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A B S T R A C T

Arsenic-contaminated waters affect millions of people on a daily basis. Because the toxicity of As is dependent on
the redox state, understanding As biogeochemistry, particularly in reducing environments, is critical to ad-
dressing the environmental risk that As poses. Sorption of As to Fe(III)-(oxyhydr)oxides is an important me-
chanism for As removal from solution under anoxic conditions. However, dissolved ferrous Fe (Fe(II)) also occurs
under anoxic conditions, and the impact that Fe(II)-catalyzed recrystallization of crystalline Fe minerals has on
As sorption mechanisms is not clear. Our research investigates the potential for non-stoichiometric magnetite, a
commonly occurring mixed-valence Fe oxide in anoxic aquifers, to adsorb and/or incorporate inorganic As
species during Fe(II)-catalyzed recrystallization at neutral pH, with particular focus on the impact of mineral
stoichiometry (Fe(II):Fe(III) = 0.23 and 0.0) and varying Fe(II) concentrations. By following aqueous As con-
centrations and speciation over time coupled with As K-edge X-ray absorption spectroscopy, our results de-
monstrate that the presence of Fe(II) substantially enhanced As removal from solution. In addition, we highlight
a Fe(II)-induced mechanism through which highly mobile, toxic As(III) species are oxidized on the mineral
surface to form As(V). Furthermore, the presence of Fe(II) promotes the structural incorporation of As(V) into the
non-stoichiometric magnetite and maghemite structures. These results highlight the potential of Fe(II)-reacted
non-stoichiometric magnetite or maghemite as pathways for long-term As sequestration in anoxic environments.
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1. Introduction

Elevated concentrations of As affect the daily lives of millions of
people worldwide, many of whom rely on As-contaminated ground- and
surface-waters for drinking and crop irrigation (Smedley and
Kinniburgh, 2002). In natural waters at environmentally-relevant con-
ditions (pH 3–9), As is primarily found as the inorganic species arsenate
(As(V); H2AsO4− and HAsO42-) and arsenite (As(III); As(OH)3)
(Smedley and Kinniburgh, 2002). Because the adsorption behavior of
As changes with its redox speciation (Dixit and Hering, 2003), the
mobility and toxicity of As are greatly dependent on As biogeochem-
istry. In soils and sediments, As redox chemistry is intimately linked to
biogeochemical Fe cycling. Under oxic conditions, As is typically pre-
sent as arsenate, which shows a high affinity for sorption to Fe(III)-
(oxyhydr)oxides (Dixit and Hering, 2003). However, under reducing
conditions, the microbially-mediated reduction of Fe(III)-(oxyhydr)
oxides releases solid-phase associated As to solution (Burton et al.,
2011, 2013; Cummings et al., 1999; Muehe et al., 2013), where As(V)
may act as a terminal electron acceptor in microbial respiration (Jiang
et al., 2013). Thus, arsenite often dominates under reducing conditions.

In the absence of oxygen, residual Fe(III)-(oxyhydr)oxides
(Farquhar et al., 2002; Kocar et al., 2010; Muehe et al., 2013;
ThomasArrigo et al., 2016) or secondary mineral phases (e.g. iron
sulphides (Farquhar et al., 2002) or mixed-valence iron minerals
(Jönsson and Sherman, 2008)) support the re-adsorption of dissolved
As species. However, the microbially-mediated reduction of Fe(III)-
(oxyhydr)oxides also leads to dissolved ferrous Fe (Fe(II)) in solution. In
the presence of Fe(II), crystalline iron minerals (e.g. goethite; α-FeOOH,
hematite; α-Fe2O3, magnetite; Fe3O4) undergo mineral recrystallization
(Frierdich et al., 2015; Gorski et al., 2012; Handler et al., 2014); a
process that has been shown to alter the distribution of mineral-asso-
ciated trace metal(loid)s (e.g. Co, Cu, Mn, Ni, Sb, Zn,) (Burton et al.,
2020; Frierdich and Catalano, 2012a, 2012) and, for some redox-sen-
sitive species, lead to their reduction (Co, Cu, Mn) (Frierdich and
Catalano, 2012a). However, the fate of redox-sensitive inorganic As
species during Fe(II)-catalyzed mineral recrystallization is less under-
stood. At relatively high Fe(II):Fe(III) molar ratios (0.5, 1, 2), Perez
et al. recorded the reduction of As(V) during Fe(II)-catalyzed transfor-
mation of ferrihydrite into green-rust and goethite (Perez et al., 2019).
In contrast, no changes in As species were reported during Fe(II)
sorption to As(V)-associated goethite (Catalano et al., 2011), hematite
(Catalano et al., 2011), or during the Fe(II)-catalyzed recrystallization
of stoichiometric magnetite (Huhmann et al., 2017) under anoxic
conditions. However, Amstaetter et al. reported that under dark, anoxic
conditions, ‘Fe(II)-activated’ goethite (5.4 g goethite/L, 2.0 mM Fe(II))
oxidized 12 % of added As(III) (1.2 mg/L) after 7 days, suggesting the
formation of a highly reactive surface precipitate as a plausible oxida-
tion mechanism (Amstaetter et al., 2010). More recently, similar results
have been reported for systems in which Fe(II) interactions with As(III)-
bearing ferrihydrite (Fe(OH)3) (Zhang et al., 2019), lepidocrocite (γ-
FeOOH) (Wang and Giammar, 2015), and schwertmannite
(Fe8O8(OH)8−2x(SO4)x) (Burton et al., 2010) result in the oxidation of
As(III) to As(V).

Because As(V) has a high sorption affinity (Dixit and Hering, 2003),
the Fe(II)-catalyzed oxidation of As(III) to As(V) during mineral trans-
formations or recrystallization has important implications for As mo-
bility under reducing conditions. In anoxic aquifers, magnetite, a
thermodynamically stable, mixed-valence Fe oxide, occurs naturally
through both biogenic pathways (e.g. microbial Fe(II) oxidation
(Chaudhuri et al., 2001) and dissimilatory Fe(III)-reduction (Lovley
et al., 1987)) as well as abiotically; magnetite is an end product of Fe
(II)-catalyzed transformations of ferrihydrite and lepidocrocite at pH ≥
7 and at high Fe(II):Fe(III)mineral molar ratios (Aeppli et al., 2019;
Hansel et al., 2003; Tamaura et al., 1983) and is often considered a
potential candidate to remediate As-containing waters (Chowdhury
et al., 2011; van Genuchten et al., 2020v). Under anoxic conditions,

magnetite may coexist with Fe(II). To date, however, it is not known
whether magnetite, like other iron minerals (Burton et al., 2010; Wang
and Giammar, 2015; Zhang et al., 2019), can oxidize As(III) when
coupled to Fe(II) sorption. Furthermore, recent research suggests that
the As(V) tetrahedron may substitute for tetrahedral Fe(III) sites within
the magnetite structure, thus leading to long-term As(V) immobiliza-
tion. For example, Pedersen et al. reported decreases in desorbable As
(V) fractions during the Fe(II)-catalyzed transformation of As(V)-ad-
sorbed ferrihydrite and lepidocrocite into magnetite (Pedersen et al.,
2006). Spectroscopic evidence of As(V) incorporation has been shown
for magnetite formed via dissimilatory reduction of arsenic-bearing
ferrihydrite (Coker et al., 2006), the Fe(II)-catalyzed transformation of
As(V)-bearing lepidocrocite (Wang et al., 2014, 2011), Fe(0) electro-
lysis in the presence of As(V) (van Genuchten et al., 2020v), and aging
batch studies comprising stoichiometric magnetite, As(V), and Fe(II)
(Huhmann et al., 2017). In the latter, structural incorporation of As(V)
occurred in both the presence and absence of Fe(II) with minimal net Fe
(II) uptake and low (∼10 %) atom exchange, thus leading the authors
to suggest that the presence of Fe(II) was of minor importance
(Huhmann et al., 2017).

However, stoichiometry controls the extent of Fe(II) uptake in
magnetite, whereby Fe(II) uptake in stoichiometric magnetite is limited
by a theoretical maximum bulk Fe(II)/Fe(III) ratio of 0.5 (Gorski and
Scherer, 2009; Jolivet et al., 1992; Tronc et al., 1984). Moreover,
magnetite stoichiometry has been shown to impact the mineral’s ca-
pacity for reduction of trace metal(loid)s (Sundman et al., 2020), par-
ticularly in the presence of Fe(II) (Gorski and Scherer, 2009; Latta et al.,
2012; Pasakarnis et al., 2013). Thus, it is plausible that Fe(II)-catalyzed
recrystallization of As-associated non-stoichiometric magnetite may
influence As distribution and speciation differently if it occurs con-
comitantly with Fe(II) uptake. Therefore, in this study, we followed the
fate of As, initially present as As(V) or As(III), during Fe(II) interactions
with non-stoichiometric magnetite (Fe(II)/Fe(III) = 0.23) and maghe-
mite (Fe(II)/Fe(III) = 0.0) at neutral pH for one week. The extent of Fe
(II) uptake and subsequent impact on mineral stoichiometry was de-
termined with acid dissolution methods and X-ray diffraction, while
time-resolved aqueous Fe and As speciation data revealed the impact of
Fe(II) on As sorption kinetics. In addition, we utilized As K-edge X-ray
absorption spectroscopy to determine solid-phase As speciation and
assess the extent to which the presence and uptake of Fe(II) affected the
local coordination environment of As at one week. The results present
compelling evidence that the effectiveness of Fe(II)-activated magnetite
as a pathway for long-term As sequestration in anoxic environments is
highly dependent on magnetite stoichiometry.

2. Materials and methods

2.1. Solid-phase characterization

Synthetic magnetite (Mgt, nominal particle size 50−100 nm) was
purchased from Alfa Aesar (97 %, metals basis) and stored in an anoxic
glovebox (< 1 ppm O2). Oxidized magnetite, or maghemite (Mht, γ-
Fe2O3) was obtained by heating the synthetic magnetite for 2 h at 250
°C in a ceramic crucible in a combustion oven (Nabertherm). After
heating, the black magnetite sample was brownish-red, consistent with
maghemite (Fig. S1). Scorodite (FeAsO4·2H2O) was synthesized as re-
ported in Ehlert et al. (Ehlert et al., 2018). Mineralogy of the unreacted
materials was confirmed using X-ray diffraction (XRD D8 Advance,
Bruker). For these analyses, dried sample material (∼5 mg) was re-
suspended in ethanol (∼20 μL, Merck) and pipetted onto a polished
silicon wafer (Sil'tronix Silicon Technologies, France). Samples were
analyzed in Bragg-Brentano geometry using Cu Kα radiation (λ =
1.5418 Å, 40 kV, 40 mA) and a high-resolution energy-dispersive 1D
detector (LYNXEYE). Diffractograms were recorded from 10 to 70 °2θ
with a step size of 0.02°2θ and 6 s acquisition time per step. The relative
contributions of mineral phases in diffraction patterns was determined
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by Rietveld Quantitative Phase Analysis (QPA) in the TOPAS software
(Version 5, Bruker AXS) using structure files for magnetite (Fleet,
1981), maghemite (Greaves, 1983), and scorodite (Xu et al., 2007).
Total element contents of Mgt, Mht, and scorodite were determined
with inductively coupled plasma-optical emission spectrometry (ICP-
OES, Agilent 5100) after dissolution in concentrated HCl (Normatron®,
VWR). For Mgt and Mht, Fe speciation (Fe(II) and Fe(total)) in the solid-
phase was determined with UV–vis (Cary 60 UV–vis, Agilent) via the
1,10-phenanthroline method (Fortune and Mellon, 1938) after dis-
solution in 4 M HCl (target Fe concentration = 10 mM) (Gorski and
Scherer, 2010) in a glovebox atmosphere. Magnetite nanoparticles
dissolved within 5 h, while Mht nanoparticles required several days, in
agreement slower acid dissolution rates expected for maghemite com-
pared to magnetite (Sidhu et al., 1981). The electrophoretic mobility of
the Fe solids was measured with a ZetaPALS Zeta Potential Analyzer
(532-nm laser, Brookhaven Instr. Corp.). For these measurements, 250
mg/L of Mgt or Mht was re-suspended in 10 mM NaCl (EMSURE®,
Merck). The solution was bubbled with N2(g), while the pH was ad-
justed with dilute HCl or NaOH. Once the desired pH was obtained and
remained constant for 10 min, the entire solution was ultrasonicated for
5 min. Then, an aliquot was removed and directly measured. The
average electrophoretic mobility was determined from 10 runs com-
prising 10 cycles each. The measurements were repeated in duplicates,
and the accuracy of the electrophoretic mobility measurement was
checked against the BI-ZR3 zeta potential reference material (Broo-
khaven Instr. Corp.). The mineral specific surface area (SSA) of the
solid-phases was determined by 11-point N2-BET measurements
(Quantachrome, Autosorb-1 MP) after 15 h of outgassing at 60 °C.

2.2. Arsenic sorption experiments

All solutions were prepared using doubly deionized water (DDI,
Milli-Q®, Millipore, 18.2 MΩ cm. An Fe(II) stock solution of 100 mM
was prepared by dissolving FeCl2⋅4H2O (VWR) in DDI water, and As(III)
and As(V) stock solutions (2.67 mM) were prepared from NaAsO2
(Fluka,> 99 %) and Na2HAsO4 (Sigma,> 98 %), respectively. All
glassware was acid-washed and equilibrated in an anoxic glovebox
(< 1 ppm O2) for> 48 h. Experiments were completed in triplicate
under glovebox atmosphere. In order to determine the impact that Fe
(II)-Mgt/Mht interactions have on arsenic sorption, Mgt or Mht (1 g/L)
was re-suspended in anoxic 50 mM 3-(N-morpholino)propanesulfonic
acid buffer (MOPS, pH = 7) in Al-wrapped glass serum bottles with
butyl rubber stoppers. After equilibrating overnight on an orbital
shaker (200 rpm), aliquots of the Fe(II) stock solution were added to
each reaction bottle to achieve Fe(II)spike concentrations of 0.1 or 1.0
mM. Bottles were allowed to react for 1 h, after which time aliquots of
the As(III) or As(V) stock solution were added to obtain As concentra-
tions of 2 mg/L (26.4 μM). Reaction bottles remained on the orbital
shaker for up to 1 week, during which aliquots were removed for solid-
and aqueous-phase sampling. The temperature and pH of the shaken
solutions remained constant (23±1 °C, pH = 7) for the duration of the
experiment.

In order to determine whether surface Fe(II)-Mgt/Mht surface in-
teractions were necessary to alter As sorption tendencies, a compli-
mentary As sorption study was conducted with slight modifications to
the experiment described above. These experiments were conducted at
pH 5.5, where Fe(II) adsorption is limited (Handler et al., 2014; Reddy
et al., 2015) and involved only Mgt and As(V). For these studies, 2-(N-
morpholino)ethanesulfonic acid (MES) buffer was used. All other ex-
perimental parameters, including concentrations, analytical methods,
and experimental duration, were retained.

2.3. Total aqueous Fe and As concentrations and speciation

Samples for aqueous analysis were collected at 1, 2, 4, 7, 25, 49, and
169 h after the Fe addition, with the addition of As taking place directly

after the ‘1 h’ sampling. Aqueous samples were filtered (0.22-μm
nylon), and the filtrates measured for Fe(II) and Fe(total) with the 1,10-
phenanthroline method (Fortune and Mellon, 1938) as described above.
Aqueous As (Asaq) species in the filtrates were analyzed by hydride
generation-atomic fluorescence spectrometry (HG-AFS, Millennium
Excalibur, PS Analytical Ltd.) (Roberts et al., 2004). Solution con-
centrations of As(V) were inferred from the difference between As
(total) and As(III) of the filtrates.

2.4. Reacted solid-phase sampling and speciation

Samples for solid-phase analyses were collected directly prior to the
As addition (at 1 h) and after 1 week. Filter residues (0.45-μm filters)
were washed with DDI water, covered and dried, manually homo-
genized, and stored in an anoxic glovebox until further analysis.
Mineral stoichiometry was determined via XRD and UV–vis as de-
scribed above, and total solid-phase Fe and As contents were de-
termined with ICP-OES after dissolution in concentrated HCl.

To determine speciation changes of solid-phase As, Fe(II)-reacted
Mgt and Mht were analyzed by bulk As K-edge (11,867 eV) X-ray ab-
sorption spectroscopy (XAS) at beamline 5-BM-D of the Advanced
Photon Source (APS, Chicago, Il, USA). For these measurements, dried
material was filled into Al sample holders and sealed with Kapton®
tape. X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra were recorded in fluorescence
mode with a 4-element Si-drift diode detector at ∼80 K using a N2(l)
cooled spectroscopy stage (Linkam Scientific Instruments). The Si(111)
monochromator was calibrated to the first-derivative maximum of the
L3-edge absorption spectrum of a metallic Au foil (11,919 eV). Higher
harmonics in the beam were eliminated by manually detuning the
monochromator by 40 % of its maximal intensity. Four layers of Al foil
were used to reduce undesired fluorescence and scattering contribu-
tions. For each sample, 4–8 scans were collected, dead-time corrected
and averaged. All spectra were energy calibrated, pre-edge subtracted,
and post-edge normalized in Athena (Ravel and Newville, 2005). The
edge-energy, E0, was defined as the highest peak in the first XANES
derivatives. Linear combination fit (LCF) analyses of k3-weighted As
XANES spectra were conducted over an energy range of -20 to 30 eV (E-
E0) with E0 of samples and reference compound spectra (As(V)- and As
(III)-adsorbed to Mht at 7 days) defined as highest peak in their first
XANES derivatives. No constraints were imposed on LCF fits, and initial
fit fractions were recalculated to a compound sum of 100 %. Fourier
transforms of k3-weighted EXAFS spectra were calculated over a k-
range of 2−12 Å−1 using a Kaiser-Bessel window function with a sill
width of 2.5 Å−1. The frequency cut-off parameter, Rbkg, was set to 0.9.
Shell-fit analyses of k3-weighted As EXAFS spectra were performed in R-
space (k-range = 2-11 Å−1, R = 1–3.6 Å) using Artemis (Ravel and
Newville, 2005). Theoretical phase-shift and amplitude functions were
calculated with FEFF6 (Zabinsky et al., 1995) based on the structures of
tooeleite (Morin et al., 2007) (Fe6(AsO3)4SO4(OH)4%4H2O) and scor-
odite (Xu et al., 2007) (FeAsO4%2H2O). The passive amplitude reduction
factor, S₀², was first determined for the reference mineral scorodite
during a fit in which coordination numbers (CN) were fixed to theo-
retical values (Xu et al., 2007), and then fixed to the determined value
for the experimental samples.

3. Results and discussion

3.1. Stoichiometry and properties of magnetite and maghemite

The total Fe contents of Mgt and Mht were identical (68.4 wt. %).
Similarly, measured SSA of the solid-phases were nearly identical (9.7
and 8.6 m2/g for Mgt and Mht, respectively), as were the estimated
points of zero charge (PZC) (Mgtpzc ∼ 7.6, Mhtpzc ∼ 8.0, Fig. S1). This
confirms starting solid phases were similar with regards to surface area
and charge. X-ray diffraction patterns of Mgt and Mht are shown in Fig.
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S2, and confirm the absence of other crystalline mineral phases.
Additional peaks visible in the Mht sample (indicated with red arrows)
are attributed to additional symmetry related to the ordering of va-
cancies in the Mht structure (Annersten and Hafner, 1973; Gorski and
Scherer, 2010). The stoichiometry of nanometer-sized Mgt and Mht can
be estimated from the unit-cell parameters determined during Rietveld
fitting of XRD patterns (Gorski and Scherer, 2010), whereby a fitted
unit-cell length (a) of 8.396–8.400 Å is indicative of stoichiometric
magnetite (Cornell and Schwertmann, 2003; Gotić et al., 2009) (Fe(II)/
Fe(III) = 0.5). Because the atomic size of an Fe(II) atom is larger than
that of an Fe(III) atom, oxidation of stoichiometric magnetite results in
slightly smaller unit-cell lengths which range from 8.33 to 8.34 Å in
completely oxidized magnetite (Cornell and Schwertmann, 2003) (Fe
(II)/Fe(III) = 0.0). Accordingly, the unit-cell lengths of unreacted Mgt
and Mht were 8.387 and 8.350 Å, respectively (Table S1), suggesting
the partial oxidation of Mgt and near-complete oxidation of Mht. Mi-
neral stoichiometry was confirmed after anoxic dissolution in 4 M HCl,
which determined Fe(II)/Fe(III) ratios for Mgt and Mht to be 0.23 and
0.0 (Table S2). Thus, both XRD and acid dissolution data suggested
that, despite storing our purchased magnetite under anoxic conditions,
some oxidation occurred prior to the experiment.

3.2. Iron adsorption onto magnetite and maghemite

Trends in aqueous Fe during reactions between Fe(II) and Mgt and
Mht are shown in Fig. 1. Because dissolved Fe(III) accounted negligibly
towards to the total aqueous Fe trends at all data points (Figs. S4 and
S5), aqueous Fe is reported in terms of Fe(II). As explained in the ex-
perimental set-up, both Mgt and Mht were equilibrated with 0.1 or 1.0
mM Fe(II) for 1 h prior to the As addition. Therefore, measurements of
aqueous Fe(II) taken at 1 h and directly prior to the As addition are
representative of rapid Fe(II)-Mgt/Mht surface sorption interactions.
Accordingly, Fe(II) concentrations in related reaction bottles at 1 h
were similar; 740±6 and 38± 3 μM for Mgt and 841±6 and 58± 1
μM for Mht reacted with 1.0 and 0.1 mM Fe(II), respectively (x ±σ).
The higher extent of rapid Fe(II) sorption onto Mgt compared to Mht
may reflect the slight variations in their measured PZC (Fig. S1). In the
absence of subsequent As additions, Fe(II) concentrations in control
treatments continued to drop rapidly and approached the detection

limit (1.7 μM) for the 0.1 mM Fe(II) addition as early as 7 h after the Fe
(II) addition for both Mgt and Mht (Fig. 1A,C). For the 1.0 mM Fe(II)
addition, Fe(II) sorption was similar onto both Mgt and Mht, with
neither treatment reaching equilibrium at the end of the experiment
(Fig. 1B,D). The similarly high rate of Fe(II) removal from both Mgt and
Mht is further evidence of Mgt oxidation prior to the experiment: for
non-stoichiometric magnetite, exposure to Fe(II) results in its structural
incorporation (Gorski and Scherer, 2009), thereby increasing the bulk
Fe(II) content towards a theoretical maximum Fe(II)/Fe(III) ratio of 0.5
(Gorski and Scherer, 2009; Jolivet et al., 1992; Tronc et al., 1984).
Thus, Fe(II) uptake is highly dependent on magnetite stoichiometry and
net Fe(II) uptake by stoichiometric magnetite is limited (Gorski et al.,
2012; Gorski and Scherer, 2009). Following the addition of As(V) or As
(III) (after ‘1 h’), Fe(II) concentrations continued to drop in all treat-
ment bottles. However, further Fe(II) sorption was hindered in the
presence of As, with up to 46 % and 30 % less Fe(II) removed from
solution at 7 days with As(III) and As(V) additions, respectively (Fig. 1).
Because Fe(II) complexation with As(V) is weak (Langmuir et al.,
2006), this may suggest that Fe(II) competed with As species for surface
adsorption sites (Catalano et al., 2011).

Overall Fe(II) to Mgt/Mht ratios were relatively low (0.1/1.0 mM Fe
(II):g Mgt/Mht), thus adsorption and/or uptake of Fe(II) with the 0.1
mM Fe(II) treatments were not expected to noticeably impact the Mgt
or Mht stoichiometry (Tables S1 and S2). For the 1.0 mM treatments,
assuming all Fe(II) removed from solution in the As-free treatments
(∼0.8 mM, Fig. 1) was structurally incorporated, changes to the mi-
neral stoichiometry would also be minimal; from 0.23 to ∼0.31 and
0.00 to ∼0.07 for Mgt and Mht, respectively. For the Asspike treatments,
where the extent of Fe(II) removal was lower (∼0.5 mM, Fig. 1), ex-
pected changes to mineral stoichiometry were even smaller: from 0.23
to ∼0.29 and 0.00 to ∼0.04 for Mgt and Mht, respectively. Such small
changes to stoichiometry were likely not be detectible via XRD (Gorski
et al., 2012). However, small increases in the Fe(II)/Fe(III) ratio de-
termined via acid dissolution of the solid-phase are recorded (Table S2).
Magnetite or maghemite were the only crystalline mineral phases
identified with XRD both after equilibrating with Fe(II) for 1 h, as well
as in all experimental samples after 7 days, thus excluding the pre-
cipitation of ferrous arsenate minerals (Fig. S3).

Fig. 1. Trends in dissolved Fe(II) determined in
0.22-μm filtrates for Mgt and Mht reacted with
0.1 or 1.0 mM Fe(II). Note that the solid-phases
were equilibrated with 0.1 or 1.0 mM Fe(II) for
1 h prior to the addition of As(III) or As(V).
Error bars represent the standard deviation
from triplicate experiments. Please note the
break in the x-axis.
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3.3. Trends in arsenic sorption and speciation

Time-resolved trends in total aqueous As concentrations are shown
in Fig. 2. In the absence of Fe(II), up to 84 % of added As was removed
from solution within 1 week. At pH ≥ 8, As(III) is expected to sorb
more strongly than As(V) to both magnetite and maghemite (Jönsson
and Sherman, 2008; Morin et al., 2008; Yean et al., 2005). Here, we
report similar results at pH 7, where As(III) sorbed more strongly than
As(V) to both Mgt (+14 %) and Mht (+19 %). With the addition of 0.1
or 1.0 mM Fe(II), the differences between As(III) and As(V) sorption
became negligible. However, a significant increase in overall As sorp-
tion was recorded in the presence of Fe(II); up to 21 % more As sorbed
onto Mgt and Mht with the addition of 0.1 mM Fe(II). With the 1.0 mM
Fe(II) addition, 15–36% more As sorbed, resulting in aqueous As con-
centrations near or below the drinking water limit of ∼0.13 μM re-
commended by the World Health Organization (WHO, 2011) at 7 days
(Fig. 2, Tables S4 and S5). For the negatively-charged As(V) species
present at our experimental pH = 7 (H2AsO4– and HAsO42–), this is in
agreement with expected changes in Mgt/Mht surface potential towards
positive values caused by Fe(II) sorption (Catalano et al., 2011). To
prove this point, Fe(II)-Mgt-As(V) system sorption studies were re-
peated at pH 5.5, where Fe(II) adsorption is limited (Handler et al.,
2014; Reddy et al., 2015), but As(V) sorption does not significantly
differ (Liu et al., 2015). As Fig. S6 shows, at pH 7, 55–92 % of Fe(II) is
removed from solution within 7 days, resulting in up to 26 % more As
(V) sorption in the presence of 1.0 mM Fe(II). At pH 5.5, ≥96 % of Fe
(II) remains in solution (Fig. S6). Correspondingly, differences in As(V)
sorption between the Fe(II)-free and Fe(II)-addition treatments at pH
5.5 are reduced to< 8%, confirming that Fe(II) sorption is indeed ne-
cessary to promote enhanced As(V) sorption.

Increased As(III) sorption was also recorded in the presence of Fe
(II). This may be explained through the formation of ternary complexes,
as previously has been suggested for goethite-Fe(II)-As(III) systems
(Dixit and Hering, 2006; Hiemstra and van Riemsdijk, 2007). The for-
mation of such ternary complexes has been proposed to facilitate As(III)
oxidation on Fe(II)-reacted goethite, whereby electron transfer between
Fe(II) and the goethite surface results in a highly reactive Fe(III) phase
potentially capable of As(III) oxidation (Amstaetter et al., 2010). Recent

evidence of a highly reactive, labile Fe(III) phase formed during Fe(II)
interactions with ferrihydrite supports this idea (Sheng et al., 2020). In
agreement with As(III) oxidation on the mineral surface, analyses of As
speciation in solution detected As(V) in both Mgt and Mht reacted with
Fe(II) and As(III) as early as 1 h after the As(III) spike (Tables S4 and
S5). Averaged over 1 week, contributions of As(V) to total Asaq were
similar for both Mgt and Mht: x = 8 % and 15 % for 0.1 and 1.0 mM Fe
(II) treatments, respectively, with As(III)/As(V) ratios remaining rela-
tively stable for the duration of the experiment (Tables S4 and S5).
Negligible As(V) was detected in the absence of Fe(II) (x = 2.5 % of
Asaq), and testing of the As(III) stock solution confirmed its III + oxi-
dation state. Therefore, As(V) detected in the As(III)spike treatments
likely formed via oxidation of As(III) on the Fe(II)-reacted Mgt and Mht
mineral surface. Arsenite was negligible in all As(V)spike treatments (x
= 2.5 % of Asaq), indicating that As(V) was not reduced and released to
solution.

At 7 days, however, Asaq only accounted for up to 36 % of total As in
the system (x = 3.8 %). Therefore, we also employed bulk As XAS in
order to follow solid-phase changes in As speciation. Arsenic K-edge
XANES spectra of experimental samples and their corresponding LCF
fits are shown in Fig. 3 and Fig. S7, and results from LCF analysis are
detailed in Table S6. In the absence of Fe(II), As XANES spectra of Mgt
and Mht reacted with As(V) or As(III) showed maximums at ca. 11,874
or 11,871 eV (for As(V)- and As(III)-reacted samples, respectively), with
no difference visible between 1 h and 7 days of reaction time (Fig. S7).
This suggests that no reduction or oxidation of As occurred upon
sorption of As to Mgt or Mht in the Fe(II)-free systems, in agreement
with previous studies (Huhmann et al., 2017; Morin et al., 2008; Wang
et al., 2008, 2011). In contrast, with an addition of 0.1 or 1.0 mM Fe(II),
9–54 % of solid-phase As comprised As(V) after 7 days in the As(III)spike
treatments (Fig. 3, Table S6). Increasing Fe(II) concentrations resulted
in higher rates of As(III) oxidation (29 and 54 % vs. 9 and 16 % for Mht
and Mgt reacted with 1.0 and 0.1 mM Fe(II), respectively). Mgt gen-
erally facilitated more As(III) oxidation compared to Mht. Because the
extent of Fe(II) sorption onto Mgt was higher compared to Mht (Fig. 1),
this may suggest that Fe(II) uptake is important to facilitating As(III)
oxidation. No changes in solid-phase As speciation were recorded in As
(V)spike treatments, suggesting that, in agreement with aqueous data, As

Fig. 2. Trends in total dissolved As determined
in 0.22-μm filtrates for Mgt and Mht reacted
with 0.1 or 1.0 mM Fe(II). Note that the solid-
phases were equilibrated with Fe(II) for 1 h
prior to the As addition, therefore trends in As
begin at time = 1 h. Error bars represent the
standard deviation from triplicate experiments.
Please note the break in the x-axis.
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(V) was not reduced upon sorption to Fe(II)-reacted Mgt or Mht.

3.4. Coordination environment of solid-phase As

Arsenic K-edge EXAFS spectra and results of shell-fit analyses are
illustrated in Figs. 4 and 5, and fit parameters are detailed in Table 1.
All Fourier-transformed spectra showed a pronounced peak at R
+ΔR∼1.3 Å, arising from first-shell O atoms. For all As(V)spike samples,
this feature was fit with an As-O path at a distance of 1.70 Å; in
agreement with expected coordination within the AsO4 tetrahedron (Xu
et al., 2007). For As(III)spike samples, As-O fit distances varied from 1.79
Å in the Fe(II)-free controls to 1.73–1.78 Å in the Fe(II)-reacted systems.
The longer distance (1.79 Å) is in agreement with expected

coordination within the AsO3 pyramid (Morin et al., 2007), while the
shorter distances fit in the Fe(II)-reacted sample suggest a mixture of As
(V) and As(III); in agreement with XANES LCF results (Fig. 3, Table S6).

Following the As-O shell, broad features are visible between R+ΔR
= 2.3–3.3 Å; these result from multiple scattering (MS) paths within
AsO3 and AsO4 polyhedra and distant Fe shells. For As(V)spike samples,
the features between R+ΔR = 2.3–3.3 Å were successfully fit by a
triangular As-O-O multiple-scattering (MS) path at ∼3.09 Å, defined
(non)collinear As-O-As-O MS paths (Catalano et al., 2011; Mikutta
et al., 2010, Voegelin et al., 2007), and a single As-Fe path at 3.3–3.4 Å.
Because substitution of the As(V) tetrahedron for tetrahedral FeO4
within the magnetite or maghemite structure would result in two As-Fe
paths at distances similar to the expected coordination environment of
Fe(III) in tetrahedral magnetite sites (at 3.45 Å; CN = 12, and 3.61 Å;
CN= 4) (Fleet, 1981; Greaves, 1983), the occurrence of a second As-Fe
path at ∼3.6 Å has been cited as evidence of As(V) incorporation into
the magnetite structure (Coker et al., 2006; van Genuchten et al.,
2020v; Wang et al., 2014, 2011). For our As(V)spike samples, although
an additional As-Fe path at ∼3.58 Å could be fit, this did not result in a
statistically relevant improvement (Supplementary Material section 7)
and was therefore not included in final fits. However, As-Fe path dis-
tances in the Fe(II)-reacted samples increased slightly compared to
those in the Fe(II)-free controls at 7 days (RAs-Fe = 3.39 Å vs. = 3.34 Å,
(x )). This may suggest that the local As coordination in the Fe(II)-re-
acted samples reflected a combination of monodentate binuclear (2C)
complexes (IUPAC, 2005) expected for surface adsorbed As(V) (RAs-Fe
= 3.33–3.36 Å) (Coker et al., 2006; Morin et al., 2008; van Genuchten
et al., 2020v; Wang et al., 2011) and structurally incorporated As(V)
(RAs-Fe = 3.45 Å) (Coker et al., 2006; van Genuchten et al., 2020v;
Wang et al., 2014, 2011). Slightly higher coordination numbers (CN) in
the Fe(II)-reacted samples to the Fe(II)-free controls (CNAs-Fe = 1.9 vs.
= 1.4) indicates that the presence of Fe(II) resulted in increased As(V)
sorption, in agreement with dissolved As data (Fig. 2).

For As(III)spike samples, the broad feature between R+ΔR= 2.3–3.3
Å was successfully fit with a triangular As-O-O MS path at ∼3.18 Å and
a single As-Fe path at 3.42–3.49 Å; both distances are slightly longer
than those fit for As(V)spike samples (Fig. 5) and may represent a
combination of 2C complexes and monodentate mononuclear (1V)
complexes (Morin et al., 2008). Tridentate hexanuclear (3C) complexes
were not considered likely, as expected path distances for such com-
plexes are longer (RAs-Fe = 3.53± 0.02 Å) (Morin et al., 2009; Wang
et al., 2008). Furthermore, the inclusion of an additional As-Fe path at
∼2.90 Å, representative of bidentate mononuclear surface complexes
(2E) (Morin et al., 2008; Wang et al., 2008), did not result in a statis-
tically relevant improvement (Supplementary Material section 7).
Compared to the Fe(II)-free controls, CN for the As-Fe path in As(III)spike
samples were higher, suggesting enhanced As(III) sorption in agree-
ment with dissolved As data (Fig. 2). An exception is noted for Mgt
reacted with 1 mM Fe(II), where smaller CN and path distance for the
As-Fe shell are in agreement with a high fraction of solid-phase As(V)
(54 %) contributing to shorter As-Fe paths. In general, results of shell-fit
analyses for As in the Fe(II)-free controls matched the coordination
environments expected for magnetite/maghemite adsorbed-As(V) and
-As(III). In contrast, the presence of both 0.1 and 1.0 mM Fe(II) altered
the extent of As sorption as well as impacted the local coordination of
As, with differences slightly more noticeable with Mgt than for Mht
(Table 1). This is particularly for As(V), where a shift towards longer
As-Fe path distances suggested possible As(V) incorporation.

4. Conclusions

Collectively, our results show that As sorption to non-stoichiometric
magnetite and maghemite under anoxic conditions is significantly in-
creased in the presence of Fe(II), with more dramatic results obtained at
higher Fe(II) concentrations. This may be partially explained through
differences in the local coordination environment of As in Fe(II)-reacted

Fig. 3. Linear combination fits (LCF) of As K-edge XANES spectra of experi-
mental samples and references. Experimental data and LCFs are shown in solid
and dashed lines, respectively, for reactions with 1.0 mM Fe(II) additions (red)
and 0.1 mM Fe(II) additions (yellow). Speciation of As spiked to the system is
indicated above each data line. Arsenate and arsenite contributions determined
during LCF analyses are shown in parentheses (As(III)/As(V), %). Details to LCF
results are presented in Table S6. XANES spectra of control samples (As(III)-
and As(V)-spiked samples in the absence of additonal Fe(II)) are shown in Fig.
S7.
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samples, which suggested the potential structural incorporation of As
(V) into both Mgt and Mht. Furthermore, the presence of Fe(II) induced
significant As(III) oxidation with both Mgt and Mht. The absence of O2
in our system excludes As(III) oxidation by dissolved O2, the kinetics of
which could anyways not account for the rapid (< 1 h) appearance of
As(V) in solution (Hug et al., 2001; Kim and Nriagu, 2000; Oscarson
et al., 1980), and eliminates the explanation of rapid As(III) oxidation
in systems comprising O2 and Fe(II) (Hug et al., 2001; Hug and Leupin,
2003; Ona-Nguema et al., 2010) or O2 and Fe(III)-(oxyhydr)oxides
(Jang and Dempsey, 2008; Wang and Giammar, 2015). Similarly,
photooxidation of As(III) during irradiation in the presence of Fe(III)-
(oxyhydr)oxides (Bhandari et al., 2012, 2011; Hug et al., 2001; Wang
et al., 2013) is excluded, as our reaction bottles were wrapped in Al-foil.
Therefore, aqueous- and solid-phase As(V) in As(III)spike treatments is
suggested to have formed via oxidation of surface-adsorbed As(III) by
the Fe(II)-reacted Mgt or Mht, as has been previously reported for fer-
rihydrite (Zhang et al., 2019), goethite (Amstaetter et al., 2010), lepi-
docrocite (Wang and Giammar, 2015), and schwertmannite (Burton
et al., 2010).

That As interactions with Fe(II)-reacted Mgt generally resulted in
more changes in the As oxidation state and local coordination en-
vironment than with Mht may suggest that the presence of some
structural Fe(II) aided the Fe(II)-catalyzed changes to As redox chem-
istry. Alternatively, as our study at pH 5.5 demonstrated, Fe(II) sorption
onto Mgt was critical to enhancing As(V) removal from solution. Thus,
it seems plausible that the efficiency of both As(III) oxidation and the
structural incorporation of As(V) were similarly linked to the extent of

Fe(II) uptake, which was higher in Mgt compared to Mht. This may also
suggest that both As(III) oxidation and the structural incorporation of
As(V) in systems comprising Fe(II) and non-stoichiometric magnetite or
maghemite may be limited at lower pH, where Fe(II) sorption is in-
hibited. Similarly, the effects of Fe(II) sorption on As speciation and
distribution are expected to decrease with stoichiometric magnetite,
where Fe(II) uptake is limited. Because As(V) generally has a higher
sorption affinity for Fe(III)-(oxyhydr)oxides (Dixit and Hering, 2003)
and structurally incorporated As(V) is less easily desorbed (Huhmann
et al., 2017; van Genuchten et al., 2020v), at circumneutral pH, non-
stoichiometric magnetite and maghemite may represent significant
pathways for long-term As sequestration at under reducing conditions,
where Fe(II) is present.
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Fig. 4. (A) Arsenic K-edge EXAFS spectra and (B) Fourier-transform magnitudes and real parts shown for As(V)-spiked Mgt and Mht reacted with no additional Fe(II)
(gray), 1.0 mM Fe(II) (red), and 0.1 mM Fe(II) (yellow). In (B), experimental data and model fits are shown in solid and dashed lines, respectively. Shell-fit
parameters are reported in Table 1.

R. Gubler and L.K. ThomasArrigo Journal of Hazardous Materials 402 (2021) 123425

7



Fig. 5. (A) Arsenic K-edge EXAFS spectra and (B) Fourier-transform magnitudes and real parts shown for As(III)-spiked Mgt and Mht reacted with no additional Fe(II)
(gray), 1.0 mM Fe(II) (red), and 0.1 mM Fe(II) (yellow). In (B), experimental data and model fits are shown in solid and dashed lines, respectively. Shell-fit
parameters are reported in Table 1.

Table 1
Shell-fit parameters determined from As K-edge EXAFS spectraa.

Sample Treatment Total As (mg/g) As(V)b (%) As-O As-O-Og As-Feh ΔE₀i (eV) NSSRj (%) red. χ²k

CNc,d Re (Å) σ²f (Å²) R (Å) CN R (Å)

Mgt + As(V) (1 h) 0.69l 100 4 1.70(1) 0.002(1) 3.09(5) 1.3(6) 3.34(3) 8.5(17) 1.6 10
+ As(V) (7 d) 0.98m 100 4 1.71(1) 0.002(1) 3.09(6) 1.5(8) 3.36(3) 8.9(19) 2.2 25
+ As(III) (1 h) 0.85l 0 3 1.79(1) 0.003(1) 3.21(11) 2.0(5) 3.49(2) 12.6(8) 3.2 21
+ As(III) (7 d) 1.2m 0 3 1.79(1) 0.003(1) 3.19(10) 3.1(5) 3.49(1) 10.9(16) 2.3 14
+ 1.0 mM Fe(II) + As(V) 1.6m 100 4 1.70(1) 0.002(1) 3.08(3) 2.8(9) 3.42(3) 7.3(21) 2.4 60
+ 1.0 mM Fe(II) + As(III) 1.5m 54 3.54 1.73(1) 0.004(1) 3.15(12) 2.9(6) 3.43(2) 7.2(24) 3.9 33
+ 0.1 mM Fe(II) + As(V) 1.38m 100 4 1.70(1) 0.002(1) 3.10(7) 2.2(9) 3.39(2) 7.9(21) 2.3 41
+ 0.1 mM Fe(II) + As(III) 1.20m 16 3.16 1.76(1) 0.003(1) 3.17(8) 3.7(4) 3.48(1) 11.1(7) 2.0 16

Mht + As(V) (1 h) 0.34l 100 4 1.71(1) 0.002(1) 3.06(5) 1.0(7) 3.32(5) 8.4(18) 2.0 15
+ As(V) (7 d) 1.06m 100 4 1.70(1) 0.002(1) 3.09(6) 1.3(8) 3.33(4) 8.6(20) 2.3 35
+ As(III) (1 h) 0.82l 0 3 1.79(1) 0.003(1) 3.19(12) 1.1(6) 3.42(3) 12.3(20) 4.1 22
+ As(III) (7 d) 1.00m 0 3 1.79(1) 0.003(1) 3.19(10) 1.2(5) 3.46(3) 12.3(18) 3.0 16
+ 1.0 mM Fe(II) + As(V) 1.72m 100 4 1.70(1) 0.002(1) 3.10(4) 1.3(9) 3.39(3) 8.8(20) 2.3 52
+ 1.0 mM Fe(II) + As(III) 1.44m 29 3.09 1.75(1) 0.004(1) 3.16(11) 2.1(6) 3.45(2) 11.3(21) 3.9 42
+ 0.1 mM Fe(II) + As(V) 1.43m 100 4 1.70(1) 0.002(1) 3.10(6) 1.4(8) 3.35(4) 8.7(19) 1.9 32
+ 0.1 mM Fe(II) + As(III) 1.34m 9 3.29 1.78(1) 0.004(1) 3.18(11) 1.9(5) 3.45(2) 11.6(18) 3.0 22

Scorodite 357m 100 4 1.72(1) 0.001(1) 3.21(8) 4 3.38(2) 10.7(22) 2.6 84

aThe passive amplitude reduction factor, S₀², was set to 1.0 for all experiment samples. Parameter uncertainties are shown for the last significant figure. Values in
bold were fixed. bFraction of As(V) determined by LCF analyses of As K-edge XANES spectra (Table S6). cPath degeneracy (coordination number). dDefined as: N=
4fAs(V)+3fAs(III). eMean half path length. fDebye-Waller parameter. gTriangular multiple scattering path defined as: CN= 12fAs(V)+6fAs(III) and σ2 = 2σ2As-O. hDebye-
Waller parameter fixed to 0.008 or 0.0065 Å2 for scorodite/As(V)spike and As(III)spike samples, respectively. iEnergy-shift parameter. jNormalized sum of squared
residuals; = 100∑i(datai-fiti)2/∑idata2. kFit accuracy; = (Nidp/Npts)∑i((datai-fiti)/εi)2(Nidp-Nvar)−1. Nidp, Npts and Nvar are, respectively, the number of independent
points in the model fit (16.3), the total number of data points, and the number of fit variables (6). εi is the uncertainty of the ith data point. lCalculated from [As(aq)]
assuming 100 % recovery (Tables S4 and S5). mDetermined with ICP-OES after acid dissolution.
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