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ABSTRACT: “Green rust” (GR), a redox-active Fe(II)−Fe(III)
layered double hydroxide, is a potential environmentally relevant
mineral substrate for arsenic (As) sequestration in reduced, subsurface
environments. GR phases have high As uptake capacities at circumneutral pH conditions, but the exact interaction mechanism between
the GR phases and As species is still poorly understood. Here, we
documented the bonding and interaction mechanisms between GR
sulfate and As species [As(III) and As(V)] under anoxic and circumneutral pH conditions through scanning transmission electron
microscopy (STEM) coupled with energy-dispersive X-ray (EDX)
spectroscopy and combined it with synchrotron-based X-ray total
scattering, pair distribution function (PDF) analysis, and As K-edge Xray absorption spectroscopy (XAS). Our highly spatially resolved
STEM−EDX data revealed that the preferred adsorption sites of both As(III) and As(V) are at GR crystal edges. Combining this
data with diﬀerential PDF and XAS allowed us to conclude that As adsorption occurs primarily as bidentate binuclear (2C) innersphere surface complexes. In the As(III)-reacted GR sulfate, no secondary Fe−As phases were observed. However, authigenic
parasymplesite (ferrous arsenate nanophase), exhibiting a threadlike morphology, formed in the As(V)-reacted GR sulfate and acts
as an additional immobilization pathway for As(V) (∼87% of immobilized As). We demonstrate that only by combining highresolution STEM imaging and EDX mapping with the bulk (diﬀerential) PDF and extended X-ray absorption ﬁne structure
(EXAFS) data can one truly determine the de facto As binding nature on GR surfaces. More importantly, these new insights into
As−GR interaction mechanisms highlight the impact of GR phases on As sequestration in anoxic subsurface environments.

■

INTRODUCTION
Green rust (GR) phases are redox-active layered double
hydroxides (LDHs) consisting of positively charged Fe(II)−
Fe(III) hydroxide layers separated by negatively charged
hydrated interlayers with anions (e.g., Cl−, SO42−, CO32−)1
and occasionally monovalent cations.2,3 GR phases have been
observed as steel corrosion products; 4 however, their
prevalence in many natural anoxic and suboxic environments,
for example, in gley soils,5,6 groundwaters,7 ferruginous
lakes,8−10 mofette sites,11 and mine drainage sites,12,13 are
increasingly recognized. GR phases are nanoparticulate and
have a point of zero charge around pH 814 and are often
present in reduced and slightly oxidized subsurface environments where they can act as essential mineral substrates for the
removal of toxic oxyanions.15−17
Among the most toxic oxyanions, arsenic (As) is often found
in high concentrations in drinking and groundwaters, where it
poses a signiﬁcant global environmental and public health
concern.18,19 Concentration of As in contaminated natural
waters can be as high as 5000 μg L−1, while that in mininginﬂuenced environments (e.g., groundwaters aﬀected by mine
drainage) can reach up to 850 000 μg L−1.20 These
concentrations are of concern, especially because the World
© XXXX American Chemical Society

Health Organization provisional limit for As in drinking water
is 10 μg L−1,19 and target concentrations are even lower in
some countries (e.g., Denmark, 5 μg L−1;21 the Netherlands, 1
μg L−1).22,23
GR phases are among the most eﬀective Fe (oxyhydr)oxides
for As sequestration under anoxic conditions and circumneutral to slightly alkaline pH.24 We have shown that synthetic
GR sulfate can adsorb up to 160 mg As(III) and 105 mg of
As(V) per g solid and that geochemical factors such as pH,
ionic strength, and the presence of coexisting ions can greatly
aﬀect the As uptake.25 We have also recently demonstrated
that anoxic aging of As-bearing GR carbonate leads to the
incorporation of As into the magnetite transformation product,
which aﬀects aqueous As concentrations.26
While the geochemical controls on As uptake and/or rerelease have been identiﬁed, a clear mechanistic understanding
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Acros Organics and used as received. Stock solutions were
prepared inside an anoxic, vinyl-walled glovebox (97% N2, 3%
H2, Coy Laboratory Products, Inc.) using deoxygenated,
deionized water, which was obtained by purging the water
with O2-free argon at 90 °C for at least 4 h.
GR Synthesis and Bulk Adsorption Experiments. GR
sulfate was synthesized following a modiﬁed co-precipitation
method by Géhin et al.42 by titrating a mixed solution of
(NH4)2Fe(SO4)2·6H2O and Fe2(SO4)3 (Fe(II)/Fe(III) ratio =
3) with NaOH until pH ∼8.25,43 The freshly precipitated GR
slurries (∼27 mM Fetot) were added with either As(III) or
As(V) solution ([As]initial ≈ 6.7 mM) at pH ∼7 and reacted for
5 days. The amount of adsorbed As was determined by
inductively coupled plasma optical emission spectroscopy
(ICP-OES Varian 720ES) following a method described in
Perez et al.25 Further information can be found in the
Supporting Information (Text S1).
Material Characterization. The As-reacted GR solids
were analyzed by a suite of laboratory- and synchrotron-based
characterization techniques to determine their structure,
composition, particle sizes, morphologies, and As oxidation
state and bonding environment. All sample preparations for
material characterization were done inside an anoxic glovebox,
either with a 97% N2/3% H2 (Coy) or an argon (MBRAUN)
atmosphere. Detailed information on sample preparation to
prevent oxidation and on solid characterization can be found in
the Supporting Information (Text S1).
The morphology, structure, size, and elemental composition
of the As-reacted GR samples were characterized by STEM.
HAADF−STEM images and EDX spectra and maps were
recorded using an FEI Titan3 Themis G2 STEM operating at
300 kV with an FEI Super-X 4-detector EDX system, a Gatan
One-View CCD and a Gatan Quantum 965 ER imaging ﬁlter.
The specimens were stable under the electron beam and no
signiﬁcant changes in morphology or crystal structure were
observed during data acquisition (<15 min per region of
interest).44 Principal component analysis (PCA) and nonnegative matrix factorization (NMF) were carried out on the
acquired EDX maps to separate diﬀerent phases present in the
spectral image. The analyses were carried out using the Python
library hyperspy45 by loading the spectral image into hyperspy
and then cropping the energy signal between 0.1 and 12 keV to
remove the large EDX peak found at 0 keV and to reduce the
size of the data set.
The local structure of the solids was investigated using PDF
analyses, following synchrotron-based X-ray total scattering
analyses. The X-ray total scattering data were collected at
beamline 11-ID-B at the Advanced Photon Source (Argonne
National Laboratory). Diﬀerential PDFs (d-PDFs) were
obtained by subtracting the PDF of pure GR from the Asreacted samples to isolate atomic correlations arising from
adsorbed species and/or surface precipitates. Prior to
subtraction, the individual PDFs were normalized to have
identical intensities at the ﬁrst neighbor Fe−O pairs (∼2 Å).
XAS analyses were carried out to determine the oxidation
state and local bonding environment of immobilized As in the
solid samples. Arsenic K-edge XAS data were collected at
BM23 of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France).46 For reference materials, we used the
spectra of freshly synthesized As-adsorbed ferrihydrite,32 Asadsorbed GR sulfate,31 and parasymplesite.47 Details of these
synthesis methods, as well as any complementary characterization of these reference materials, can be found in the

of the As−GR interaction process is still lacking. Several
studies have proposed mechanisms for the interactions
between GR phases and As species using synchrotron X-ray
absorption spectroscopy (XAS).27−29 X-ray absorption nearedge structure (XANES) data from these studies revealed that
when starting with pure synthetic GR, As redox transformation
was not observed. Based on the extended X-ray absorption ﬁne
structure (EXAFS) spectra of the As-reacted GR, these studies
suggested that both As(III) and As(V) adsorb to GR edges
primarily as bidentate binuclear (2C) inner-sphere surface
complexes.28,30,31 However, in systems where GR was only
present as a metastable intermediate phase, partial As(V)
reduction to As(III) has been reported.26,32,33 Two other
studies suggested that As(III) may form unique multinuclear
oligomeric surface complexes on the GR surfaces.29,34 In these
experiments, As was either adsorbed or co-precipitated and the
EXAFS results suggested a coordination environment with two
As(III) pyramids binding to adjacent FeO6 octahedra in a
monodentate mononuclear 1V geometry forming an As−As
dimer by sharing an oxygen atom. This suggested that the
potential polymerization of As(III) at the GR particle edges is
favorable since it could lead to a higher removal eﬃciency of
the highly toxic and mobile As(III) from contaminated
sediments and groundwater.
These EXAFS data have indeed helped identify possible
local bonding environments of sorbed As species on mineral
surfaces such as GR phases. However, the lack of independent,
cross-conﬁrming analyses to validate these molecular-scale
interactions inferred from EXAFS led, not surprisingly, to
contrasting interpretations of the nature of immobilized As on
GR surfaces (cf. Wang et al.,29 Jönsson and Sherman28).
Pinpointing any nanoscale interaction between mineral
surfaces and sorbed species requires complementary analysis
both at a high spatial resolution as aﬀorded by scanning
transmission electron microscopy (STEM)35−39 and highly
energy-resolved structural information from pair distribution
function (PDF) analysis.40,41 To truly derive mechanistic
information about As−GR interactions, we assert that direct
observations of mineral−metal surface interactions by STEM
imaging and elemental mapping, combined with EXAFSderived bonding environment and structural information from
PDF analysis are needed.
In this study, we document just that; we analyzed the
interactions between As species [As(III) and As(V)] and
synthetic GR sulfate under anoxic and circum-neutral pH
conditions and directly visualized the morphological changes
and quantiﬁed the diﬀerences in elemental As distributions at
GR binding sites through energy-dispersive X-ray (EDX)
mapping and high angle annular dark-ﬁeld (HAADF) imaging
in scanning transmission electron microscopy (STEM). This
direct visualization was complemented by the local structure
data from high-energy X-ray total scattering and PDF analysis
and As oxidation state and local bonding environment data
from As K-edge X-ray absorption spectroscopy (XAS). Based
on these complementary data sets, we documented the
unprecedented diﬀerences and similarities in As(III) and
As(V) adsorption onto GR surfaces.

■

MATERIALS AND METHODS
General Methods. All glass and plastic wares were cleaned
in 5 M HCl for 24 h, followed by thorough rinsing with
deionized water (Milli-Q, resistivity ∼18.2 MΩ·cm). All
chemicals were ACS reagent grade from Sigma-Aldrich and
B
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Figure 1. (a) HAADF−STEM image of As(III)-reacted GRSO4 and the corresponding EDX elemental maps: (b) Fe (red); (c) O (blue); (d) S
(cyan); (e) As (green); and (f) combined As, Fe, and O. (g) HAADF and EDX signal intensity proﬁle showing the changes in the concentrations
of Fe, O, S, and As along the integrated line drawn across the area marked in yellow in (f). (h) Non-negative matrix factorization (NMF) loading
revealing As-rich areas in the GR particles.

remained constant, while there is an apparent decrease in S
signal intensity at the dark band and the rim. This decreased S
signal is a consequence of the combined eﬀect of low Z value
and low mass fraction of S in the GRSO4 structure (∼4−5 wt
%).2,42 Overall, these suggest that the GR platelets were
thinner in the darker bands, which is best explained by crystal
dissolution. The integrated As intensities (Figure 1g) were
remarkably higher at the very rim, conﬁrming that As was
preferentially adsorbed at the GR crystal edges (Figure
1e,f).25,28,29 We suggest that the GR crystal can partially
dissolve and form the dark bands because the amount of
adsorbed As(III) does not fully cover all adsorption sites at the
crystal edges. It is also noteworthy that the dark dissolution
bands are not continuous since some crystal edge areas
exhibited substantially more As than other areas (green arrows
in Figure 1a; red/yellow hotspots in Figure 1h), meaning that
the adsorbed As protected the underlying crystal from further
dissolution.
In contrast, the As(V)-reacted GR platelets did not exhibit
any dark bands/bright rims but instead were characterized by
small dissolution cracks (Figure S2) and secondary threadlike
structures (Figures 2a and S2) that were closely associated
with the GR platelets. EDX maps revealed no change in the
bulk As(V)-reacted GR composition as evidenced by the nearhomogeneous distribution of Fe, O, and S across the GR
crystal (Figure 2f,g). The threadlike structures were enriched

Supporting Information (Text S1). All data reduction and
analysis of the XAS spectra were performed using SIXpack
software.48

■

RESULTS AND DISCUSSION
Localization of Immobilized Arsenic and Formation
of Secondary Arsenic Phase. Freshly precipitated GR
sulfate particles form thin hexagonal plates, about 0.1−1 μm in
diameter and 20−50 nm in thickness (Figure S1).44 After 5
days of reaction with As species, GR removed almost all
(≥98% removal eﬃciency) of the initially added As species,
consistent with our previous work.25
HAADF−STEM images of As(III)-reacted GR platelets
revealed a bright rim (∼10 nm wide, see arrows in Figure 1a)
around the crystals, which was separated from the remaining
GR particle by a darker band (ca. 20−30 nm wide, indicated
by dashed lines). HAADF contrast correlates with particle
thickness and atomic number (typical Z∼1.7),49 and thus
STEM−EDX analysis was used to conﬁrm whether or not the
dark bands and bright rims were simply of diﬀerent thickness
compared to the rest of the GR platelet or indeed
compositionally diﬀerent. The EDX maps (Figure 1b−d)
and integrated intensity line proﬁles (Figure 1g) across the
darker bands conﬁrmed that the absolute Fe, O, and S signal
intensities decreased signiﬁcantly within the band compared to
that of the bulk GR crystal. The relative intensities of Fe and O
C
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Figure 2. (a) HAADF−STEM image of As(V)-reacted GRSO4 and the corresponding EDX elemental maps: (b) Fe (red); (c) O (blue); (d) S
(cyan); (e) As (green); and (f) combined As, Fe, and O. (g) HAADF and EDX signal intensity proﬁle showing the changes in the concentrations
of Fe, O, S, and As along the integrated line drawn across the area marked in yellow in (f). (h) NMF loading revealing As-rich areas in the GR
particles.

symplesite51,52 (arrows in Figure 3a, middle pattern). To
conﬁrm the structure of this new phase, we prepared synthetic
parasymplesite using a co-precipitation method,47 and
characterized it using STEM and conventional XRD analyses
(see Figure S5). The morphology of the synthetic parasymplesite is also thread/needle-like (Figure S5a,b) and
equivalent to that of the secondary phase associated with the
As(V)-reacted GR plates (Figure 2). This implies that the
parasymplesite associated with our As(V)-reacted GR must
have formed through the partial dissolution (Figure S2a,d) of
the initial As(V)−GR, releasing As(V) and Fe2+.53,54 This
released Fe2+ then formed a ternary complex with the As(V)
surface complexes, leading to surface precipitation of parasymplesite.55,56 A similar process was previously reported in
experiments when As species were reacted with ferrihydrite,53
schwertmannite,55 and siderite.56
These observations were cross-conﬁrmed by PDF analyses
of the high-energy X-ray total scattering data, where the G(r)
of the pure and As-reacted GR samples exhibited similar
structural coherence domains of 80 Å (Figure 3b), with the
decay in peak oscillation mainly reﬂecting instrumental
dampening (Figure S6a). In all GR patterns, the peak at
∼1.49 Å corresponds to the S−O bond of the SO42− anions in
the GR interlayer, while the peak at 1.69 Å in the As(V)−GR is
attributed to the AsV−O pair of HAsVO42−. Meanwhile, the
peaks at r-values between 2 and 4 Å (Figure 3b) correspond to
atomic correlations within the Fe hydroxide sheet of GR. For
example, the intense peaks at ∼2.08 and ∼3.18 Å match the
ﬁrst neighbor octahedrally coordinated Fe−O and edgesharing Fe−Fe pairs, respectively. The positions of these
peaks are similar for the pure and As-reacted GR samples,
conﬁrming that the local coordination environment of Fe

in As (Figure 2e,f), suggesting that these secondary
nanostructures were an As-bearing precipitate. Similar to
As(III), the As EDX map of the As(V)-reacted GR also
showed higher signals at particle edges (see Figure S2),
suggesting that these are the preferred adsorption sites for
As(V) on GR.29,30
Principal component analysis (PCA) and non-negative
matrix factorization (NMF) of the EDX data50 helped to
identify diﬀerences in the signals within the elemental maps
(Figures 1f and 2f and Text S1). In the As(III)-reacted GR
data, we identiﬁed four NMF components (i.e., diﬀerent
phases): (i) bulk GR crystal without As signal (Figure S3a),
(ii) substrate carbon ﬁlm (Figure S3b), (iii) GR crystal edges
with high As peak intensity (Figures 1h and S3c), and (iv) bulk
GR crystal with relatively small As peak intensity (Figure S3d).
The As peak intensity at the GR edges (third component) was
up to nearly 7-fold higher compared to that in the GR bulk
crystal (fourth component), conﬁrming that As(III) is
preferentially bound at the GR edges. For the As(V)-reacted
GR, three NMF components were extracted: (i) bulk GR
crystal without As contributions (Figure S4a), (ii) GR crystal
edges and threadlike structures with a high relative As peak
intensity (Figures 2h and S4b), and (iii) bulk GR crystal with a
relatively low As peak intensity (Figure S4c). The high As
signal in the threadlike structures clearly indicated that, besides
the As adsorbed at the GR edges, a secondary As-bearing
precipitate is formed.
Structure of As-Reacted Green Rust and Formed
Secondary Arsenic Phase. To determine what this
secondary As-rich phase was, we employed high-energy X-ray
diﬀraction (XRD) analyses. The I(Q) patterns of the As(V)reacted GR samples conﬁrmed the STEM observations and
revealed that the secondary As-bearing phase was paraD
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particles.57 The ﬁrst clear peak in our d-PDF of As(III)−GR
(red pattern, Figure 3c) matches that of the As−O atomic pair
(r ≈ 1.80 Å) of the AsIIIO3 pyramid, while the peak at ∼3.45 Å
ﬁt with AsIII−Fe atomic correlation for bidentate binuclear 2C
inner-sphere surface complexes.28 The d-PDF of As(V)-GR
(blue pattern, Figure 3c), instead, shows a peak (r ≈ 1.69 Å)
that matches the atomic distance of As−O in tetrahedral
AsVO4. In addition, a second asymmetric peak (r ≈ 3.39 Å;
arrow in Figure 3c) indicated the presence of multiple As(V)−
Fe distances. We know from the complementary analyses that
this sample contains parasymplesite, and thus this peak was
ﬁtted with three subpeaks (based on the crystal structure from
Runčevski et al.;51 Figure S6b), yielding r-values of ∼3.30,
∼3.39, and ∼3.52 Å. It is worth noting that the peak at ∼3.4 Å
also matches the AsV−Fe pair distance for the 2C surface
complexes (∼3.4 Å).27−29
Bonding Environment of Immobilized Arsenic Species. Although STEM and PDF analyses gave us highly
quantitative information about the structure and adsorbed
species of the As(III)- and As(V)-reacted GR, we combined
these results with As K-edge XAS data (i.e., XANES and
EXAFS) to determine if any changes in the As oxidation state
occurred during the 5 day reaction with GR (Figure 4a) and
conﬁrm the As adsorption geometry using shell-by-shell ﬁts
(Figure 4c). Our XANES observations (Figure 4a) support
previous studies that have shown that GR cannot oxidize
As(III) or reduce As(V).27−29,31 It is noteworthy, however,
that As(III) oxidation to As(V) under anoxic conditions has
been reported for other iron-bearing minerals such as
siderite,56 Fe(II)-bearing nontronite,58,59 lepidocrocite,60 and
goethite.61 Furthermore, As(V) reduction has been observed
during Fe2+-catalyzed transformations of Fe-bearing minerals,
wherein GR has been found as an intermediate phase.32,33
The ﬁrst-neighbor contribution to the EXAFS ﬁt for the
As(III)−GR spectra is consistent with the As−O atomic
correlation in an AsIIIO3 pyramid,62 with a coordination
number (CN) of ∼3 and an interatomic distance (R) of 1.77 ±
0.01 Å. For the second-neighbor contribution, three possible
geometries were considered in the ﬁt corresponding to the
inner-sphere surface complexes of As(III) at the GR particle
edges (see also Figure S7): (1) monodentate mononuclear 1V
geometry (RAs−Fe ≈ 3.5 Å); (2) bidentate binuclear 2C
geometry (RAs−Fe ≈ 3.4 Å); and (3) mononuclear edge-sharing

Figure 3. (a) High-energy XRD patterns [I(Q)] of pure and Asreacted GR. All peaks represent GR, except those marked with arrows,
which correspond to parasymplesite [Fe3II(AsVO4)2·8H2O]. The
relative intensity of GR (00l) peaks change after reaction with As,
possibly as a result of shifts in the electron density along the c-axis. (b)
PDFs [G(r)] of the low r-value region showing the short-range
structure of the GR samples. The full PDFs are shown in Figure S6a.
(c) Diﬀerential PDFs (d-PDFs) [d-G(r)] were obtained by
subtracting the PDF of pure GR from the As-reacted samples to
isolate atomic correlations arising from adsorbed species and/or
surface precipitates.

within the GR sheets did not change signiﬁcantly during the
reaction.
In the PDFs, slight peak broadening and some asymmetry
are visible in the Fe−Fe peak at ∼3.18 Å of the As-reacted GRs
(Figure 3b). This may be attributed to atomic correlations
from adsorbed As and from parasymplesite in the case of
As(V)-reacted GR. We calculated the diﬀerential PDFs, which
have proven to be a very useful approach for identifying surface
complexes on minerals40,41 or surface coatings on nano-

Figure 4. Arsenic K-edge XAS of As-reacted GR samples recorded at ∼77 K. (a) XANES spectra of the reacted solids and the reference materials
(i.e., parasymplesite, As(III), and As(V) adsorbed onto ferrihydrite); (b) k3-weighted χ(k) EXAFS spectra; and (c) Fourier-transformed EXAFS
spectra. The shell-by-shell ﬁtting output (solid line) is superimposed on the experimental data (open circles) and the shell-by-shell ﬁtting results are
given in Table 1.
E
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Table 1. Summary of Shell-by-Shell Fitting Results for As-Reacted GR Samplesa
sample

atomic pairs

As(III)

As−O
As−O−O
As−Fe
As−O
As−O−O
As−Fe1
As−Fe2

As(V)

CN
2.9
6
3.2
4.2
12
4.1
2.0

(0.2)
(0.4)
(0.3)
(1.7)
(3.0)

R (Å)

σ2 (Å2)

ΔE0 (eV)

Red. χ2

R-factor

1.77 (0.002)
1.82(RAs−O) = 3.23
3.40 (0.01)
1.69 (0.01)
1.82(RAs−O) = 3.07
3.34 (0.03)
3.51 (0.08)

0.002 (0.0005)
σ2 (As−O)
0.008
0.002
σ2 (As−O)
0.008
0.008

9.8 (0.1)

15.1

0.017

5.7 (2.1)

509.5

0.054

CN, coordination number; R, interatomic distance; σ2, mean-squared atomic displacement; and ΔE0, change in threshold energy. The passive
electron reduction factor (S02) was ﬁxed at 1.0. The multiple scattering As−O−O path was constrained geometrically to the single scattering As−O
path (RAs−O−O = 1.82 RAs−O). All ﬁts were carried out from 1 to 4 Å in R + ΔR − space. The number of independent points (NIDP) in the ﬁts was
19.8 and the number of variables (NVar) was 6. Further information can be found in Table S1.
a

E geometry (R As−Fe ≈ 3.0 Å). 63 The As−Fe path
corresponding to a monodentate 1V geometry was not
supported by the ﬁt, which yielded unrealistically high RAs−Fe
values (see Table S1). The predicted dominant secondneighbor contribution was the bidentate 2C geometry (RAs−Fe
= 3.40 ± 0.01 Å, CNAs−Fe = 3.2 ± 0.4), which also
complements our d-PDF data for As(III)−GR (Figure 3c).
This ﬁt yielded physically reasonable parameters with low ﬁtderived standard errors (reduced chi-square χ2) and a low Rfactor (≤0.05; see Table 1).64 A second As−Fe path
corresponding to the edge-sharing 2E geometry was also
added but did not result in a statistically improved ﬁt (i.e., the
decrease in reduced χ2 with two As−Fe paths did not pass the
test of statistical signiﬁcance).64 Multinuclear As(III) dimers
(i.e., two As(III) pyramids bound to adjacent FeO6 octahedra
in 1V geometry) have also been previously reported to form on
GR surfaces. We attempted to ﬁt an As−As path consistent
with an As(III) dimer (RAs−As ≈ 3.3 Å, CNAs−As = 1). This ﬁt,
however, yielded an overlap of the two atomic correlations
(i.e., As−Fe and As−As) near ∼3.4 Å, indicating that the ﬁt
did not support the presence of both As−Fe atomic pairs and
As−As dimers. When the second-neighbor contribution was
ﬁrst ﬁtted with the edge-sharing 2E geometry instead of the 2C
geometry and an As(III) dimer was added in a second ﬁtting
step, the resulting ﬁt yielded reasonable ﬁtting parameters.
However, based on previous work,29,34 an As−As dimer
requires two adjacent As(III) pyramids bound in the 1V
geometry. Since the 1V geometry was not accepted by our ﬁts,
and considering the geometrical constraints imposed on
As(III) when bound in the 2E geometry, we argue against
the presence of both As−Fe and As−As bonds in our data.
Therefore, we suggest that the dominant surface complex in
the As(III)-reacted GR was present in the 2C geometry (Table
1), with As(III) dimers and edge-sharing 2E surface complexes
constituting a very minor species, if at all present.
For As(V)−GR, the ﬁrst-neighbor contribution to the
EXAFS ﬁt corresponds to the As−O atomic correlation for
tetrahedral AsVO43− (RAs−O = 1.69 ± 0.01 Å, CNAs−O = 4.2 ±
0.3). Again, there are two possible bonding geometries (see
Figure S7) for the second-neighbor contribution: (1) 1V
geometry (RAs−Fe ≈ 3.5 Å) and (2) 2C geometry (RAs−Fe ≈ 3.4
Å). In addition to these, atomic correlations from the As−Fe
pairs of parasymplesite (RAs−Fe ≈ 3.30, 3.34, 3.45 Å, each with
CNAs−Fe = 2) have to also be considered.51 Similar to As(III),
the ﬁts revealed that 2C surface complexes (RAs−Fe = 3.35 ±
0.02 Å, CNAs−Fe = 2.9 ± 1.0) were the dominant bonding
geometry for As(V), which conﬁrms our d-PDF observations
(Figure 3c). The calculated CNAs−Fe is higher than the

expected value for a 2C geometry. This can be attributed to the
additional As−Fe pair of parasymplesite, and therefore, a
second As−Fe path was added to account for the precipitated
parasymplesite (RAs−Fe ≈ 3.3 Å, CNAs−Fe ≈ 5). This resulted in
a good R-factor, yet not statistically signiﬁcantly better ﬁt
compared to the initial sole 2C geometry ﬁtting parameter
values (Table 1): (i) RAs−Fe1 = 3.34 ± 0.03 Å, CNAs−Fe1 = 4.1 ±
1.7 and (ii) RAs−Fe2 = 3.51 ± 0.08 Å, CNAs−Fe2 = 2.0 ± 2.0.
Hence, we employed a linear combination ﬁtting (LCF)
approach of the EXAFS data using As(V)-adsorbed GR31 and
parasymplesite references, and this revealed that ∼87% of
As(V) in the solids were present as parasymplesite, while the
remaining ∼13% accounted for the adsorbed As(V) species
(see LCF results and statistics in Table S2 and Figure S8).
Our EXAFS results cross-correlate and conﬁrm the STEM−
EDX and d-PDF observations that the threadlike phase (Figure
2) was indeed the secondary As-rich precipitate parasymplesite. This secondary phased was formed through a not
yet described mechanism. Upon reaction of the GR with the
As(V) solution, GR was partially dissolved and released some
Fe2+, which then combined with the largest proportion of the
initial aqueous As(V) and precipitated as the threadlike
secondary parasymplesite.
Environmental Implications. Our high-resolution STEM
images and elemental maps combined with the PDF and XAS
data documented new, nanoscale information about the
mechanisms of As binding onto GR particle edges (Figures 1
and 2). As(III) and As(V) are adsorbed to GR particle edges
primarily as bidentate binuclear 2C inner-sphere surface
complexes (Figures 3 and 4). Although not unequivocal, our
data also do not suggest the formation of multinuclear As(III)
oligomers on GRSO4 edges at circum-neutral pH, which is
contrary to the ﬁndings on GRs intercalated with other anions
(e.g., chloride or carbonate).29,34 However, it is possible that
the formation of As(III) oligomers at the GRSO4 surfaces can
be promoted under other conditions (i.e., pH, ionic strength).
For example, we have shown in our previous work that the
maximum adsorption capacity of As(III) is ∼2.2-fold higher at
slightly alkaline pH conditions (pH 8−9) compared to circumneutral pH.25 We also showed that parasymplesite (a ferrous
arsenate nanophase), closely associated to the GR platelets, is
formed through the partial dissolution of GR in the As(V)reacted sample. Although the GR sulfate used in this study
clearly can eﬃciently sequester As species, changes in pH and
redox conditions can cause potential re-release of As back into
the environment. However, the re-sequestration of As through
the precipitation of secondary As-bearing minerals such as
parasymplesite, which themselves have a high As content (up
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to ∼25 wt %), are highly stable and poorly soluble phases.65
Thus, indeed, authigenic parasymplesite can minimize the As
re-release across a wide range of dynamic geochemical
conditions because it is a more stable immobilized phase.
Parasymplesite can therefore further decrease the mobility of
As in anoxic, Fe2+-rich groundwater and sediments. Overall,
our results provide new crucial mechanistic insights into how
redox-active minerals, such as GR phases, interact with As
species and their potentially critical role in controlling the
toxicity and mobility of As in contaminated subsurface
environments.
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