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ABSTRACT: The dissolution of arsenic-bearing iron(III) (oxyhydr)oxides during
combined microbial iron(III) and arsenate(V) reduction is thought to be the main
mechanism responsible for arsenic mobilization in reducing environments. Besides its
mobilization during bioreduction, arsenic is often resequestered by newly forming
secondary iron(II)-bearing mineral phases. In phosphate-bearing environments, iron(II)
inputs generally lead to vivianite precipitation. In fact, in a previous study we observed that
during bioreduction of arsenate(V)-bearing biogenic iron(III) (oxyhydr)oxides in
phosphate-containing growth media, arsenate(V) was immobilized by the newly forming
secondary iron(II) and iron(II)/iron(III)mineral phases, including vivianite. In the present study, changes in arsenic redox state
and binding environment in these experiments were analyzed. We found that arsenate(V) partly replaced phosphate in vivianite,
thus forming a vivianite-symplesite solid solution identified as Fe3(PO4)1.7(AsO4)0.3·8H2O. Our data suggests that in order to
predict the fate of arsenic during the bioreduction of abiogenic and biogenic iron(III) (oxyhydr)oxides in arsenic-contaminated
environments, the formation of symplesite−vivianite minerals needs to be considered. Indeed, such mineral phases could
contribute to a delayed and slow release of arsenic in phosphate-bearing surface and groundwater environments.

■ INTRODUCTION

Arsenic (As) is one of the most widely studied metalloids since
it has been recognized as a major threat to human health,
especially when present at concentrations above the recom-
mended WHO levels (10 μg L−1) in groundwater aquifers.1,2

Elevated aqueous As concentrations as found in the aquifers of
Bengal and Mekong deltas are caused by a combination of
various geochemical and microbial processes.1−3 The trans-
formation of As-bearing minerals during their riverine transport
from Himalaya leads to the binding of As to Fe(III)
(oxyhydr)oxide minerals within the deltaic sediments.4−6

Arsenic may then be released from the surface of these Fe(III)
minerals by sorption competitors, such as phosphate,7

bicarbonate,8 silicic acid,9 natural organic matter (NOM, e.g.,
humic substances)10,11 as well as by the formation of mobile
humic−Fe−As complexes and colloidal aggregates.12,13 Addi-
tionally, microbial reduction of the mineral-bound As(V) to the
more mobile As(III) form was suggested to lead to As
mobilization.14−17 The most important factor responsible for
the high As concentrations in the groundwater, however, is
thought to be related to reductive dissolution of the As-bearing
Fe(III) (oxyhydr)oxide minerals by Fe(III)-reducing bacteria in
anoxic As-contaminated aquifers.16,18 By using allochthonous
and autochthonous organic matter these bacteria reductively
dissolve Fe(III) (oxyhydr)oxides, leading to the release of the
bound As.2−4,18,19 The feasibility of this process was also

simulated with long-time column experiments, in which As
release was accompanied by the progressive export of aqueous
Fe(II) from the columns.20,21

Fe(III) (oxyhydr)oxides in the environment are formed
either via chemical or microbial oxidation of Fe(II).22,23

Biogenic Fe(III) (oxyhydr)oxides have been found in various
environments24−30 and were typically associated with cell-
derived organic matter.31−35 Organic carbon and ion impurities
hinder homogeneous crystal growth,22 leading to smaller and
less crystalline biogenic minerals compared to abiogenic Fe(III)
(oxyhydr)oxides.36−39 Phosphate is one such ion impurity and
is thus frequently encountered as a major constituent of Fe(III)
(oxyhydr)oxides found in many different environmental
systems.40−45 Bacteriogenic Fe(III) (oxyhydr)oxides were
shown to be highly susceptible to microbial reduction
compared to synthetic, poorly crystalline Fe phase analogues,
though the rate of bioreduction varied according to the
mineralogy of the biogenic Fe(III) (oxyhydr)oxide.46,47 The
resulting biogenic Fe(II) mineral products able to capture As
include siderite (FeCO3),

48 magnetite (FeIIFeIII2O4),
20,48−50

green rust (FeII4Fe
III

2(OH)12CO3),
51 and vivianite
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(Fe3(PO4)2)
48,49 in batch and short-time column experiments.

Especially vivianite is of interest as secondarily formed Fe(II)
mineral phase in culture media,47,48 aquifers,52 and in fertilized
and nonfertilized paddy soils.53,54 More specifically, Islam et
al.48 showed that vivianite sorbs As(V) after bioreduction of
soluble Fe(III) but did not observe direct evidence for As(V)
incorporation in the vivianite structure. More recently, Muehe
et al.46 found that microbial reduction of As(V)-bearing
biogenic Fe(III) (oxyhydr)oxides in freshwater medium
containing 1 mM phosphate resulted mainly in the formation
of vivianite. They discussed that As(V) is very likely to be
associated with vivianite but so far, the mechanism of As(V)
immobilization during this process is unknown.
The goal of the present study was to investigate the fate of As

after microbial reduction of As(V)-bearing biogenic Fe(III)
(oxyhydr)oxides. More specifically, the objectives were (I) to
identify the localization and binding mode of As(V) and As(III)
in the newly formed Fe mineral phases using electron
microscopy and synchrotron-based X-ray absorption spectros-
copy and (II) to identify arsenic speciation changes in the solid
and liquid phase to better understand the mobility of As in the
system. The presentation of the data will conclude to the
discussion of the mechanisms of As scavenging and release
processes under the reducing conditions investigated.

■ MATERIAL AND METHODS
Source of Microorganism, Microbial Growth Con-

ditions, And Biogenic Fe(III) (Oxyhydr)oxide Synthesis.
We used the Fe(III)-reducing γ-proteobacterium Shewanella
oneidensis strain MR-1, which utilizes a wide range of organic
substrates and uses Fe(III) as an electron acceptor in the
absence of O2.

55 Iron-free precultures (20 mM lactate, 40 mM
fumarate) and experimental cultures (20 mM lactate, 5−7 mM
Fe(III) biogenic minerals) of strain MR-1 were grown in
freshwater medium (0.14 g L−1 KH2PO4, 0.2 g L−1 NaCl, 0.3 g
L−1 NH4Cl, 0.5 g L

−1 MgSO4·7H2O, 0.1 g L
−1 CaCl2·2H2O, 22

mM bicarbonate buffer, pH 7, 1 mL L−1 vitamin solution, 1 mL
L−1 trace element solution, 1 mL L−1 selenate-tungstate
solution) and prepared under an N2/CO2 (80/20 v/v)
atmosphere according to Muehe et al.46 The biogenic material
used in the experiments here was produced independently of
the Muehe et al.46 study, as large quantities of minerals were
needed for analysis. However, these experiments were run at
the same time when the Muehe et al.46 study was performed,
using the same chemicals, apparatuses, and incubators, ensuring
maximum compliance between both studies. As the geo-
chemical, XRD, and microscopic data of this study and Muehe
et al.46 are in accordance, we assume that the mineralogy of the
here-used biogenic material is the same as in Muehe et al.46

The As(V)-bearing biogenic Fe(III) (oxyhydr)oxides were
synthesized using Acidovorax sp. strain BoFeN1 according to
Hohmann et al.56 and Muehe et al.,46 and harvested and
processed according to Muehe et al.46 Biogenic Fe(III)
minerals with two initial Fe(III) to As(V) ratios of 250 to 1
and of 50 to 1 [w/w] were investigated, which approximates to
335 to 1 and 67 to 1 [Fe mol/As mol] or 0.003 to 1 and 0.015
to 1 [As mol/Fe mol], respectively.
For Fe(III) reduction experiments with strain MR-1, 50 mL

of freshwater medium were setup in 100 mL bottles and
amended with 5−7 mM of As-bearing biogenic Fe(III)
minerals, 20 mM of Na−lactate, and 100 μM of 9,10-
anthraquinone-2,6-disulfonate (AQDS). 2 ×105 cells mL−1 of
strain MR-1 were added to the set-ups from an iron-free

preculture grown on 20 mM lactate as electron donor and 40
mM fumarate as electron acceptor. The synthesis of the
biogenic Fe(III) (oxyhydr)oxide and their reduction with MR-1
were performed in the dark at 28 °C. Aqueous and solid-phase
samples were taken at the end of the microbial exponential
growth phase after 5 days of reduction to ensure the analysis of
freshly formed and nonaged secondary Fe(II) minerals
according to Muehe et al.46

■ SAMPLING OF BATCH EXPERIMENTS
All experiments were conducted in triplicate. Samples were
taken anoxically in a N2-filled glovebox before and after
inoculation with strain MR-1 as well as after 5 days. For each
time point, three parallel individual bottles were sampled for
determining the solution chemistry followed by harvesting the
minerals for mineralogical analyses. Aqueous samples were
taken with anoxic syringes and analyzed for total and dissolved
Fe(II) and Fe(III), total dissolved As and As speciation
according to Muehe et al.46 Samples for quantification of total
dissolved As were frozen at −20 °C until measurement. The
minerals were harvested in the glovebox by decanting the
supernatant followed by centrifugation (13 200g for 2 min) and
vacuum drying of the mineral pellet. Once dry, the minerals of
three parallel bottles were pooled in equal amounts for mineral
analysis.

Solution Chemistry Analysis. Total and dissolved Fe(II)
and Fe(III) were quantified spectro-photometrically using the
ferrozine assay according to Stookey, 197057 and following the
protocol in Muehe et al.46 While Fe(II) was directly quantified
with the ferrozine assay, Fe(III) was first reduced by 10%
hydroxylamine hydrochloride before determining total Fe by
complexation with ferrozine. Total dissolved As was quantified
by diluting thawed samples in 2% HNO3 and measuring with
an inductively coupled-plasma mass-spectrometer (7700 series
ICP-MS, Agilent Technologies). Using a high-pressure-liquid
chromatography-coupled ICP-MS (7700 series ICP-MS,
Agilent Technologies), the As redox speciation present before
and after incubation were quantified in a 10 mM phosphoric
acid matrix, which preserves the redox state of As.58

Mineralogical and Spectroscopic Analyses. All samples
for mineral and Fe−As bonding environment analysis were
prepared under anoxic conditions in glove boxes or bags, dried
under vacuum, and stored and transported anoxically in the
dark. Samples were only exposed to ambient air when taken out
of the anoxic transporting container followed by direct insertion
into the analytical device. The mineralogy and the binding
environment, location, and speciation of Fe and As in the
minerals present before (0 day) and during microbial Fe(III)
reduction (day 5) were investigated using powder X-ray
diffraction (XRD), scanning electron microscopy (SEM)
combined with energy dispersive X-ray spectrometry (EDXS),
as well as with X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS)
spectroscopy at the Fe and As K-edge.
XRD patterns were acquired using an X’Pert pro Panalytical

Diffractometer equipped with an X’celerator detector. Samples
were deposited on a zero-background Si sample holder and
loaded into an anoxic sample chamber equipped with a curved
Kapton window (constructed by the IMPMC project group).
Data were collected over the 5−80° two-theta range with a
0.017° two-theta step, counting 4 h per sample. Spectra were
interpreted using the ICSD database for goethite (#15-9970),
vivianite (#20-0703), and siderite (#68298).
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SEM analyses of carbon-coated samples were performed with
a Zeiss ultraTM 55 electron microscope operating at 10 kV
with a 60 μm diaphragm in high current mode. Secondary
electron images were obtained with an in-lens detector and
EDXS analyses were collected using a Bruker Si-drift detector.
The As/Fe and P/Fe molar ratio for specific mineral phases
were determined by averaging 10 consecutive spot measure-
ments per mineral phase. Semiquantitative analyses and
elemental mapping was performed with the program Esprit
1.8(3) using a spectra database for standard materials. Raw
EDX elemental maps were built using the integrated intensities
of the Fe Lα, P Kα, and As Lα emission lines. EDXS spectra
were plotted for selected areas by averaging the spectra
recorded for the corresponding pixels. Background subtracted
EDX elemental maps were calculated via semiquantitative
elemental analysis using the background subtracted intensities
of the Fe Lα, P Kα, and As Kα emission lines in individual EDX
spectra obtained by binning the mapping data over four pixels.
X-ray absorption spectroscopy (XAS) data at the Fe K-edge

were collected in transmission detection mode below 20K using
a He cryostat on the SAMBA beamline at SOLEIL, Orsay,
France. Arsenic K-edge data were collected in fluorescence
detection mode using a 30 element Ge detector on the FAME-
BM30B beamline at ESRF, Grenoble, France. Data for the
As:vivianite model compound were collected in fluorescence
detection mode using a 38 element Ge array detector on the
SAMBA beamline. In order to minimize the photoreduction of
As under the X-ray beam, all As K-edge data were recorded
below 20K using a He cryostat and the focused beam (<0.3
mm2) was moved 1 mm on the sample between each EXAFS
scan (Supporting Information (SI) Figure S1). Data were
averaged, normalized, and background-subtracted using the
Athena program.59 XANES and EXAFS data were least-squares
fitted by a linear combination of appropriate model compound
spectra, using a classical Levenberg-Marquart algorithm. Spectra
components for these fits were selected from a large database of

model compound spectra. Our Fe K-edge spectra database
includes ferric (oxyhydr)oxides56,60 and/or ferrous hydroxides
and oxides,61,62 phosphates,40,62 sulfates,63 and carbonates.64

Our As K-edge spectra database includes numerous As(V) and
As(III) minerals63 as well as a large variety of As sorption
samples on Fe minerals, see refs 56, 65, 66 and references
therein. In addition, for the present study an As(V)-substituted
vivianite sample, referred to as As:vivianite, was synthesized by
modifying the protocol for vivianite synthesis given by Eynard
et al.67 A final As/P molar ratio of 1 mol % was aimed at. For
this, As-bearing vivianite was synthesized at room temperature
in a N2-filled anoxic glovebox, by neutralizing a 250 mL mixture
of 0.035 M H3PO4 and 0.05 M FeSO4 in the presence of As(V)
(27.5 mg of HAsNa2O4·7H2O) in O2-free deionized water
(final As to (As+PO4) ratio of 1 mol %). The solution was
slowly neutralized to pH 6 using a 0.05 M KOH solution while
stirring. Once the pH was stabilized, the solution was gently
stirred for an hour. The resulting solid was recovered after
settling, centrifugation (15 min, 6500 rpm), and washing 3
times in 10 mL of Milli-Q water before vacuum drying in the
anoxic glovebox. The mineralogical purity of the synthesized
As-bearing vivianite was checked by XRD (data not shown).
The relative accuracy on the LCF components is estimated

to 10% and detection limit to 5%.68,69

■ RESULTS
Aqueous Geochemistry of Fe and As during Microbial

Reduction of As(V)-Bearing Fe(III) (Oxyhydr)oxides.
Strain MR-1 efficiently reduced the As(V)-loaded biogenic
Fe(III) (oxyhydr)oxides with an initial Fe to As ratios of 250:1
and 50:1 (w/w) leading to the formation of 1.8 ± 0.1 mM and
3.2 ± 0.1 mM of total Fe(II) after 5 days, corresponding to 34.9
± 2.0% and 53.0 ± 0.6% of the total iron, respectively (Table
1). Approximately 50% and 33% of the formed Fe(II) remained
in the aqueous phase of the setups with initial Fe to As ratios of
250:1 and 50:1 (w/w), respectively, while the rest was present

Table 1. Concentrations and Redox Speciation of Total and Aqueous Fe and Aqueous As after 0 and 5 Days of Reduction of
As(V)-Bearing Biogenic Fe(III) Minerals by Shewanella oneidensis strain MR-1a

Fe aqueous As

total Fe(II)
[mM]
[%]

aqu. Fe(tot)
[mM]
[%]

aqu. Fe(II)
[mM]
[%] [mg L−1] As(V) [%] As(III) [%]

Fe to As(V) Ratio 250 mg:1 mg (total Fe = 5−6 mM)
MR-1 inoculated

0 days 0.39 ± 0.07 0.02 ± 0.01 0.02 ± 0.00 0.30 ± 0.01 92.7 ± 1.0 7.3 ± 1.0
6.8 ± 1.8 0.4 ± 0.2 0.4 ± 0.1

5 days 1.75 ± 0.10 0.87 ± 0.05 0.70 ± 0.07 0.40 ± 0.00 66.1 ± 0.8 33.9 ± 0.8
34.9 ± 2.0 17.2 ± 1.0 14.0 ± 1.3

Fe to As(V) Ratio 50 mg:1 mg (total Fe = 6−7 mM)
MR-1 inoculated

0 days 0.58 ± 0.09 0.05 ± 0.01 0.03 ± 0.00 1.39 ± 0.07 96.3 ± 0.6 3.7 ± 0.6
8.6 ± 0.4 0.7 ± 0.3 0.4 ± 0.1

5 days 3.24 ± 0.09 1.07 ± 0.15 0.99 ± 0.18 0.90 ± 0.04 66.2 ± 2.0 33.8 ± 2.0
53.0 ± 0.6 17.6 ± 2.2 16.1 ± 2.6

aBiogenic Fe(III) (oxyhydr)oxides initially contained two different concentrations of As(V) with Fe to As(V) ratios of 250:1 and 50:1 (w/w). Given
is the range for total Fe present in each setup. For each setup and time point total Fe(II) in mM and in % of total Fe, aqueous Fe(total) and Fe(II) in
mM and in % of total Fe, aqueous As in mg L−1 differentiating between As(V) and As(III) in % of aqueous As are shown. Data is given as the average
value and its standard deviation considering triplicates for each time point. Each sample per setup was measured thrice for Fe and twice for As.
Abiotic controls were monitored in parallel to biological setups and are not depicted in the table for simplicity, but remained below 8% for total
Fe(II) and below 1% for dissolved Fe(tot) and Fe(II).
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in solid form. Total Fe(II) in the sterile controls was below 8%
of total initial iron throughout the experiment (data not
shown).
Total aqueous As concentrations increased by 0.1 mg L−1 to

0.4 ± 0.0 mg L−1 from the beginning of the incubation until 5
days for the setup with an Fe to As ratio of 250:1 (w/w), with
34% of the aqueous As(V) being reduced to As(III) (Table 1).
Total aqueous As concentrations for the setup with a Fe to As
ratio of 50:1 decreased from 1.4 ± 0.1 mg L−1 to 0.9 ± 0.0 mg
L−1 within the first 5 days, with 34% of the aqueous As being in
the form of As(III).
Mineralogical Composition of the Solids. For some of

the mineralogical analyses the As content was too low in the
setup with a Fe to As ratio of 250 to 1, therefore we provide all
data only for the 50:1 system and some data for the 250:1
system. After 5 days of microbial reduction of the As(V)-
bearing biogenic Fe(III) (oxyhydr)oxides, XRD analysis
indicated that a significant fraction of the initial mineral
phase goethite [α-FeOOH] still remained and that the minerals
vivianite [Fe3(PO4)2·8H2O] and siderite [FeCO3] were formed
(SI Figure S2). No magnetite [Fe3O4] was detected based on
XRD analysis. The relative proportion of vivianite to the
biogenic goethite/ferrihydrite starting mineral could not be
reliably determined using Rietveld analysis of the XRD patterns
(SI Figure S3) because of a significant preferential orientation
of the vivianite platelets, especially for the sample with a Fe to
As ratio of 50 to 1 (w/w). The unit-cell parameters of vivianite
in the incubated samples and of the 1 wt % As(V)-substituted
vivianite model compound fell within the range of cell-
parameters reported for vivianite and symplesite [Fe3(AO4)2·
8H2O] (SI Table S1). Results of the Linear Combination Fit
(LCF) analysis of the Fe K-edge EXAFS data for the
experiment conducted with an initial Fe to As ratio of 50:1
(w/w) are displayed in Figure 1. These results show that 55 ±
4% of the initially present poorly crystalline goethite phase was
reduced, forming 31 ± 4% vivianite of the solid Fe pool after 5
days of microbial incubation. An additional minor amorphous
Fe(III) phosphate phase of 15% was present after 5 days of
microbial Fe(III) reduction.
Localization of As and P in Mineral Aggregates. SEM

observations showed the abundant presence of vivianite crystals
of ∼5 μm in size with a platelet-like shape after 5 days of
incubation (Figure 2a). The white arrow in Figure 2a indicates
the potential remains of a S. oneidensis MR-1 cell within a

vivianite precipitate. The initial solid phases, consisting of
mineral-encrusted cells, and bulbous mineral material, had
previously been identified as a poorly crystalline goethite/
ferrihydrite mix56 and were systematically observed under SEM
in the samples collected throughout the experiment (Figure
2a), in agreement with XRD and Fe K-edge EXAFS data.
According to EDX microanalyses, this initial goethite/
ferrihydrite mineral phase had an As/Fe mole ratio of 0.02 ±
0.01 that did not vary significantly throughout the experiment

Figure 1. Fe K-edge EXAFS (A) and their corresponding Fast Fourier Transform (B) of As(V)-bearing biogenic Fe(III) minerals with a Fe to As(V)
ratio of 50 to 1 w/w that were reduced by Shewanella oneidensis strain MR-1 for 5 days. The black line on top of A and in B represent the measured
data set, whereas the red lines depict the fitted graphs obtained by linear combination of the underlying references according to their stated
percentages. Standard deviation on the fitted proportions is ±4% and components below 10% are considered as not significant.68

Figure 2. (A) Scanning electron micrograph of a sample collected after
5 days of reduction of As(V)-bearing biogenic Fe(III) (oxyhydr)oxides
(Fe to As ratio of 50 to 1 w/w) showing vivianite crystals (Vi),
biogenic Fe(III) (oxyhydr)oxides most similar to goethite (Gt),
siderite crystals (Sd), and Shewanella oneidensis strain MR-1 cells. The
white arrow indicates the remaining shape of a S. oneidensis cell
associated with the mineral phase. (B) As to Fe ratios and (C) P to Fe
ratios for the minerals goethite (Gt) and vivianite (Vi) at the start of
the experiment and after 5 days of Fe(III) reduction by strain MR-1
using energy dispersive X-ray spot spectroscopy. Values are given in
the arbitrary units mol % per mol %, mean ± sd, n = 10.
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(Figure 2b). The ratio of 0.02 fits well to the calculated ratio of
0.015 for the initial substrate (see Materials and Methods
section). EDX analyses of the samples incubated for 5 days
(Figures 2a and 3) indicated that the forming vivianite platelet-
shaped mineral phase had a P/Fe molar ratio of 0.58 ± 0.10
(Figure 2c). Interestingly, EDX elemental mapping showed that
this phase contained a significant amount of As (Figure 3) and
semiquantitative analyses of EDX spectra indicated an As/Fe
molar ratio of 0.09 ± 0.03 in this vivianite phase (Figure 2b). In
addition, cube-shaped siderite crystals were scarcely observed,
as indicated by weak Bragg peak intensities in the XRD
patterns. The low number of isolated siderite particles
prevented any statistically satisfying analysis of their elemental
composition using SEM-EDX. Including siderite as a fitting
component in our LCF analysis of the Fe K-edge EXAFS data
did not improve the fits, suggesting that this phase was present
at concentrations below the detection limit of this method, that
is, 5−10% of the total Fe in the samples.
Redox State and Binding Environment of As. XANES

(Figure 4) and EXAFS (Figure 5) data at the As K-edge were
analyzed using a similar LCF procedure as used for the Fe K-
edge XAS data (results reported in Table 2). Best linear
combination Fits of the EXAFS data at the As K-edge for the

incubated samples were obtained using As(V)-sorbed to
goethite, As(III)-sorbed to ferrihydrite, and the As(V)-vivianite
model compound as fitting components (Table 2; Figure 5).
These components were also used as fitting components for
XANES data (Table 2; Figure 4). Discrepancies between
XANES and EXAFS results fell within uncertainties (Table 2).
XANES LCF results indicated that the proportion of As(III)
over total As was lower than 10% in the initial goethite/
ferrihydrite mineral phase with an Fe to As ratio of 50 to 1 (w/
w) (Figure 4a). This proportion increased to ∼40% after 5 days
of incubation.
AsO4 for PO4 substitution in the 1 wt % As(V)-substituted

vivianite model compound was demonstrated by a good
agreement between the observed As−Fe distances and
coordination numbers determined by shell-by-shell analysis of
the EXAFS spectrum of this reference sample (SI Figure S4;
Table S2), with the local structure of vivianite (SI Figure S5),
assuming a slight relaxation of the structure (SI Table S2). This
shell-by-shell analysis revealed contributions from long distance
multiple scattering paths within the structure that appear as
high frequency signal in the unfiltered EXAFS spectrum of this
model compound (Figure 5B; SI Figure S4). Fitting the EXAFS
spectra without including this As(V)-substituted vivianite

Figure 3. Energy dispersive X-ray spectroscopy analysis of a representative scanning electron microscopy image (EDX-SEM map) of As(V)-bearing
biogenic Fe(III) minerals that were reduced by Shewanella oneidensis strain MR-1 for 5 days. Biogenic Fe(III) (oxyhydr)oxides initially contained
As(V) with an Fe to As(V) ratio of 50 to 1 w/w. (Upper left) secondary electron image of biogenic Fe(III) mineral goethite (Gt) and the reduction
product vivianite (Vi), (Upper right) average EDX spectra extracted from the circled areas in the map correspond to vivianite platelets (Vi) and
goethite encrusted bacteria (Gt). (Center left) raw EDX map for Fe in blue and for P in red, (Center right) raw EDX map for Fe in blue and for As
in green. (Lower panel from left to right) background-subtracted EDX maps for Fe, P, and As.
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component yielded significant discrepancies between the
matching spectral features (SI Figure S6A).

LCF analysis of the EXAFS spectra for these samples
indicated that the As(III) component could be fitted by
As(III)-sorbed to ferrihydrite, thus indicating that As(III) was
mainly sorbed to the surface of the initial goethite/ferrihydrite
phase, both in the starting materials and after 5 days of
incubation. Alternative fits using As(III)-sorbed to goethite
instead of As(III)-sorbed to ferrihydrite yielded acceptable
results but with a higher residue (SI Figure S6C). However, a
minor contribution of As(III) sorbed on the surface of siderite
or vivianite could not be excluded. XANES and EXAFS LCF
also indicated that a significant proportion of As remained as
As(V) sorbed to the goethite/ferrihydrite mineral phase
(Figure 5a, b), accounting for approximately ∼15% for the 5
day sample.
Importantly, XANES (Figure 4) and EXAFS (Figure 5) LCF

results (Table 2) for the samples collected after 5 days
indicated that ∼40% of the total As in the solid phase was in the
form of AsO4

3− anions substituting for PO4
3− in the structure of

vivianite, thus forming a solid-solution between vivianite and
symplesite (Fe3(AsO4)2·8H2O), with an approximate structural
formula [Fe3(PO4)1.7(AsO4)0.3 • 8H2O], as indicated by SEM-
EDX analyses (Figure 2b,c).

■ DISCUSSION
Microbial reduction of As-bearing Fe(III) (oxyhydr)oxides
does not necessarily lead to mineral dissolution and
mobilization of the associated As, but can also lead to the
formation of secondary Fe(II) (e.g., siderite, vivianite) and
mixed Fe(II)/Fe(III) (e.g., magnetite, green rust) mineral
phases that are able to resequester As.20,46,48,50,70 For most of
these Fe minerals, their mode of interaction with As is well-
described in the literature, with the exception of vivianite. For
instance, magnetite65,70−73 and to a lesser extent, green-
rusts66,72,74 have been demonstrated to sorb As(V) and As(III).
The extent of As sorption to siderite is generally limited, with
As(V) showing an inner-sphere sorption behavior, which is
stronger than the observed outer-sphere sorption of As(III) to
siderite.72 In the present study we show that during microbial
reduction of As(V)-bearing biogenic Fe(III) (oxyhydr)oxides in
pH-neutral freshwater medium with a 1 mM phosphate content
As can be scavenged by coprecipitation with vivianite.
Consequently, the following discussion focuses on the
formation of secondarily formed As(V)-bearing vivianite. We
then discuss the impact of As(V) to As(III) reduction on the
mobility of As in this system.

As(V) Sequestration into Vivianite. Our previous study
on the microbial reduction of As-loaded biogenic Fe(III)
(oxyhydr)oxides46 in combination with the present study
suggests that As(V) is initially mobilized and then immobilized
by the formation of secondary Fe minerals (Figure 6b−e). The
presence of medium-derived phosphate, whose concentration
was approximately 10-fold higher compared to typical
concentrations found in aquifers75 and paddy fields,76 thus
influences the formation of vivianite. In addition, medium-
derived phosphate competed for As(V) sorption onto the Fe
(oxyhydr)oxide surfaces, and thus, displaced some As(V) from
these mineral surfaces before Fe(III) reduction started (Figure
6a and Muehe et al.46). Such early mobilized As(V) could
engage in mineral precipitation reactions right from the start of
the experiment.
The present study shows that a significant fraction of the As

in form of As(V) ions substitutes for phosphate in the structure
of vivianite, as demonstrated by a combination of SEM-EDX

Figure 4. As K-edge XANES of As(V)-bearing biogenic Fe(III)
minerals with a Fe to As(V) ratio of 50 to 1 (w/w) that were reduced
by Shewanella oneidensis strain MR-1 at time points 0 (A) and 5 days
(B). Experimental and linear combination fit curves are plotted as
black and red lines, respectively. Spectral components weighted by
their fitted proportions reported in Table 2 are As(V) sorbed on
goethite (blue line); As(III) sorbed on ferrihydrite (gray line);
As(V):vivianite (green line).

Figure 5. As k3-weighted EXAFS (A, B) and their corresponding Fast
Fourier Transform (C, D) of As(V)-bearing biogenic Fe(III) minerals
with a Fe to As(V) ratio of 50:1 (w/w) that were reduced by
Shewanella oneidensis strain MR-1 at time points 0 (A, C) and 5 days
(B, D). Experimental and linear combination fit curves are plotted as
black and red lines, respectively. Spectral components weighted by
their fitted proportions reported in the Table 2 are As(V) sorbed on
goethite (blue line); As(III) sorbed on ferrihydrite (gray line);
As(V):vivianite (green line).
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data (Figure 2) and EXAFS analysis using a reference
compound for As-substituted vivianite (Table 1 and Figure
5). As shown by Frost et al.77 such isomorphic substitution is
expected to be readily possible since the thermochemical radius
of phosphate (2.38 Å) and arsenate (2.48 Å) are close78 and
vivianite (Fe3(PO4)2·8H2O) and symplesite (Fe3(AsO4)2·
8H2O) are isostructural minerals.79 Considering the respective
As/Fe and P/Fe ratios of ∼0.08 and 0.58 obtained with SEM-
EDX in our study, the biogenically formed mixed Fe−As/P
mineral phase is shifted more toward the phosphate end
member rather than to the As(V) one, with the following
approximate structural formula Fe3(PO4)1.75(AsO4)0.25·8H2O.
The solubility products of symplesite and vivianite at 25 °C are
very similar to 10−33.25 and 10−33.06 mol2 L−2, respectively,80

which suggests that a vivianite-symplesite solid solution might
also have a similar solubility product. This mixed phase could
form even when the solution would be under-saturated for each
individual end-member (i.e., for either symplesite or vivianite),
but as soon as the ion activity product (calculated using the
sum of the individual arsenate and phosphate concentrations)
exceeds the estimated solubility product of the mixed vivianite-
symplesite solid. This calculation using the present phosphate
and arsenate concentrations actually showed that the saturation
for the mixed vivianite-symplesite was reached with a saturation
index of 17.7 in our experiments and therefore precipitation of
a mixed As−P−Fe(II) mineral phase was expected based on
solubility product calculations (the full calculation is provided
in the SI Table S3). Harvey et al.52 actually calculated vivianite
to be supersaturated from their measured aqueous concen-

trations in Bangladeshi aquifers, and also observed this mineral
phase by scanning electron microscopy as rims on host grains.
However, they did not specifically look for the incorporation of
As in this phase. Supportingly, Johnston and Singer, 200780

modeled that symplesite could actually form in reduced, Fe2+-
rich, pH-neutral As-contaminated aquifers in Southeast Asia,
and could potentially play an important role as an Fe(II) and
As(V) sink under anoxic conditions. The present study suggests
that solid solutions of the two minerals could also form in such
reducing environments as well as in fertilized flooded rice
paddies, and would thus favor As(V) scavenging, provided that
the phosphate activity would be high enough (Figure 6e). In
fact, the formation of vivianite particles has been shown
convincingly on rice roots grown on P2O5-fertilized soil in pot
experiments,53 and paddy fields.54 To our knowledge, the
formation of As-bearing vivianite in paddy fields or even the
presence of As in vivianite particles around rice roots has not
been investigated yet, and would certainly be of interest.

As Redox Transformation at the Fe(III) (Oxyhydr)-
oxide Surface Influences As Mobilization. In the present
study, As(V) reduction occurred as evidenced by increasing
aqueous and solid phase As(III) concentrations during and
after microbial Fe(III) reduction. Indeed, before microbial
Fe(III) reduction started, some of the As was already present in
solution and consisted mainly of As(V). Phosphate in the
medium and organics as constituents of the biogenic Fe(III)
minerals probably displace some As(V) from Fe(III)
(oxyhydr)oxide surfaces (Figure 6a) as they compete for the
same sorption sites with As(V).7,11 A loss of As from these

Table 2. Results of the Linear Combination Fitting (LCF) of the As K-edge XANES and EXAFS of the As(V)-Bearing Biogenic
Fe(III) Minerals with a Fe to As(V) Ratio of 50 to 1 w/w that Were Reduced by Shewanella oneidensis Strain MR-1 for 5 daysa

sample LCF As(V)/goethite As(III)/ferrihydrite As(V):vivianite Sum R-factor (×104)

0 days XANES 93(12) 6(4) 99 3.8
EXAFS 80(5) 15(5) 96 251

5 days XANES 14(6) 43(15) 42(14) 99 3.6
EXAFS 17(6) 43(2) 40(6) 100 259

aThe proportions of the fitted components are given in % with the uncertainties of the last digit shown in brackets. Contributions below 5% are not
significant.69 The goodness of fit is estimated by R-factor = ∑ (ycalc − yexp)

2/∑ yexp
2.

Figure 6. Scheme summarizing the fate and binding environment of As during microbial reduction of As(V)-bearing biogenic Fe(III)
(oxyhydr)oxides. As(V) bound to the surface of biogenic Fe(III) (oxyhydr)oxides is in equilibrium with aqueous As(V) due to competitive
replacement by phosphate (Pi) that is present in the microbial growth medium (a). Upon microbial Fe(III) reduction by Shewanella oneidensis strain
MR-1 (b), dissolved Fe2+ and As are present (c). Fe2+ precipitates slowly into the secondary Fe mineral vivianite (d). During the formation of
vivianite aqueous As(V) could substitute for Pi forming symplesite (e). Mobilized As(III) binds effectively to the remaining biogenic Fe(III)
(oxyhydr)oxide mineral phase (f).
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biogenic Fe(III) minerals is supportingly evidenced by
decreasing As to Fe ratios in the biogenic goethite/ferrihydrite
mineral phase during microbial Fe(III) reduction. Once
microbial Fe(III) reduction started (Figure 6b), As(V) was
reduced to As(III) that accounted for up to 40% of the total As
in both the aqueous and solid phases (Tables 1 and 2, Figure
6c).
Some Shewanella strains are known to be capable of

dissimilatory Fe(III) and/or aqueous and mineral-bound
As(V) reduction,14,50,81 but not strain MR-1 that was used in
the present study. Indeed, control experiments with S. oneidensis
strain MR-1 have confirmed that under the here-applied
conditions, strain MR-1 was not able to reduce aqueous As(V)
directly in the presence of freshwater medium, 40 mM
fumarate, 20 mM lacetate, and in the absence of AQDS (SI
Figure S7). However, we setup the present Fe(III) (oxyhydr)-
oxide reduction microcosms in the presence of 100 μM of
AQDS, which strain MR-1 reduces intermediately to AH2QDS
to shuttle electrons to Fe(III) mineral phases.82−84 This
reduced form of AQDS has been shown by Jiang et al.83 to
be able to reduce approximately 10% of the As(V) present to
As(III) at circumneutral pH. However, Jiang et al.83 used 5-fold
less of the electron donor AH2QDS than As(V), whereas in our
study either equal concentrations or 4-fold more AQDS than
As(V) was present in the setups with Fe to As ratios of 50 to 1
or 250 to 1, respectively. We therefore repeated these control
experiments to quantify As(V) reduction by AH2QDS under
our experimental conditions. We did not observe any significant
reduction of As(V) by AH2QDS within 5 days of incubation (SI
Figure S8) and thus the exact mechanism of As(V) reduction in
our experiments remains unknown.
The reduction of As(V) by reactive Fe(II) (i.e., mineral-

sorbed Fe(II)) is unlikely since As(V) to As(III) reduction has
not been observed in the presence of green-rust, magnetite and
siderite66,72 nor in the presence of Fe(II)-sorbed goethite.85

Despite the significant reduction of As(V) to As(III), the
proportion of total aqueous As did not vary considerably over
the course of incubation (Table 1), that is, As was not released
significantly. This could be due to binding of As(III) to the
fraction of the initial goethite-ferrihydrite mineral phase that
remained even after reduction, which was observed by EXAFS
analysis showing efficient inner-sphere sorption of As(III) to
the initial goethite-ferrihydrite minerals remaining after
reduction. This observation is in agreement with the high
affinity of As(III) for ferric (oxyhydr)oxide surfaces at neutral
pH (Figure 6f) that was also previously observed.73 By
comparison, As(III) does not bind well to vivianite.86

Environmental Implications. In the present study, we
demonstrate that As(V) can readily replace phosphate in slowly
forming phosphate-containing Fe(II) minerals during reductive
transformation of As-loaded biogenic Fe(III) (oxyhydr)oxides
forming mixed arsenate/phosphate Fe(II) mineral phases. Such
vivianite-symplesite mixed mineral phases could be of environ-
mental relevance as they could form in circumneutral, anoxic,
Fe2+- and phosphate-bearing As-bearing aquifers and sedi-
ments.78 In fact, Harvey et al.52 reported that Bangladeshi
aquifers contain 0.1−0.3 w% of amorphous Fe potentially
present as ferrous phosphates, which could contain As. This
would translate to approximately 0.04−0.1 w% of P in vivianite
and thus 0.005−0.016 w% of As. Furthermore, vivianite-
symplesite mineral phases could also be of environmental
relevance for rice cultivation in As-contaminated rice paddies as
Nanyzo et al.53 quantified 2.0−4.5 g P kg−1 dry rice roots as

vivianite. This vivianite could thus contain 0.29−0.64 g As kg−1
dry root. Whether these vivianite-symplesite mineral phases
occur in these environments, how stable they are, whether and
how fast As(V) can be leached out of them, whether they pose
a potential pool for a delayed or prolonged release of As in
aquifers or reduce the uptake of As by rice, needs to be further
investigated. To fully understand the mobilization and
sequestration of As in contaminated environments, the
potential presence and formation of vivianite/symplesite
mixed mineral phases needs to be considered especially in
phosphate and/or organic matter rich environments.
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