., 2008).

Microaerophilic as well as facultative aerobic and anaer-
obic Fe(II)-oxidizing bacteria, e.g., nitrate-reducing Fe(II)-
oxidizers, have the potential to co-precipitate or sorb As
during Fe(II) oxidation at neutral pH that is usually fol-
lowed by Fe(III)-containing mineral precipitation (Hoh-
mann et al., 2010). An Acidovorax sp. strain closely
related to the nitrate-reducing Fe(II)-oxidizing strain Bo-
FeN1 that was used in the study by Hohmann et al.
(2010) was recently identified in an As-contaminated Ban-
gladesh aquifer (Sutton et al., 2009). In contrast to Fe(II)-
oxidizers, Fe(III)-reducing bacteria harvest energy by cou-
pling the oxidation of organic or inorganic electron donors
to the reduction of Fe(III). This process can lead to disso-
lution of Fe(III)-containing minerals and thus to a release
of As into the environment (Tufano and Fendorf, 2008),
although binding of As to secondary Fe-bearing minerals
can delay mobilization of As in Fe-rich systems (Root
et al., 2007; Tufano and Fendorf, 2008; Ona-Nguema
et al., 2009).

Abiotic Fe(II) oxidation leads in many cases to precipi-
tation of amorphous or poorly crystalline Fe(III)-bearing
phases (Cornell and Schwertmann, 2003), whereas biomin-
eral formation by Fe(II)-oxidizing bacteria has been shown
to produce not only poorly crystalline ferrihydrite-type sol-
ids, but also crystalline phases such as goethite, lepidocro-
cite, hematite, magnetite and green rusts (Chaudhuri
et al., 2001; Kappler and Newman, 2004; Kappler and
Straub, 2005; Kappler et al., 2005). As shown by Larese-
Casanova et al. (2010) for the nitrate-reducing Fe(II)-oxi-
dizing Acidovorax strain BoFeN1, the type of the biogenic
Fe-bearing phases formed is strongly influenced by the geo-
chemical conditions present during Fe(II) oxidation. The
identity and crystal structure of arsenic-bearing minerals
and the binding modes of As to the minerals determine
the stability of the As–Fe oxide composite; therefore it is
crucial to quantify the influence of As on the Fe (oxy-
hydr)oxide biomineral structure as well as the binding mode
of As on biogenic minerals in order to predict the effective-
ness of As immobilization and the stability of the As–Fe–
mineral co-precipitates in the environment. Exopolymeric
substances (EPS) formed by bacteria (e.g., the nitrate-
dependent Fe(II)-oxidizing strain BoFeN1 (Miot et al.,
2009)) could also alter the relative proportion of As surface
complexes, especially in the case of arsenate whose binding
mode to ferrihydrite has been shown to be influenced by
carboxylates (Mikutta et al., 2010).

Immobilization of As on Fe (oxyhydr)oxides via adsorp-
tion, co-precipitation and/or surface precipitation is often
used in remediation of contaminated groundwater (Bus-
well, 1943; Zouboulis and Katsoyiannis, 2005) as well as
in commercially available filtration systems (e.g., GEH�

Wasserchemie). The bonding modes of As are well charac-
terized for abiotically formed Fe(III) (oxyhydr)oxide
phases, e.g., ferrihydrite, goethite, hematite and maghemite
(e.g., Waychunas et al., 1993; Manning et al., 1998; Man-
ning, 2002; Ona-Nguema et al., 2005; Auffan et al., 2008;
Morin et al., 2008). However, the binding modes of arsenite
and arsenate on biogenic Fe(III) (oxyhydr)oxide phases and
potential differences in binding models relative to abiotic
phases is still poorly documented, except for acid mine
drainage systems (Morin and Calas, 2006; Benzerara
et al., 2008; Egal et al., 2009).

Based on these knowledge gaps, the objectives of this
study are to (i) determine how the presence of arsenite
and arsenate affects Fe(II) oxidation of the nitrate-reducing
Fe(II)-oxidizing Acidovorax strain BoFeN1, (ii) identify the
Fe(III)-bearing solids formed by BoFeN1 in the absence
and presence of As(III) and As(V), and (iii) determine the
binding modes, e.g., adsorption vs. co-precipitation of arse-
nite and arsenate by the Fe(III) (oxyhydr)oxide phases
formed by BoFeN1.

2. MATERIALS AND METHODS

2.1. Microbial growth media and growth experiments

We used the chemoorganotrophic, nitrate-reducing b-
Proteobacterium strain BoFeN1 that is closely related to
Acidovorax sp. and grows mixotrophically oxidizing ferrous
iron and acetate as the organic co-substrate (Kappler et al.,
2005; Muehe et al., 2009). For routine cultivation of strain
BoFeN1, 10 mM Na-nitrate and 5 mM Na-acetate were
added to freshwater mineral medium with a reduced phos-
phate concentration of 1 mM as described previously (Heg-
ler et al., 2008; Hohmann et al., 2010). For these
experiments, 10–15 mM Fe(II) from a sterile 1 M FeCl2
stock solution were added. This was followed by the precip-
itation of whitish Fe(II) carbonate and Fe(II) phosphate
minerals. In order to exclude those abiotically formed min-
erals, the medium was filtered following established proto-
cols (Kappler and Newman, 2004), which resulted in a
solution containing 6–12 mM dissolved Fe(II). Using this
medium, which was still oversaturated with respect to
Fe(II)-carbonate, exclusively allows identification of the
biotically precipitated Fe(III)-bearing phases. For cell via-
bility, growth data and total (extractable) Fe(II) during
Fe(II) oxidation of BoFeN1, the reader is referred to our
previous publications (Kappler et al., 2005; Muehe et al.,
2009).

The filtered medium was prepared and poured into ster-
ile Schott bottles (500 mL bottles, 250 mL medium). As(III)
and As(V) stock solutions (20 mM) were prepared using di-
sodium-hydrogen arsenate heptahydrate and sodium-
(meta)arsenite salt and were subsequently sterile-filtered
(0.22 lm, MCE, Fisher Scientific). Appropriate volumes
of these As(III) and As(V) stock solutions were added to
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the bottles yielding final concentrations of 50, 200, and
500 lM. After addition of the As(V) solution, a whitish pre-
cipitate formed, which remained stable in abiotic set-ups
and contains most of the added As(V). In biogenic set-
ups, however, the precipitate was dissolved and the Fe(II)
was oxidized by the added bacteria (BoFeN1). Five percent
of a culture of strain BoFeN1 grown with acetate/nitrate
(without Fe(II)) was used as the inoculum. The bottles were
incubated at 28 �C in the dark until complete oxidation of
Fe(II) (�8 days).

2.2. Chemical analyses

Dissolved Fe concentration was quantified to follow
Fe(II) oxidation by strain BoFeN1 in the absence and pres-
ence of As. For analysis of dissolved Fe, 100 lL culture sus-
pension were centrifuged (12,000 rpm = 9660g, 2 min)
under anoxic conditions and analyzed for dissolved Fe(II)
and Fetot with the ferrozine assay (Stookey, 1970). Dis-
solved As was determined for quantification of As immobi-
lization by biogenic Fe(II) oxidation. For analysis of
dissolved As, either 1.5 mL culture suspension were centri-
fuged (12,000 rpm = 9660g, 2 min), filled up to 15 mL with
anoxic H2O, filtered using an anion exchange cartridge
(Meng et al., 2001) and acidified with 1% concentrated
HNO3 (65%) or 5 mL of culture suspension were filtered
(0.22 lm, cellulose-acetate, Fisher Scientific) and acidified
with 5 mL 20 mM phosphoric acid to preserve the As redox
state. Total As was quantified by inductively-coupled-plas-
ma mass-spectrometry (ICP-MS) (ELAN 6000, Perkin-El-
mer). Arsenic speciation analysis carried out in an
independent experiment with an Fe-free growth medium
(nitrate and acetate only) showed up to 14% As(V) after
acetate oxidation and growth of strain BoFeN1 in the pres-
ence of As(III). Growth in the presence of As(V) did not
influence As speciation (data not shown).

2.3. Mineralogical and spectroscopic analyses

Identification of the biogenic minerals formed in the ab-
sence and presence of As was accomplished using Möss-
bauer spectroscopy, XRD and X-ray absorption
spectroscopy analyses (XAS) at the Fe K-edge. To improve
the quality of the Mössbauer spectra, the mineral medium
was spiked with 57Fe (50 lL of a 1 mM 57Fe stock solution
(Williams and Scherer, 2004)). For Mössbauer spectros-
copy analysis, 15 mL of a 4-week old culture suspension
were filtered through a cellulose acetate membrane filter
(0.45 lM, diameter: 13 mm; Millipore) (Fe(II) oxidation
was complete after �8 days). The wet filters were sealed be-
tween two layers of Kapton� tape under anoxic conditions.
These samples were then mounted on a closed-cycle ex-
change-gas cryostat (Janis, USA) that allowed cooling of
the sample to 4.5 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 tempera-
ture. Spectral calibration and fitting was performed with
Recoil software (University of Ottawa, Canada) using Voi-
gt-based spectral line shapes.

For XRD and XAS analyses, solid samples were har-
vested after 8 days by filtration (using a Steritop-GP
0.22 lm, PES, MILLIPORE filter) after complete oxidation
of Fe(II) and dried at room temperature under anoxic con-
ditions. Particular care was taken to preserve anoxic condi-
tions during XRD and XAS analysis, e.g., sample
preparation under anoxic conditions (Morin et al., 2009;
Ona-Nguema et al., 2009). XRD measurements were per-
formed on a Panalytical X’Pert Pro MPD diffractometer
in Debye–Scherrer configuration with CoKa1,2 radiation
(k = 0.179 nm) on powder samples mounted in Lindeman
glass tubes under an anoxic atmosphere. XRD patterns
were analyzed with the Rietveld method using the XND
code (Berar, 1990). Mean Coherent Domain size and strain
measurements were performed using classical procedures
detailed in Wang et al. (2008).

For high-resolution transmission electron microscopy
(HRTEM) analysis, 1 mg of dry powder sample was sus-
pended in 1 mL ethanol and sonicated for 10 min. About
1 lL of suspension was deposited onto a carbon-coated
TEM grid using syringe and needle. The grids were then
vacuum-dried within the glove box, causing evaporation
of the ethanol from the suspension. Dry grids were
mounted on the microscope sample holder within the glove
box and were then rapidly transferred within an anoxic con-
tainer to the microscope vacuum chamber. HRTEM images
and Energy Dispersive X-ray Spectroscopy (EDXS) data
spectra were taken using a JEOLe 2100F TEM instrument.
HRTEM data were processed using the ImageJ 1.34r pro-
gram package.

X-ray Absorption Fine Structure (EXAFS) and X-ray
Absorption Near-edge Structure (XANES) spectra were
collected at 10 K at the SSRL 11-2 wiggler beamline (As
K-edge), and at the SOLEIL Samba bending magnet beam-
line (Fe K-edge). For As K-edge measurements, particular
care was taken to limit beam damage to the sample by mov-
ing the focused beam (0.5 � 1 mm2) about 1 mm between
each EXAFS scan (Wang et al., 2008). EXAFS data were
extracted following classical procedures reported in previ-
ous studies (Morin et al., 2009; Ona-Nguema et al., 2009).
Fe K-edge XANES and EXAFS spectra of BoFeN1 sam-
ples were analyzed by linear combination least squares fit-
ting (LCF) of experimental data using XANES and
EXAFS spectra of model compounds selected from a large
database of model Fe (oxyhydr)oxide compounds (see the
model compounds section). The quality of the LCF was
estimated by an R-factor parameter (Rf) of the following
form:

P
½yexp � ycalc�

2
=
P
½yexp�

2.
Arsenic K-edge data were fit using a classical shell-by-

shell analysis (e.g., (Morin et al., 2009)), with theoretical
phase and amplitude functions calculated using the
FEFF8.2 code (Akudinov et al., 1998) and scorodite (FeA-
sO4�2H2O) (Hawthorne, 1976) and tooeleite (Fe6(AsO3)4-

SO4(OH)4�4H2O) (Morin et al., 2007) as structural models
for As(V) and As(III), respectively (Morin et al., 2008;
Wang et al., 2008). The fit quality was estimated using a re-
duced v2 function with Nind = (2DkDR)/p or the number of
independent parameters, where p is the number of free fit
parameters, n is the number of data points fitted, k is the
wave vector, and ||FT||exp and ||FT||calc are the experimental
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and theoretical Fourier transform magnitudes within the R-
range 2.2–3.6 Å. LCF analysis of the As K-edge data for
BoFeN1 samples was also performed using experimental
data at the As K-edge collected on the same set of model
compounds used for Fe K-edge data analysis (see next sec-
tion). Additional information on XRD, XANES, and EX-
AFS data acquisition and treatment is given as Supporting
Information.

2.4. Model compounds

Fe K-edge EXAFS and XANES data from biogenic
samples were analyzed by LCF using a large set of model
compound spectra including ferrihydrite (Fh), goethite
(Gt), hematite (Hm), lepidocrocite (Lp), akaganeite (Aka)
as well as iron–arsenate and Fe–arsenite (Morin et al.,
2003). The model compounds used for the best fits reported
in the present study were: synthetic 4-Line ferrihydrite pre-
pared following the controlled hydrolysis protocol from
(Schwertmann et al., 1999) using a base addition rate of
67 lmol/min and a synthetic goethite (sample sch3-0)
kindly provided by Prof. U. Schwertmann that was pre-
pared via Fe(II) oxidation and Fe(III) hydrolysis at
T = 25 �C (Goodman and Lewis, 1981). This goethite sam-
ple yielded the best XANES and EXAFS fits likely because
it has a small Mean Coherent Domain size, i.e.,
MCD110 = 11 nm, MCD001 = 15 nm, which are close to
those observed for our biogenic samples. As K-edge EX-
AFS data on Fe oxide phases produced by the Fe(II)-oxi-
dizing strain BoFeN1 in the presence of either As(III) or
As(V) were compared to EXAFS spectra from As(III)
and As(V) adsorption and co-precipitation model samples,
e.g., As(III) sorbed on Fh, Gt, and Lp, As(V) sorbed on Fh
and Gt, As(III) co-precipitated with Fh and an amorphous
As(III)/Fe(III) co-precipitate. Adsorption samples were
prepared according to previously used methods (Ona-Ngu-
ema et al., 2005) and include: As(III) sorbed on ferrihydrite
(As(III)/Fh) at surface coverages of 0.035, 0.22 and
0.89 lmol/m2, As(III) sorbed on goethite (As(III)/Gt) at
surface coverages of 0.035 and 0.85 lmol/m2, As(III)
sorbed on lepidocrocite (As(III)/Lp) at a surface coverage
of 1.33 lmol/m2, As(V) sorbed on ferrihydrite (As(V)/Fh)
and goethite (As(V)/Gt) at surface coverages of 0.9 lmol/
m2. Co-precipitation samples prepared at pH 7 included
As(III) co-precipitated with ferrihydrite (As(III)–Fh cpp)
with an As/Fe molar ratio of 0.01 corresponding to a
As(III) surface coverage of 0.22 lmol/m2, and two amor-
phous As(III)–Fe(III) and As(V)–Fe(III) co-precipitates
As(III)–Fe(III) cpp and As(V)–Fe(III) cpp, respectively,
prepared at pH 7 with As/Fe molar ratios of 0.32 and
0.39, respectively, measured in the solid phase (Morin
et al., 2003).

3. RESULTS AND DISCUSSION

3.1. Immobilization of As(III) and As(V) by the Fe(II)-

oxidizer BoFeN1

After 8 days of incubation, 90.7–99.7% of the initially
present dissolved Fe(II) (6–12 mM) was removed from

solution, as determined by quantification of dissolved
Fe(II) in the supernatant (Table S1, Fig. S1 as Supporting
Information). Fe(III) concentration in the range of 0.0–
1.1 mM could be detected in the dissolved fraction after
8 days probably present as colloids. The highest Fe(III) va-
lue (1.1 mM) was detected in the As(III) 500 lM set-up,
lower As concentrations and As-free set-up yielded final
Fe(III) concentrations between 0.0 and 0.6 mM (see Sup-
porting Information S1). At the same time, more than
95% of the initially added As was associated with the solid
phase as evidenced by the decrease in dissolved As concen-
trations, except for the experiment with the highest As(III)
loading. In this case 87% of the initially present As was re-
moved (Table S1). As(III) was not as efficiently immobi-
lized (87–97%) as As(V) (96–98%) with increasing initial
As concentrations resulting in decreasing fractions of
immobilized As. These results are consistent with a previ-
ous study (Hohmann et al., 2010) where immobilization
of As by strain BoFeN1 was higher than 96% at initial
As concentrations <50 lM. Molar ratios of As:Fe in the
solids calculated from the chemical composition of the
supernatants (Table S1) ranged from 0.007 to 0.067 (Ta-
ble 1). These values were similar for As(III) and As(V)
and close to the initial As:Fe ratios, since the major fraction
of the initially present Fe and As was present in the solid
phase after Fe(II) oxidation in all experiments.

3.2. Mineralogy of the biogenic Fe-bearing mineral phases

X-ray powder diffraction analyses indicate that goethite
is the only crystalline phase present in all of the biogenic
samples studied (also in the presence of As), except for traces
(<1 wt.%) of lepidocrocite detected in the 200 lM As(III)
sample. Minor amounts of poorly crystalline components
could not be identified using XRD since identification and
quantification of disordered and/or nanocrystalline compo-
nents such as ferrihydrite (Fh) are difficult to detect at low
concentration in a solid phase mixture containing large
amounts of crystalline goethite (Gt). Such quantification
was especially difficult, even using Rietveld analysis, because
of the overlap with the broad reflections arising from the
glass capillary container used for powder XRD data collec-
tion. Rietveld analysis of the background-subtracted diffrac-
tion pattern (Fig. 1) indicated that goethite crystallites were
of equi-dimensional shape with Mean Coherent Domain
(MCD) values for the 1 1 0 plane (MCD110 values) between
11 and 18 nm and MCD001 values between 17 and 22 nm. It
is remarkable that the MCD sizes of the goethite crystallites
did not vary significantly as a function of As concentration
in the samples (Table 1). In addition cell parameters of goe-
thite in all samples studied (a = 4.61 ± 0.01 Å; b = 9.95 ±
0.01 Å; c = 3.02 ± 0.01 Å in Pbnm SG) were similar to those
of pure goethite (Szytuła et al., 1968). Therefore, we con-
clude that the different As concentrations used in our exper-
iments did not influence the MCD size (crystallite size) of the
goethites formed during biogenic Fe(II) oxidation. How-
ever, SEM observations on similar samples reported by
Hohmann et al. (2010) showed that, in the presence of ar-
senic, goethite particles tend to lose their acicular morphol-
ogy and had smaller particle sizes. This difference between
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particle size and MCD size can be explained by the fact that
acicular goethite particles are generally multi-domain parti-
cles (Cornell and Schwertmann, 2003). Such acicular mor-
phology could be lost in the As containing samples, due to
a dispersion of the small (10–20 nm) goethite domains.

XANES and EXAFS were used to identify and quantify
the Fe-bearing phases in the biologically formed precipi-

tates. Results are reported in Table 1 and selected fits are
displayed in Fig. 2. The complete set of fits is reported in
the Supporting Information (Figs. S2 and S3 for XANES
and EXAFS data, respectively). For all samples, best fits
were obtained by combining the XAS spectra of microcrys-
talline Sch3-0 goethite (Gt) and 4-Line ferrihydrite (Fh)
(Fig. 2). Corresponding optimal Rf values ranged from

Table 1
Mineralogical analysis of the solid samples after complete Fe(II) oxidation (after 8 days) by the nitrate-reducing Fe(II)-oxidizing strain
BoFeN1. Results of linear least squares decomposition of the Fe K-edge XANES, EXAFS are given for the best fits that were obtained using
microcrystalline goethite (Gt) and 4-Line ferrihydrite (Fh) as model compounds. Corresponding fits are reported in Figs. 2, S2 and S3. These
results show a regular increase of the Fh fraction with increasing initial As concentration in the incubation experiments. MCD001 refers to the
Mean Coherent Domain size of goethite along the c-axis (needle axis) in the Pbnm space group, measured using Rietveld refinement of XRD
patterns of the solid samples. MCD110 refers to MCD size along the orthogonal direction. MCD values indicate that the needle shape is not
well developed for the goethite crystallites formed in our BoFeN1 experiments, which have almost equi-dimensional morphologies.

Sample Molar ratio [As/Fe]
in precipitatesa

XANES EXAFS Gt–XRD

Gt (%) Fh (%) Sum Gt (%) Fh (%) Sum MCD110 (nm) MCD001 (nm)

As-free – 99 ± 2 <2 100 ± 1 87 ± 5 13 ± 5 100 ± 2 15 20
As(III) 50 lM 0.007 [0.003–0.007] 99 ± 1 <2 100 ± 1 88 ± 5 12 ± 5 100 ± 2 11 20
As(III) 200 lM 0.020 [0.015–0.020] 93 ± 3 7 ± 3 100 ± 1 89 ± 5 13 ± 5 102 ± 2 17 17
As(III) 500 lM 0.056 [0.018–0.063] 67 ± 5 34 ± 5 101 ± 2 n.m. n.m. n.m. n.m. n.m.
As(V) 50 lM 0.008 [0.001–0.008] 95 ± 3 5 ± 3 100 ± 1 86 ± 5 7 ± 5 93 ± 2 16 22
As(V) 200 lM 0.028 [0.007–0.028] 76 ± 5 24 ± 5 100 ± 1 59 ± 10 42 ± 10 101 ± 2 15 19
As(V) 500 lM 0.067 [0.010–0.070] 68 ± 5 32 ± 5 100 ± 1 51 ± 10 49 ± 10 100 ± 2 18 21

n.m.: not measured.
a For details of calculation of the molar ratios see Supporting Information S1.

Fig. 1. Rietveld refinement of XRD powder patterns for selected Fe mineral samples produced by the Fe(II)-oxidizing strain BoFeN1 in the
absence/presence of As. Experimental and calculated curves are displayed as dotted and solid lines, respectively. Goethite is the major phase in
all samples. The MCD values of the goethite derived from this refinement procedure are reported in Table 1 for all samples studied. The
potential presence of ferrihydrite could not be detected due to the intense background from the glass capillary container that has been
subtracted. Lp: lepidocrocite (c-FeOOH). Ha: halite (NaCl) precipitated upon drying. Changes in relative intensity of the low angle Bragg
peaks are due to absorption effects through the glass capillary, with different amounts of powders for the different samples. Absorption
corrections have been done accordingly using the formalism implemented in the XND code (Berar, 1990).
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0.03 to 0.3 for XANES data and 0.008 to 0.03 for EXAFS
data. Other compounds including lepidocrocite, hematite,
akaganeite, amorphous iron–arsenite (As:Fe = 0.32) and
iron–arsenate (As:Fe = 0.39) were below the detection limit
of our LCF, i.e., typically 5% in XANES analysis and 15%
in EXAFS analysis. Significantly lower quality fits, with
more than 50% higher Rf values, were obtained when using
highly crystalline goethite instead of the microcrystalline
sch3-0 Gt sample mixed with Fh (data not shown). The var-
iation among the fitting results obtained when using 2-Line,
4-Line or 6-Line ferrihydrite as a second component in a
mixture with sch3-0 goethite was used to estimate standard
deviation of individual components reported in Table 1.
These variations were especially large when fitting EXAFS
data because the amplitude of the second-neighbor signal in
ferrihydrite Fe-K-edge EXAFS varies slightly as a function
of the ferrihydrite variety. In contrast these variations in the
fitting results were found to be much lower when fitting the
XANES data. Consequently, for EXAFS, the standard
deviations for the goethite and ferrihydrite components
were as high as ±10%. A higher precision was obtained

for the XANES results, with standard deviations lower
than 5%, which indicates that percentages lower than
�15% were not significant in our EXAFS results.

From XANES LCF, we determined goethite as the main
component of the biologically formed mineral precipitates
(67–99 ± 2%). Ferrrihydrite is absent in the As-free sample
and the proportion of goethite decreased regularly at the ex-
pense of the ferrihydrite proportion (5–34 ± 5%) for increas-
ing As (As(III) as well as As(V)) concentrations (Fig. 2,
Table 1). The contribution of the ferrihydrite component
to the EXAFS of the As(III) 500 lM, As(V) 200 lM and
As(V) 500 lM sample is illustrated by the decrease in ampli-
tude of the k3-weighted EXAFS spectra (Fig. 2), which is
caused by a slight decrease in the contribution from sec-
ond-neighbors as observed in the Fourier transform curves.
It was noticeable that the ferrihydrite component is higher in
biogenic solids from the As(V) experiments than in those
from the As(III) experiments, except for the highest initial
As concentration (500 lM). LCF analysis of the EXAFS
data also yielded similar trends, but with lower accuracy
and systematically higher fractions of the Fh component,

Fig. 2. Fe K-edge XANES data, k3-weighted EXAFS data, and their Fourier transforms of the biogenic solids after 8 days, for selected
samples, including As-free, As(III) 200 lM and As(V) 200 lM. Data were fit by linear combination least squares of experimental spectra from
Gt and Fh model compounds. Note the difference in shape of the Gt and Fh XANES spectra, with a small peak at 7165 eV in the Gt spectrum.
For each sample, the experimental and fitted curves are displayed as dotted and solid lines, respectively. For the XANES and k3-weighted
EXAFS, the fitting components are also displayed below each spectrum. The Fh component increases with increasing initial As concentration
especially in the case of As(V) (see Table 1).
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than for the XANES data decomposition (Table 1). This
overestimation of the Fh component by EXAFS LCF can
be explained by the nanocrystalline and poorly ordered char-
acter of Fh, which decreases the relative amplitude of its Fe–
EXAFS spectrum compared to that of goethite.

Mössbauer spectroscopy analyses of a complementary
series of 57Fe doped As-free, As(III) 200 lM and As(V)
200 lM samples (Table S2 and Fig. S4 in Supporting Infor-
mation) confirmed XRD and Fe K-edge EXAFS and
XANES results. A goethite sextet was the dominant com-
ponent in the Mössbauer spectra of these samples, with
an average hyperfine field similar to that of pure goethite
at 77 K (Isomer shift (IS) �0.48 mm/s; Quadrupole shift
(QS) ��0.11 mm/s; Hyperfine field averaged (Hf) �45 T,
see also Supporting Information Table S2). In the As(V)
200 lM sample an additional Fe(III) doublet was observed
at 77 K and 140 K that can be assigned to ferrihydrite,
while it is absent in the As-free and As(III) 200 lM sample,
in agreement with the trend observed in XANES and EX-
AFS data of the non-57Fe-doped samples. However, the
lower amount of Fh observed in the 57Fe doped As(V)
200 lM sample (�7%), compared to our XANES and EX-
AFS results on the non-57Fe-doped samples (24% and 42%
respectively) can be explained by either aging of the Fh
component (Cornell and Schwertmann, 2003) or a slow bio-
tic re-reduction as described for the phototrophic Fe(II)-
oxidizing strain SW2 in Kappler and Newman (2004) due
to a longer incubation time of the precipitates.

Nevertheless, the present mineralogical analyses of Bo-
FeN1 samples indicate that arsenite and arsenate can influ-
ence the identity of the neoformed biogenic mineral and
that further analysis of the modes of As binding to these
Fe(III) (oxyhydr)oxide phases was then required to under-
stand the roles of As(III) and As(V) in these mineralogical
changes.

3.3. Solubility of As bound to biogenic Fe (oxyhydr)oxides

According to available data on the solubility of As(V)-
containing poorly crystalline Fe(III)-containing phases,
e.g., Fh at pH 7 ((Cancès et al., 2008) and references there-
in), the dissolved concentration of As(V) depends directly
on the As:Fe ratio. Under the conditions of the present
experiments, which include the highest As:Fe ratio of
0.067 in the As(V) 500 lM sample (Table S1), the dissolved
As concentration is expected to be below 22 ppb (0.3 lM), a
value expected for an As:Fe ratio of 0.16 at pH 7 (Cancès
et al., 2008). This value is much lower than the dissolved
As concentration of �2847 ppb (�38 lM) measured in
the supernatant of the As(V) 500 lM experiment after
8 days of incubation (Table S1). Based on the large amount
of the As-rich Fh-like phase in this sample (�35%; Table 1),
the effective As:Fe ratio in this As-rich phase should not be
higher than 0.1, which still would imply dissolved As con-
centrations below 22 ppb (0.3 lM). This discrepancy might
be related to the centrifugation procedure applied in our
experiments, which may not have led to a complete separa-
tion of the colloidal solids from the liquid phase (Mikutta
et al., 2010); this could have led to an overestimation of
the dissolved As fraction.

In the case of As(III), the final dissolved As concentra-
tions measured in the supernatants are systematically high-
er than in the As(V) experiments and reach �6968 ppb
(�93 lM) in the As(III) 500 lM experiment. In a previous
study by Kappler et al. (2005) a BET surface area of
158 m2/g was determined for solid phases formed by Bo-
FeN1. In the presence of As(III), assuming a surface area
of �70 m2/g for Gt from MCD measurements by XRD
and 600 m2/g for Fh (Dixit and Hering, 2003), the esti-
mated surface area for the As(III) 500 lM sample should
be �400 m2/g. Based on this value, the As(III) surface cov-
erage of this sample is �1.2 lmol/m2, which is expected to
yield dissolved As(III) concentrations of �247 ppb
(3.3 lM) in abiotic systems (Dixit and Hering, 2003; Sver-
jensky and Fukushi, 2006). This expected value is much
lower than the final As concentration of �6968 ppb
(�93 lM) measured in the supernatant of our As(III)
500 lM experiment. This discrepancy can be again ex-
plained by the presence of Fe- and As-containing colloidal
phases in the analyzed supernatant.

3.4. Arsenic speciation in biogenic minerals

Arsenic speciation was investigated by XANES and EX-
AFS spectroscopy at the As K-edge in the biogenic samples
collected after complete Fe(II) oxidation (Fig. 3). XANES
data indicate that As(V) was not reduced during the incuba-
tion with BoFeN1, whereas As(III) was slightly oxidized,
especially in the sample with the lowest As(III) loading
(As(III) 50 lM). LCF of the XANES spectrum of this latter
sample (data not shown) indicate that the fraction of As(V)
did not exceed 10%, which could also be due to an abiotic
oxidation process as shown previously in abiotic experi-
ments for a mixture of goethite and Fe(II)-bearing phases
(Amstaetter et al., 2009).

As K-edge EXAFS data exhibit weak second-neighbor
contributions for both As(III) and As(V) samples indicat-
ing that As was not incorporated in the structure of any
crystalline phase but rather formed inner-sphere surface
complexes (Fig. 3). Shell-by-shell fit of the EXAFS data
yield As–O distances fully consistent with the AsO3 pyra-
mid geometry in the As(III) samples (1.79 ± 0.02 Å) and
with the AsO4 tetrahedral geometry in the As(V) samples
(1.69 ± 0.02 Å). Second-neighbor contributions were best
fit with a combination of two Fe shells at distances of 2.9
and 3.4 ± 0.02 Å for the As(III) samples (Table 2), and with
one Fe shell at a distance of 3.3 ± 0.02 Å for As(V) samples
(Table 3).

The presence of two Fe shells around As for the biogenic
Fe minerals containing As(III) is illustrated by the weak
beat pattern around k = 10 Å�1 in the back-Fourier trans-
form of the second neighbor peak, k being the wave vector
of the photoelectron (Fig. S5). This beat pattern is more
pronounced in the spectrum of As(III) adsorbed on 2-Line
ferrihydrite (As(III)/Fh), whereas it is absent in the spec-
trum of As(III) sorbed on goethite (As(III)/Gt). For
As(III)/Fh, the beat pattern is associated with the presence
of two Fe shells at 2.9 and 3.4 Å whereas the absence of a
beat pattern for As(III)/Gt is associated with a single
Fe-shell at a distance of 3.3 Å (Fig. 4), as for As(III)/Lp
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(Figs. 3, 4, and S5; Table 2). This characteristic As–Fe dis-
tance of 3.3 Å for As(III) sorbed on goethite was also ob-
tained by Manning (2002) with EXAFS data similar to
those obtained in the present study and by Ona-Nguema
et al. (2005) (Figs. 4 and S5). According to Ona-Nguema
et al. (2005), these differences between As(III) surface com-
plexes on Fh, Gt and Lp, can be attributed to the presence
of both bidentate edge-sharing complexes (2E) and biden-
tate corner-sharing complexes (2C) for As(III)/Fh corre-
sponding to As–Fe pairs at 2.9 and 3.4 Å, respectively.
Mostly 2C complexes with an As–Fe pair at 3.3 Å have
been proposed in the case of As(III)/Gt and As(III)/Lp
(Manning et al., 1998; Manning, 2002; Ona-Nguema
et al., 2005). In spite of these differences between the As(III)
adsorption complexes found on these substrates, the pres-
ent EXAFS analysis did not lead to an unambiguous con-
clusion about the nature of the As(III) immobilization
mechanism in the BoFeN1 samples. Indeed, although the
As–Fe distances in the BoFeN1 samples are similar to those
found for As(III)/Fh sorption and co-precipitation samples
(2.9 and 3.4 Å), the relative proportion of the two contribu-
tions of the two Fe shells differs in BoFeN1 samples and in
As(III)/Fh model compounds (Table 2 and Figs. 4 and S5).
More precisely, the relative contribution from the longest
As–Fe distance (3.4 Å) is significantly higher for the Bo-
FeN1 samples than for As(III)/Fh sorption and co-precip-
itation samples (Figs. 4 and S5), regardless of the surface
coverage or As:Fe ratio investigated (Table 2, Fig. 4).
Accordingly, LCF analysis of the BoFeN1 As K-edge EX-
AFS data showed that the spectra of both the As(III) 50

and 200 lM cannot be perfectly reproduced by a combina-
tion of As(III) sorbed on Fh and As(III) sorbed on Gt,
whatever As:Fe ratio chosen for these model compounds
(Fig. S6). Including other model compounds such as As(III)
co-precipitated with Fe(III) did not improve the LCF re-
sults. This discrepancy comes from the fact that the contri-
bution of the As–Fe distance at 3.4 Å in the biogenic
samples is stronger than in the spectra of our abiotic
As(III)/Fh sorption and co-precipitation model com-
pounds. Indeed, Fig. 4 and Table 2 show that As(III)–
Fe(III) co-precipitation model compounds yield stronger
contribution at 2.9 Å than the BoFeN1 samples. This
strong contribution at 3.4 Å cannot be accounted for by
the As(III)/Gt sorption model compound, for which the
dominant As–Fe distance is at 3.3 Å. For As(III) adsorp-
tion on Fh, the As–Fe distance at 3.4 Å is generally attrib-
uted to 2C double corner-sharing As(III) surface complexes,
while the As–Fe distance at 2.9 Å is assigned to 2E edge-
sharing As(III) surface complexes. The unusual strong con-
tribution at 3.4 Å observed in the BoFeN1 samples can be
related to an increase of the relative proportion of 2C over
2E As(III) complexes at the surface of Fh. Although this
difference with abiotic model compounds is not yet ex-
plained, we hypothesize that it could be related to a change
in the surface structure or reactivity of Fh in the presence of
BoFeN1, since microbial exopolymers could act as compet-
itors for As surface sorption (as shown for carboxylates
that influence the coordination of As(V)-binding to ferrihy-
drite (Mikutta et al., 2010)). Nevertheless, LCF analysis of
As K-edge data for the As(III) BoFeN1 samples suggests

Fig. 3. As K-edge XANES data, k3-weighted EXAFS data and their Fourier Transform of the biogenic solids after 8 days, for all samples
analyzed. Data were fit using a classical shell-by-shell analysis, including multiple scattering within the first oxygen shell (see text and Table 2).
For each sample, the experimental and fitted curves are displayed as dotted and solid lines, respectively. The local environment around As(III)
includes two As–Fe distances (Table 2) indicated by a beat pattern in the back-Fourier transform of the second-neighbor contribution
(Fig. S5). This environment differs from that around As(V), which includes only one As–Fe distance (Table 3).
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that As(III) preferentially adsorbs at the surface Fh rela-
tively to Gt, the estimated proportion of As(III) sorbed to
Fh being 75% and 50% for the As(III) 50 and 200 lM sam-
ples (Fig. S6). With regard to As(V) BoFeN1 samples, EX-
AFS analysis indicates a single As–Fe distance of 3.2–3.3 Å
(Table 3, Figs. 3 and 5). This distance is similar to that clas-
sically found for As(V) adsorbed to Gt and other FeOOH
polymorphs (Waychunas et al., 1993; Fendorf et al., 1997;
Foster et al., 1998) as well as for As(V) adsorbed or co-pre-
cipitated with Fh (Waychunas et al., 1993; Foster et al.,
1998; Cancès et al., 2005; Paktunc et al., 2008). It is gener-
ally attributed to bidentate 2C complexes (Waychunas

et al., 1993; Sherman and Randall, 2003). However, due
to the similarity among the EXAFS spectra for As(V) ad-
sorbed on 2-Line ferrihydrite and on goethite, and co-pre-
cipitated with Fe(III) at high As loading (Cancès et al.,
2005; Paktunc et al., 2008; Fig. 5, Table 3), the present EX-
AFS analysis at the As K-edge did not allow us to distin-
guish between Gt and Fh as sorbents for As(V) in the
biogenic solid phases produced by BoFeN1.

Altogether, our As K-edge EXAFS results indicated
that both As(III) and As(V) formed inner-sphere complexes
at the surface of the biogenic ferric (oxyhydr)oxides pro-
duced by BoFeN1. However, our data do not preclude

Table 2
Results of shell-by-shell fitting of unfiltered EXAFS data at the As K-edge for the As(III) samples studied. Fit results for BoFeN1 samples
(As(III) 50 lM and As(III) 200 lM) are compared with those for model compounds including As sorption and co-precipitation samples (cpp)
(see text). R (Å): interatomic distances; N: number of neighbors; r (Å): Debye Waller factor, DE0 (eV): difference between the experimentally
determined threshold energy and the FEFF8-calculated threshold energy without using the self-consistent potential option for faster
calculations, which explains the high DE0 values; v2FT: Goodness of fit (see text). During the fitting procedure, all parameter values indicated
by (–) were linked to the parameter value placed above in the table. The N parameter of the As–O–O (AsO3) multiple scattering path was fixed
to 6.0 (f). Standard deviations were estimated from the fit of the tooeleite As K-edge EXAFS data (not shown). Fit results for the BoFeN1
samples are reported in Fig. 3 and are compared with model compound data in Fig. 4. Fitting results for Fourier filtered data within the 2.3–
3.5 Å R-range are presented for BoFeN1 samples and for selected model compounds (Ona-Nguema et al., 2005) in Fig. S5 and fall within the
estimated standard deviations reported in the table.

Sample Path R (Å) (±0.02) N (± 0.2) r (Å) (±0.01) DE0 (eV) (±3) v2FT

As(III)/Gt 0.85 lmol/m2 (Ona-Nguema et al., 2005) As–O 1.76 3.1 0.07 15 0.09
As–O–O 3.20(f) 6.0(f) – –
As–Fe 3.31 1.7 0.09 –

As(III)/Lp 0.85 lmol/m2 (Ona-Nguema et al., 2005) As–O 1.76 3.1 0.07 16 0.11
As–O–O 3.20(f) 6.0(f) – –
As–Fe 3.34 0.9 0.09 –

As(III)/Fh 0.035 lmol/m2 As–O 1.79 2.8 0.05 17 0.09
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.94 0.4 0.06 –
As–Fe 3.41 0.6 – –

As(III)/Fh 0.22 lmol/m2 (Ona-Nguema et al., 2005) As–O 1.78 3.1 0.06 17 0.10
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.93 0.4 0.06 –
As–Fe 3.42 0.4 – –

As(III)/Fh 0.89 lmol/m2 (Ona-Nguema et al., 2005) As–O 1.76 3.0 0.07 18 0.11
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.93 0.7 0.09 –
As–Fe 3.42 0.7 – –

As(III)–Fh cpp, As:Fe = 0.01, 0.22 lmol/m2 As–O 1.76 3.1 0.07 19 0.11
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.95 0.5 0.07 –
As–Fe 3.44 0.4 –

As(III)–Fe(III) cpp, As:Fe = 0.32 (Morin et al., 2003) As–O 1.79 2.8 0.06 20 0.10
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.95 0.4 0.08 –
As–Fe 3.38 0.9 – –

As(III) 50 lM As–O 1.77 3.4 0.08 17 0.09
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.93 0.2 0.08 –
As–Fe 3.39 1.0 – –

As(III) 200 lM As–O 1.77 3.2 0.07 18 0.09
As–O–O 3.20(f) 6.0(f) – –
As–Fe 2.94 0.3 0.08 –
As–Fe 3.40 1.2 – –
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the presence of outer-sphere As surface complexes, since
those are difficult to determine by EXAFS analysis because
they are characterized by the lack of second-neighbor con-
tribution. In particular, it can be noticed that the amplitude
of the second neighbor contribution to the EXAFS of
As(V) BoFeN1 samples (Fig. 5), and the corresponding
number of Fe neighbors (Table 3), are systematically lower
than those observed for the abiotic model compounds. Such
difference could be possibly explained by an increasing pro-
portion of As(V) outer-sphere surface complexes in the bio-
genic BoFeN1 samples relative to pure As–Fh model
compounds, as recently proposed by Mikutta et al. (2010)
for As(V) sorption on Fh in the presence of citrate. Indeed,
biogenic BoFeN1 samples are also expected to contain or-
ganic moieties interacting with the surface of Fh. Associa-
tion of organic molecules, especially exopolysaccharides,
with poorly ordered extracellular Fe–phosphates produced
by strain BoFeN1 has recently been found by Miot et al.
(2009) as well as for As–Fe(III)-bearing biominerals in an
acid mine drainage (Benzerara et al., 2008). Carbon-con-

taining moieties associated with these organic molecules
could indeed compete with As(V) and As(III) for complex-
ation on the Fe–OH surface sites and could thus explain the
differences observed between the As surface complexes in
BoFeN1 samples and in abiotic analogs. Similar competi-
tion between organics and As has been described for humic
and fulvic acids (Sharma et al., 2010).

High-resolution transmission electron microscopy–en-
ergy dispersive X-ray spectroscopy (HRTEM–EDXS) using
a focused electron beam of a few nanometers in size yielded
further information on As distribution at the nanoscale in
the biogenic samples. Although statistically significant re-
sults would require more systematic analyses, EDXS data
obtained on selected spots on sample As(III) 200 lM indi-
cated that As(III) is uniformly distributed over the sample
matrix.

An example of a HRTEM image of this sample is given
in Fig. S7A. This microphotograph was chosen because it
displays a poorly crystalline Fe-containing material in asso-
ciation with crystalline particles. This poorly crystalline

Fig. 4. Comparison of As K-edge EXAFS data for As(III) BoFeN1 samples and for As(III)-sorption samples on goethite and ferrihydrite.
Second neighbor contributions are fit using As–Fe pair at a distance of 3.3 Å and a multiple scattering paths within the AsO3 pyramid.
Experimental and fit curves are displayed as dotted and solid lines respectively. Fitting results are reported in Table 2.
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component that accounts for a significant proportion of the
solid phase in the area displayed in Fig. S7A was however
scarcely observed over the studied HRTEM grid, in agree-
ment with the low proportion of Fh found in this 200 lM
sample (<10% as indicated by Fe K-edge XANES analysis;
Table 1). EDXS analysis indicate that the As in the As(III)
set-ups is homogeneously distributed over the sample
including both the crystalline particles and the scarce areas
of disordered material. HRTEM observations of the
200 lM As(V) sample (Figs. S7B and S8) significantly con-
trast with those of the 200 lM As(III) sample, and reveal
that As(V) is preferentially bound to poorly crystalline min-
eral phase. Indeed, EDXS analyses of the poorly crystalline
Fe (oxyhydr)oxide areas, yield systematically higher As:Fe
intensity ratios for the X-ray K emission lines than for
the goethite particles (Fig. S8). HRTEM–EDXS results
are thus consistent with As K-edge EXAFS results that sug-
gested As(III) adsorption onto both Fh and Gt. In addi-
tion, the association of As(V) with the poorly crystalline
phase observed by HRTEM is consistent with the forma-
tion of an As-rich Fh phase that cannot be easily distin-
guished from a ferric-arsenate, i.e., amorphous As(V)–
Fe(III) (oxyhydr)oxide, on the sole basis of EXAFS data
at the As K-edge (Fig. S6; Table 3; Paktunc et al., 2008).
Although it has been shown by these authors that ferric
arsenate could be distinguished from Fh using EXAFS
spectroscopy at the Fe K-edge, this distinction could not
be made in the present study because the Gt spectrum dom-
inates the EXAFS signal from our sample.

3.5. Influence of As on biogenic Fe(III) phases

The mineralogy of the Fe mineral precipitates formed by
the nitrate-reducing Fe(II)-oxidizing strain BoFeN1 and
probably also by other Fe(II)-oxidizing bacteria is strongly
influenced by the composition of the growth medium (Miot
et al., 2009; Larese-Casanova et al., 2010). In comparison to
the study of Miot et al. (2009), which showed the formation
of Fe-phosphate minerals by BoFeN1 in the absence of As,
our study used a medium with a reduced phosphate content
in order to avoid competition of phosphate sorption with
As, especially to avoid competition of phosphate with
As(V) for binding sites on the mineral surfaces. In the pres-
ence of As(III) with an As:Fe molar ratio below 0.02, strain
BoFeN1 produced minerals of the same identity as in the
absence of As – mainly goethite (P90%) – but the morphol-
ogy was different. SEM investigations recently reported by
Hohmann et al. (2010) showed that the Gt particles formed
in the presence of As(III) are smaller and do not exhibit the
needle-shaped morphology that were observed in the ab-
sence of As(III) (Kappler et al., 2005). These differences
in particle size and morphology are not related to differ-
ences in MCD sizes since the present XRD data on similar
samples indicate that this parameter is not influenced by the
presence of As(III). One may thus infer that As(III) sorp-
tion at the surface of Gt particles tends to inhibit the aggre-
gation of small Gt crystallites to form multi-domain Gt
particles with the needle-shaped morphology classically ob-
served for Gt (Cornell and Schwertmann, 2003).

Table 3
Results of shell-by-shell fitting of unfiltered As K-edge EXAFS data for the As(V) samples studied. BoFeN1 samples (As(V) 50 lM, As(V)
200 lM and As(V) 500 lM) are compared with model compounds samples including As(V) sorbed on goethite and ferrihydrite as well as
As(V) coprecipitated with Fe(III) (see text). R (Å): interatomic distances; N: number of neighbors; r (Å): Debye Waller factor, DE0 (eV):
difference between the experimentally determined threshold energy and the FEFF8-calculated threshold energy without using the self-
consistent potential option, for faster calculations; v2FT: Goodness of fit (see text). During the fitting procedure, all parameter values
indicated by (–) were linked to the parameter value placed above in the table. The N parameter of the As–O–O (AsO4) multiple scattering path
was fixed at 12.0 (f). Standard deviations were estimated from the fit of scorodite As K-edge EXAFS data (not shown). Fit results for these
BoFeN1 samples are reported in Fig. 3 and are compared with model compound data in Fig. 5.

Sample Path R (Å) (±0.02) N (±0.5) r (Å) (±0.01) DE0 (eV) (±3) v2FT

As(V) 50 lM As–O 1.69 4.1 0.06 0 0.16
As–O–O 3.09 12.0(f) – –
As–Fe 3.24 0.4 0.05 –

As(V) 200 lM As–O 1.68 4.0 0.05 2 0.17
As–O–O 3.10 12.0(f) – –
As–Fe 3.27 0.9 0.09 –

As(V) 500 lM As–O 1.68 4.2 0.05 2 0.22
As–O–O 3.08 12.0(f) – –
As–Fe 3.28 1.0 0.08 –

As(V)/Gt 0.8 lmol/m2 As–O 1.68 4.0 0.07 5 0.16
As–O–O 3.08 12.0(f) – –
As–Fe 3.29 0.8 0.07 –

As(V)/Fh 0.9 lmol/m2 As–O 1.69 4.1 0.05 5 0.15
As–O–O 3.07 12.0(f) – –
As–Fe 3.30 1.4 0.09 –

As(V)–Fe(III) As:Fe = 0.39 As–O 1.69 4.1 0.05 8 0.12
As–O–O 3.09 12.0(f) – –
As–Fe 3.30 1.9 0.09 –
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In the presence of As(V), a significant proportion of Fh
(up to �35%; Table 1) is produced in association with Gt,
which emphasizes the role of As(V) in inhibiting the forma-
tion of goethite. This process is known for phosphate,
which interferes with the nucleation and growth stages of
Gt during the transformation of Fh to Gt (Shaw et al.,
2005). A similar strong affinity of As(V) for Fe(III) has
been recently reported for phosphate upon co-precipitation
with Fh, which leads to the formation of amorphous phos-
phate in a mixture with Fh (Voegelin et al., 2010). The for-
mation of amorphous Fe(III) phosphate phases was also
reported upon oxidation of Fe(II) by BoFeN1 in the pres-
ence of a higher phosphate concentration (Miot et al.,
2009). In the same way, upon co-precipitation with Fe(III),
arsenate ions are known to inhibit edge-sharing polymeriza-
tion of Fe(III) octahedra, leading to the formation of amor-
phous phases that can be even less ordered than ferrihydrite
when the As(V):Fe molar ratio exceeds 0.25 at pH 6 4.5
(Paktunc et al., 2008). Owing to the decrease and increase
of Fe(III) and As(V) solubilities, respectively, from pH
4.5 to 7.0 (Cancès et al., 2008; Paktunc and Bruggeman,
2010) a weaker interaction between Fe(III) and As(V) is ex-
pected at pH 7 in the present study. However, in spite of the
low As(V):Fe molar ratio (60.067) used here, the formation
of goethite is partially inhibited, and an As(V)-bearing fer-
rihydrite component forms in association with Gt. The
present study thus shows that the binding modes of As to
ferric minerals produced by biogenic oxidation of Fe(II)

differ for As(III) and As(V) on the nanometer and molecu-
lar scales. This difference can be related to the high affinity
of As(V) for Fe(III), which favor the formation of poorly
ordered Fe (oxyhydr)oxide phases in association with Gt,
even at an As(V):Fe molar ratio below 0.067. In contrast,
although As(III) is known to sorb as efficiently as As(V)
at the surface of most Fe-minerals at neutral pH (Dixit
and Hering, 2003), we have shown that As(III) interferes
less than As(V) with the nucleation and growth of Gt for
the two lowest As concentrations investigated (50 and
200 lM). This is evidenced by the lower amount of Fh-like
material formed in these As(III) experiments compared to
the As(V) ones (Table 1). This observation of less influence
of As(III) on Fe-oxide formation was previously observed
in the case of As(III) co-precipitation with magnetite
(Wang et al., 2008), for which As(III):Fe molar ratios high-
er than 0.067 were required to produce detectable amounts
of poorly crystalline As–Fe precipitates.
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