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The redox state and speciation of the metalloid arsenic (As)
determine its environmental fate and toxicity. Knowledge about
biogeochemical processes influencing arsenic redox state is
therefore necessary to understand and predict its environmental
behavior. Here we quantified arsenic redox changes by pH-
neutral goethite [o-Fe"0OH] mineral suspensions amended with
Fe(ll) using wet-chemical and synchrotron X-ray absorption
(XANES) analysis. Goethite itself did not oxidize As(lll) and, in
contrast to thermodynamic predictions, Fe(ll)-goethite

systems did not reduce As(V). However, we observed rapid
oxidation of As(ll) to As(V) in Fe(ll)-goethite systems. Mdsshauer
spectroscopy showed initial formation of ¥Fe-goethite after
57Fe(I1) addition plus a so far unidentified additional Fe(ll) phase.
No other Fe(lll) phase could be detected by Mdssbauer,
EXAFS, SEM, XRD, or HR-TEM. This suggests that reactive
Fe(lll) species form as an intermediate Fe(lll) phase upon Fe(ll)
addition and electron transfer into bulk goethite but before
crystallization of the newly formed Fe(lll) as goethite. In summary
this study indicates that in the simultaneous presence of
Fe(lll) oxyhydroxides and Fe(ll), as commonly observed in
environments inhabited by iron-reducing microorganisms, As(l1l)
oxidation can occur. This potentially explains the presence

of As(V) in reduced groundwater aquifers.

Introduction

Arsenic (As) is a health threat in many countries all over the
world. About 150 million people worldwide are estimated to
be exposed to elevated arsenic concentrations in drinking
water (I). Anthropological and geological sources affect
arsenic concentrations in soils, sediments, surface water, and
groundwater (2). The mechanisms controlling retention and
release of arsenic at the solid—water interface have been
subject to extensive studies (2, 3). However, the relevant
processes are often site-specific and controlled by the present
aqueous geochemistry, hydrology, or anthropogenic impact
(4). This has led to contrary findings in the literature about
the mechanisms responsible for arsenic release/sorption and
for arsenic redox reactions both in the environment but also
in laboratory systems. It has been suggested for example

* Corresponding author phone: +49-7071-2974992; fax: +49-7071-
5059; e-mail: andreas.kappler@uni-tuebingen.de.

T University of Tuebingen.

* Colorado State University.

S Current address: Department of Environmental Engineering,
Norwegian Geotechnical Institute, 0806 Oslo, Norway.

102 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 1, 2010

that reductive dissolution of arsenic-bearing Fe(III) minerals
in groundwater aquifers leads to a release of the adsorbed
arsenic (5, 6). However, as recently shown, microbial iron(I1I)
reduction can also lead to the formation of stable Fe(II)-
containing mineral phases and thus to arsenic sorption and
immobilization (7—9). Bacteria can also change arsenic
mobility by As(V) reduction as well as by As(II) oxidation
(10, 11). Reduction of As(V) to As(Il) for example leads to
enhanced mobility and toxicity of the reduced species
(10, 12, 13).

The differences in mobility and toxicity of the two most
environmentally relevant arsenic species, As(III) and As(V)
oxyanions, make an in-depth understanding of arsenic redox
chemistry important. Abiotic oxidation of dissolved As(III)
has been detected in solutions containing oxygen and Fe(I)
or oxygen and MnO, (14— 16). Chemical oxidation of As(III)
has also been observed on the solid phase of reactive iron
barriers (17), in the presence of Fe(IV) formed by H,0,-
dependent Fenton reactions (18), under alkaline conditions
in the presence of Fe(0) or Fe(III) oxyhydroxides (19) and by
lake sediments (14). Although thermodynamically unfavor-
able, As(V) was also found under anoxic conditions in natural
groundwater samples (5).

To our knowledge, no detailed studies have been pub-
lished on the redox interaction of arsenic with green rusts
or systems containing Fe(III) mineral and aqueous/sorbed
Fe(Il) although such systems showed reduction of organic
compounds (20, 21) as well as heavy metals (22, 23). Goethite
interacting with dissolved Fe(II) showed the highest redox
activity in comparison to the other Fe(III) (oxy)hydroxides
(29).

Based on the knowledge gaps outlined above, the goal of
this study was to quantify the redox transformation of As(V)
and As(III) in systems containing goethite and aqueous Fe(Il).
Dissolved and sorbed arsenic species were quantified by wet-
chemical analysis and synchrotron-based X-ray absorption
techniques (XANES). The mineral phases were characterized
by scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HR-TEM), u-X-ray dif-
fraction (u-XRD), Fe extended X-ray absorption fine structure
(Fe-EXAFS), and by Mdossbauer spectroscopy.

Experimental Section

Chemicals and Minerals. All chemicals used in this study
were of analytical grade. Arsenic solutions were prepared
from sodium salts (NaAsO,, Na,HAsO,).

The Fe(Il) stock solution was prepared by adding 3.63 g
(0.065 mmol) metal iron (Fe(0)) to 100 mL anoxic 1 M HCl
in a screw cap bottle with a rubber septum under anoxic
conditions. The suspension was heated to 80 °C while gently
stirring. After 2 h no more hydrogen evolution was observed
indicating that Fe(0) oxidation stopped. The suspension was
filtered in an anoxic glovebox (0.2 um PTFE filter) to remove
any residual metal iron. The concentration of Fe(II) was
determined colorimetrically by the ferrozine assay (see
below). An isotopically pure %’Fe(Il) solution was prepared
similarly from "Fe(0) (96% pure, ChemGas) according to
Williams and Scherer (25).

Goethite (Bayferrox 920 Z) was provided by LANXESS
Deutschland GmbH (for detailed characterization see Sup-
porting Information (SI)). Isotopically pure *Fe-goethite was
synthesized using isotopically pure ¢Fe(0) (99.9% pure,
ChemGas) according to Williams and Scherer (25). The
mineral purity and absence of significant amounts of
contaminations were verified by SEM, XRD, and in case of
minerals with natural abundance of Fe-isotopes, also by TOC
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(total organic carbon), XRF (X-ray fluorescence), and Moss-
bauer analysis (see also SI). The mineral specific surface area
was determined by N,—BET measurements (Bayferrox go-
ethite: 9.2 m?/g, *Fe-goethite: 44 m?/g).

Fe(II)-Goethite Arsenic Redox Transformation Experi-
ments. Suspensions with a goethite concentration of 50 m?/L
(5.4 g/L) were prepared anoxically in screw cap bottles with
a Teflon coated rubber septum. The mineral powder was
suspended in DI water, homogenized for 24 h in an overhead
shaker, and washed twice with DI water. The stirred suspen-
sion was purged with N, for 1 h and transferred into an anoxic
chamber (Braun, Germany; 100% N,). Dissolved Fe(II) (0.7
M stock solution, prepared as described above) and anoxic
0.2 M NaOH were added alternating with equilibration
periods of several hours between the additions until an Fe(II)
concentration in solution of 1 mM and a pH of 7 was reached
(total amount of Fe(II) added was about 2 mM). Saturation
for Fe(OH), is not reached under these conditions (see SI).
After 17 h of incubation, aliquots of 25 mL suspension were
distributed for duplicate batches into 50 mL serum bottles.
As(III) or As(V) were added to a final concentration of 1.2
mg/L, and the bottles were shaken in the dark (to prevent
photochemical reactions) at room temperature. After sam-
pling at 0, 6, and 7 days, the content of one bottle was filtered
through a syringe filter (0.45 um, nitrocellulose acetate,
Millipore). The homogenously distributed thin paste of
reacted goethite (including adsorbed/transformed Fe(II) or
arsenic) on the filter was dried (~2 min), then sealed between
two pieces of Kapton polyimide film to prevent oxidation
while minimizing X-ray absorption, and packed in anoxic
vials individually until measurement at the Stanford Syn-
chrotron Radiation Lightsource (SSRL). Subsamples for SEM
and XRD analysis were collected as well as liquid samples for
Fe(Il) and arsenic identification and quantification. The
Fe(Il)-goethite arsenic redox transformation experiments
were repeated once giving comparable results with regard
to As(III) oxidation. The results shown in this study originate
from one of these two experiments. Within each experiment,
all batch mixtures were prepared in duplicate.

5Fe(II)-5°Fe-Goethite Experiment. Isotopically pure,
water-rinsed and dried *Fe-goethite was suspended in anoxic
DI water in the glovebox. The Fe-goethite concentration
was 50 m?/L (1.14 g/L). "Fe(Il) concentration and pH were
adjusted as described in the section above and were set to
1 mM and pH 7, respectively (total amount of Fe(I) added
was about 1.1 mM). The suspension was incubated for 23 h,
filtered (see above) and the filter was mounted between
Kapton tape for Mossbauer measurements.

Analytical Methods. Separation of the aqueous arsenic
species was done using an anion exchange cartridge ac-
cording to (26). This cartridge retains As(V) but not As(III)
within the pH range of 4—9 with a removal efficiency of 98%
for As(V) and arecovery of As(IIl) of 95% (26). After separation,
aqueous arsenic was quantified by ICP-MS (Elan 600, PE
SCIEX, Perkin-Elmer). Detection limit for arsenic was 1 ug/
L. Samples were stabilized in 0.1 M HNO; (4.5 mL sample
+ 05 mL 1 M HNOjs) and stored in the fridge until
measurement. Rhodium was added as internal standard to
each sample to a final concentration of 1 ppm Rh.

Dissolved iron was quantified using the ferrozine assay
(27). In order to measure total iron (Fe(tot)) concentrations,
aliquots were reduced with 10% w/v NH,OH x HCl dissolved
in 1 M HCL Fe(Il) and Fe(tot) samples were mixed with a
0.1% w/vsolution of ferrozine in 50% w/vammonium acetate
buffer. Absorbance was measured at 562 nm in microtiter
plates with a plate reader (FlashScan 550 microplate reader,
Analytik Jena AG, Germany).

The specific surface area of iron minerals was determined
by the BET method with a Gemini 2375 surface area analyzer
with N, as adsorbing gas. Mineral samples were degassed

and dried for 30 min under vacuum at 105 °C, before
measuring a five-point-BET-curve.

Mossbauer spectra were collected with a constant ac-
celeration drive system in transmission mode and with a
57Co source at room temperature. Samples were mounted in
aclose-cycle exchange-gas cryostat (Janis, U.S.) that allowed
cooling of the sample to 4.2 K. Spectra were calibrated against
a spectrum of alpha-Fe metal foil collected at room tem-
perature. Spectra calibration and fitting was performed with
Recoil software (University of Ottawa, Canada) using Voigt
based spectral lines (for details see SI).

For micro-X-ray diffraction («-XRD), samples were grinded
in an agate mortar, prepared on a Si single crystal silicon
wafer, and covered with a polyethylene foil to prevent
oxidation. The u-XRD-device (Bruker D8 Discover XRD
instrument, Bruker, Germany) with a Co K, X-ray tube (30
kV, 30 mA) allows measurements at a spot diameter of 50 or
300 um (28). The EVA 10.0.1.0 software was used to merge
the three measured overlapping frames of 30° 26 (GADDS
area detector). The mineral phases were identified using the
PDF-database licensed by the International Centre for
Diffraction Data (ICDD).

Extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near-edge structure (XANES) spectroscopy
was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamlines 10—2 and 112, respec-
tively. The storage ring was operated at 3.0 GeV and at currents
between 60 and 100 mA. The Fe-EXAFS analytical procedures
used here were similar to those described previously; for
details see SI and refs 29 and 30. A Si(220) monochromator
was utilized for energy selection at the arsenic K-edge and
sample fluorescence was measured with a Ge detector. The
samples were maintained at 5 K during the data collection
to prevent sample beam damage (i.e., beam induced redox
reactions) using an Oxford Instruments CF1208 continuous
flow liquid helium cryostat (see SI). Arsenic K-edge spectra
were internally calibrated with sodium arsenate (11,874 eV).
Linear combination fitting (LCF) of the sample spectra was
performed using the arsenic model compounds. Precision
of fitting arsenic species from XANES spectra is estimated to
be 5% (31). For details about As analysis see SI.

Mineral samples for scanning electron microscopy (SEM)
were prepared under anoxic conditions on an Al-stub covered
with a conductive graphite tape. The sample was coated with
a 45 nm Au coating (SCD 005/CEA 035 sputter, BAL-TEC).
Images were obtained with an electron microscope (SEM
LEO-1450 VP, LEO electron microscopy) with an acceleration
voltage of 15—20 kV at a working distance of 5—12 mm (from
six samples we analyzed at least two spots each at different
magnifications).

For high resolution transmission electron microscopy
(HR-TEM) aliquots of a goethite and a Fe(ll)-goethite
suspension were taken. After centrifugation the solids were
washed twice with anoxic water and dried. Minerals were
resuspended in methanol and placed on a holey carbon grid.
HR-TEM images were taken at a JEOL 2100-F electron
microscope (32) from two samples. Based on a preview of
seven spots at a regular TEM, two images per sample were
taken at the HR-TEM.

Results

Arsenic Redox Changes in Fe(II)-Goethite Systems. Arsenic
redox changes were followed and quantified both in solution
and at the mineral surface after incubation of As(III) or As(V)
with goethite and Fe(II)-goethite. X-ray absorption near edge
spectroscopy (XANES) was used for speciation and quan-
tification of mineral surface-associated arsenic. Both XANES
analysis (Figure 1, Table 1) and quantification of arsenic in
solution (Table 1) showed neither As(III) oxidation nor As(V)
reduction by pure goethite. When adding Fe(Il) to goethite
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FIGURE 1. As-XANES spectra showing arsenic redox

transformation by reactive iron species at time point zero
(directly after mixing), after 6 h and after 7 days. The
experiments contained goethite (gt) and Fe(ll) with either As(lll)
or As(V). For comparison As(V) and As(lll) adsorbed to goethite
without Fe(ll) are shown at the bottom.

suspensions we did not observe As(V) reduction even after
7 days of incubation indicating that the Fe(I)-goethite system
was unable to reduce As(V) to As(ITI) under these conditions
(Figure 1, Table 1). However, when adding As(III) to a Fe(I)-
goethite suspension we observed rapid oxidation of As(IIl),
both in solution and in the solid phase (Figure 1, Table 1).
XANES analysis showed 21, 16, and 12% As(V) (formed by
oxidation of As(IIl)) at the mineral surface directly after mixing
(0h), after 6 h and after 7 days, respectively. The total amount
of arsenic in solution decreased from 377 to 128 ug/L after
7 days of reaction (Table 1), indicating increasing adsorption
over time. pH values dropped less than 0.5 units at sampling
time points after incubation with arsenic (data not shown).

Mineral Formation and Transformation in Fe(II)-Go-
ethite Systems. To understand the arsenic redox changes
observed in our experiments it is necessary to identify the
reactive iron species responsible for the As(III) oxidation.
We therefore performed Mossbauer spectroscopy, Fe-EXAFS,
XRD, SEM, and HR-TEM analysis in an attempt to elucidate
the structure of the minerals present. In order to identify
potentially reactive iron phases formed upon addition of
Fe(I), we used the advantage of Mdssbauer spectroscopy to
specifically detect the "Fe isotope. We prepared a goethite/
Fe(Il) suspension using *Fe-goethite and aqueous *Fe(Il)
(without addition of arsenic). The transformation of the added
57Fe(ID) at the goethite surface was then selectively detected
by Mdssbauer spectroscopy without the background signal
of the underlying %Fe-goethite. Fitting of the obtained
spectrum (measured at 77K, fitting parameters are given in
the SI) resulted in a sextet (95%) indicating the presence of
57Fe-goethite that is formed by oxidation of the sorbed >’Fe(II)
by the underlying goethite (25, 32, 33) (Figure 2). In addition
to the goethite sextet, we observed a doublet (5%), indicating
the presence of a 5Fe(Il) species, which could possibly
represent Fe(II) hydroxide, green rust or adsorbed Fe(Il).
However, the presence of Fe(Il) hydroxide could be ruled
out first because the saturation for Fe(OH), is not reached
in our systems (see SI) and second because the quadrupole
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splitting distribution value is too low (2.60 & 0.05 mm/s here
compared to 3.0 mm/s for pure Fe(Il) hydroxide) (34). The
presence of a detectable Fe(II) phase in similar goethite-
Fe(Il) systems has not been reported previously (25), (33),
(35). In contrast to these studies where the goethite mineral
surface was not saturated with Fe(Il), we had seven times
more Fe(Il) removed than surface sites available (see SI)
indicating a significant oversaturation of the surface with
Fe(Il) compared to the other studies that did not show a
detectable Fe(II) phase. This oversaturation combined with
the different nature of the goethite used in our study, such
as particle volume or semiconducting ability, were likely
responsible for the formation of a detectable Fe(Il) phase in
our experiments.

HR-TEM images of pure goethite compared to Fe(II)-
treated goethite rods showed no distinct changes in crystal
structure (Figure 2). Similar structures were observed in a
previous TEM study (32) where the authors also saw no
differences between pure goethite and Fe(II)-treated goethite
although they speculated that differences might be seen by
HR-TEM. In our experiments XRD, Fe-EXAFS, and SEM
analysis of the Fe(Il)-goethite mixture after 7 days of
incubation with and without added As(III) showed reflections
(XRD), spectra (Fe-EXAFS) and structures (SEM) typical for
goethite (Figure 2). No secondary iron minerals were observed
or identified by SEM, XRD, and Fe-EXAFS. However, the
amount of the Fe(II) phase (5% of the added dissolved *"Fe(Il))
detected by Mdssbauer spectroscopy is very low and most
likely not detectable by the other analytical methods used
(due to the Fe EXAFS and XRD detection limits of ap-
proximately 5 mol % Fe and 5 wt %, respectively).

Discussion

Arsenic Redox Transformation by Fe(II)-Activated Goethite.
Quantification of dissolved arsenic species separated by an
ion exchange cartridge followed by ICP-MS analysis and of
mineral-bound arsenic by synchrotron based X-ray absorp-
tion spectroscopy (XAS) allowed analysis and quantification
of the arsenic redox speciation in our arsenic-goethite
systems. Based on thermodynamic considerations for arsenic
redox transformations in our Fe(II)-goethite system (SI Figure
$2), reduction of As(V) to As(III) is expected to occur at neutral
pH (Figure 3a, reaction 2a). Similar experiments with reactive
Fe(Il)-bearing mineral systems demonstrated reduction of
heavy metals (Cr(IV), U(VI)) by carbonate green rust, Fe(I)-
hematite systems. and iron-containing sediment particles
(22, 23). In contrast to reduction of the dissolved chromate
and uranyl which leads to formation of less toxic and
immobile oxides and hydroxides, reduction of As(V) would
enhance the risk potential of this metalloid due to the higher
mobility and toxicity of As(IIl) (2). However, in our experi-
ments we did not observe As(V) reduction by abiotic Fe(II)-
goethite systems but rather As(III) oxidation in both the solid
and the liquid phase (Figure 1; Table 1). Several mechanisms
for As(Ill) oxidation are possible (Figure 3a). Since we
observed no redox transformation in experiments with
goethite in the absence of Fe(Il), we can rule out the direct
oxidation of As(IIl) by goethite in our systems (Figure 3a,
reaction 2b), as it was suggested by Sun and Doner to occur
in particular atlower pH values (pH 5) (16). Thermodynamic
calculations for As(IIl) oxidation by goethite (and iron
minerals such as ferrihydrite, magnetite, green rust and
aqueous Fe(OH);) showed that oxidation of As(II) by these
Fe(Ill) phases under our experimental conditions is ener-
getically unfavorable (granted that all literature values used
for the Gibb’s free energy of formation have basically no
error associated with them) although the redox potentials of
As(III)/As(V) and Fe(II)/goethite redox couples are close to
each other (see SI). Direct oxidation of As(IIl) by O, can also
be excluded in our experiments due to strict anoxic experi-
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FIGURE 2. (a) Mésshauer spectrum of %goethite with adsorbed 5Fe(ll) measured at 77K showing a Fe(lll) goethite sextet and a Fe(ll)
doublet. (b, c) High-resolution transmission electron microscopy (HR-TEM) images of (b) goethite and (c) Fe(ll)-goethite systems after
4 days of incubation (size bar 5 nm). (d, e) SEM images of (d) goethite or (e) Fe(ll)-goethite systems after 7 days of incubation (size
bar 1 gm). (f) XRD patterns of Fe(ll)-goethite and Fe(ll)-goethite + As(lll) after 7 days of incubation, showing reflections only for
goethite. (g) k’-weighted Fe-EXAFS spectrum of goethite reacted with Fe(ll) and As(lll) for 7 days (solid line) and linear combination

fit (LCF; dotted line) using pure goethite with adsorbed As(lll).

TABLE 1. Redox Speciation of Arsenic Sorbed to the Solid Phase and Arsenic in Solution for Abiotic Experiments with Goethite
(gt) Amended with As(Ill)/As(V) or Goethite Amended with Fe(ll) and As(l1l)/As(V)

Concentration in solution”

Solid phase?
As(lll) As(V) As(lll)
(%) (%) (ppm)
gt+Fe(ll)+As(Il) 0h 79 21 119
6 h 84 16 154
7d 88 12 173
gt+Fe(ll)+As(V) 0h ° 100 e
6 h ° 100 °
7d ° 100 °
Gt+As(lll) 7d 100 e 208
Gt+As(V) 7d ° 100 °

As(V) As(lll) As(V) As(Il) As(V) so‘l‘jﬁ'gn /
0 0,
(ppm) (%) (%) (ug/L) (ug/L) As tot
32 86 14 324 53 0.31
29 94 6 187 12 0.17
24 89 1 114 14 0.11
221 c c c Cc O
221 c c c c O
221 Cc c c Cc 0
e 100 c 69 e 0.06
221 c c c c 0

2 Determined by X-ray absorption near edge spectroscopy (XANES) ? Determined by ICP-MS € Concentration below

detection limit (1 ug/L).

mental conditions (Figure 3a, reaction 2¢). The oxidation of
As(IIl) by O, is a relatively slow process (14), even trace
amounts of O, can therefore not explain the fast oxidation
of As(IIl) observed in samples obtained right after As(III)
addition to the Fe(II)-goethite mineral suspension. Addition-
ally, the absence of O, in our experiments excludes the
previously described As(III) oxidation in presence of O, and
Fe(l) (15, 18, 36). The potential for a Fenton’s reaction
induced oxidation of As(III) by reactive hydroxyl radicals was
also considered since aqueous systems exposed to ultraviolet

and visible light can cause the formation of hydrogen peroxide
(i.e., H,O,) (37). However, Fenton’s reaction does not seem
to be a plausible explanation for the oxidation of As(III) since
thereaction had only been described in presence of O, leading
to H,0, formation (e.g., photochemically) or after addition
of H,0, (18, 36, 37). Both scenarios do not apply for our
system since all experiments were done under strictly anoxic
conditions and can therefore not explain the observed
oxidation. Emett and Khoe (38) described As(IIl) oxidation
in the dark in presence of chloride and absence of oxygen,
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FIGURE 3. (a) Scheme summarizing possible redox reactions in
a system containing dissolved Fe(ll), goethite and the arsenic
species As(lll) or As(V). (1) Adsorption of dissolved Fe(ll), (2a)
reduction of As(V) by adsorbed Fe(ll), (2b) direct oxidation of
As(lll) at the goethite surface, (2c) oxidation of As(lll) by 0,
and (2d) As(lll) oxidation by secondary mixed-valent iron
mineral phases (the latter one probably being relevant for our
study and therefore highlighted in gray). (b) Suggested
mechanism of formation of a reactive Fe(lll) intermediate phase
formed upon (7) adsorption of dissolved Fe(ll), i.e., Fe?*, (1b)
binding of As(lll) to the sorbed Fe(ll) (2), electron transfer into
the bulk goethite phase forming the reactive Fe(lll)
intermediate. This intermediate either (3) transforms/crystallizes
into goethite or (4) oxidizes As(lll) via the reactive Fe(lll)
intermediate.

i.e., conditions similar to the ones in our study. However, in
their experiments As(III) oxidation took place at pH 1.5 with
high concentrations of Fe(IIl) being in solution and not at
neutral pH (with extremely low Fe(III) in solution) where we
observed As(III) oxidation. Furthermore As(III) oxidation in
their experiments was slowed down by dissolved Fe(II) which
we added in surplus. We also tested the potential for
synchrotron radiation induced oxidation of As(III) by com-
paring multiple rapid XANES scans performed on the same
sample location but no beam-induced redox change was
observed when analyzed at 5K (see SI Figure S1). In addition,
As oxidation was also observed in synchrotron independent
measurements where As(V) was quantified in the aqueous
phase by ICP-MS (Table 1) thereby further eliminating the
potential for synchrotron induced oxidation of As(IIl). We
therefore conclude that the As(III) oxidation observed in our
experiments was caused by a reactive Fe(Ill) species or
secondary iron mineral phase that was formed during
electron transfer from Fe(II) to goethite (Figure 3a, reaction
2d).
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Identity of Reactive Iron Phases Formed in the Fe(II)-
Goethite System. Fe-EXAFS, XRD, and SEM analysis did not
indicate the presence of any crystalline or amorphous mineral
phase other than goethite (Figure 2). There was also no
evidence for the formation of a new iron phase based on
HR-TEM imaging after 4 days of reaction of goethite with
aqueous Fe(Il) (Figure 2). However, Mossbauer spectroscopy
analysis of a system containing isotopically pure *Fe-goethite
and *"Fe(I) allowed us to selectively trace the fate of the
initially present dissolved 3’Fe(Il). Upon addition of aqueous
57Fe(1), we detected a so far unidentified "Fe(Il)-containing
compound, possibly green rust or a sorbed Fe(II)-species.
Model calculations of Fe(II) sorption to goethite by Hiemstra
and van Riemsdijk (39) suggested a combination of Fe(II)
sorption and Fe(Il) surface oxidation. This is in agreement
with our experiments which led to the presence of adsorbed
57Fe(11) and *’Fe-goethite formation, respectively. According
to their calculations, the predominance of one or the other
mechanism depends mainly on pH variations just around
pH 7. The lack of another Fe(IIl) signal in addition to the
Fe(Ill)-goethite signal questions the presence of the mixed
Fe(Il)—Fe(Ill) phase green rust, but does not necessarily
exclude it. The expected Fe(IIl) signal for green rust could
be masked by the dominant goethite signal and the broad
Fe(II) signal and may not be resolved in the spectrum due
to its low content. Although green rusts formed in oxic and
anoxic Fe(0)-containing systems have been shown to oxidize
As(IlI) (17, 40, 41), a very recent lab study demonstrated that
carbonate green rust neither caused reduction of As(V) nor
oxidation of As(II) (42). Therefore the influence of green
rust on the redox state of arsenic remains controversial and
cannot be resolved in our system.

In addition to the 5Fe(Il)-signal, we also observed the
formation of a 3Fe(Ill)-mineral phase, namely goethite
(although it cannot be excluded that other Fe(Ill) phases
were present in amounts below the Mossbauer detection
limit of approximately 2%). Similar to previous studies
(25, 33, 43), this can be interpreted as a result of electron
transfer from surface bound *"Fe(I) to the underlying goethite
and crystallization of the formed >"Fe(III) as goethite. In a
recent study, even complete atom exchange between the
aqueous Fe(Il) and goethite was described which indicated
partial recrystallization of the goethite particles (32). The
fact that goethite is formed from the added Fe(II) and no
other Fe(IIT) mineral phases were detected suggests that the
reactive Fe(IIT) phase that is responsible for As(III) oxidation
in our experiments is formed as areactive intermediate phase.
This intermediate stage could be present during the electron
transfer from sorbed Fe(Il) to the bulk goethite and before
the structural reorientation of this Fe(III) (the original Fe(II))
and its final crystallization as goethite (Figure 3b). This
intermediate Fe(III) species could then interact with As(III),
e.g., via ternary complex formation (see next section) leading
to As(IIl) oxidation. Evidence for the presence of a short-
lived but very reactive intermediate comes from the obser-
vation that the kinetics of As(IIl) oxidation in our system
obviously is very fast. Specifically, we observed the highest
extent of As(IIl) oxidation immediately after mixing of all
components (Figure 1, Table 1). Previous isotope exchange
studies lead to the conclusion that the atom exchange
between dissolved and solid iron is an initially fast and then
slower continuous process. Its extent depends on mineral
size, Fe(II) concentration and incubation time (32, 44—46).
Although As(III) should be oxidized by the reactive inter-
mediate until either Fe(Il) or As(IIl) is fully reacted, we
observed that the reaction stopped as a specific As(V) to
As(III) ratio was reached. This could be due to several reasons:
(i) reaching equilibrium of the redox reaction (see discussion
of the Ey-pH diagrams for As(III)/As(V) and Fe(Il)/goethite
in the SI), (ii) saturation of the bulk goethite with transferred



electrons from Fe(II) and As(III), or (iii) limitation of the iron
atom exchange (limited number of reactive sites) due to
arsenic sorption on the iron mineral surface. Jones et al. (44)
for example showed a decrease in atom exchange of different
iron minerals in presence of silicate or natural organic matter.
A detailed quantification of the iron pool participating in
atom exchange and changes in the exchange rate over time
could potentially provide further insight into the As(III)-
oxidizing process and how the arsenic—iron surface com-
plexes affect the reactivity of the system.

Role of Ternary Goethite-Fe(II) —As(III) Complexes. Due
to the strong sorption affinity of arsenic to iron, surface
complexes between arsenic and the iron surface are expected.
After mixing goethite with dissolved Fe(II), the present surface
species that can interact with arsenic are structural Fe(III),
sorbed Fe(II), and the potential intermediate Fe(III) species,
respectively. Model calculations by Hiemstra and van Ri-
emsdijk (39) and Dixit and Hering (47) showed that more
As(IIl) is adsorbed by goethite in presence of increasing
amounts of Fe(Il). They suggested the formation of ternary
binuclear-bidentate complexes either in the form of goethite-
As(II)—Fe(Il) (39) or goethite—Fe(Il)—As(IIl) (47). Such
complexes may even facilitate electron transfer inbetween
the three reactants. Although both studies did not consider
redox transformations of arsenic in their calculations,
it would be conceivable that in our as well as in their
experiments the presence of an inner-sphere complex of
goethite—Fe(Il),—As(III) could have led to a transfer of two
electrons from the two Fe(II) atoms to goethite followed by
the formation of a reactive intermediate goethite—
Fe(III),—As(III) complex (Figure 3b). The intermediate Fe(III)
phase (discussed above) with a potentially enhanced redox
activity could now act as an oxidant for As(IIl) forming a
goethite—Fe(I),—As(V) complex (Figure 3b). Since more
As(IlI) sorption to goethite in the presence of Fe(II) was
determined based on ICP analysis of the total soluble arsenic
concentration in the supernatant by Dixit and Hering (47),
it is likely that the increased As(II) sorption observed by
these authors was due to As(IIl) oxidation (in the
goethite—Fe(III),—As(III) complex) and thus As(V) adsorption
rather than formation of ternary goethite—Fe(II)—As(III)
complexes per se. Itis widely recognized that As(V) and As(III)
predominantly form inner-sphere complexes on iron (hy-
dr)oxides, however, it is still not clear what structural
arrangement predominates (48). The type of inner-sphere
complex formed between As(V) and goethite (e.g., bidentate
binuclear, bidentate mononuclear, or monodentate) will
likely influence the sorption capacity of goethite. If the
structural arrangement of As(V) adsorption is different than
for As(II) then oxidation of As(III) could explain the observed
increased As(IIl) adsorption in the presence of Fe(II).

Environmental Implications. Several studies have already
described the occurrence of thermodynamically unstable
As(V) under reducing conditions in natural environments
(49, 50). This indicates that reductive dissolution of iron
minerals or microbial arsenic reduction (6, 51) in anoxic zones
may not be the only explanation for natural arsenic con-
tamination and speciation. Oxidation of As(IIl) by a
Fe(II)—goethite mixture may be an important mechanism
that could be responsible for As(V) formation in anoxic
aquifers similar to the recently reported As(II) oxidation by
reactive semiquinone radicals formed during reduction of
humic model compounds (52). Such processes could be
specifically important in undisturbed aquifers as described
by Polizotto et al. (4). Freshly deposited surface sediments
were identified as main source for arsenic through iron and
arsenic reduction under anoxic conditions. Released arsenic
and Fe(Il) was found to be transported then into deeper
layers and into the groundwater (4). In deeper layers easy
reducible iron phases (ferrihydrite) are most likely depleted

after microbial reduction, but more crystalline minerals
(goethite) would still be present. In situ formed Fe(II) —goethite
could promote arsenic oxidation as described in this study.
In general, hydraulic flow and thereby transport of dissolved
reactants (Fe(II) or As(IIl)) seem to become more and more
important for interpretation of field data (4, 53).
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