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couples is influenced by oxygen vacancies (Ov), an intrinsic
characteristic of iron (oxyhydr)oxide minerals. Batch experiments
demonstrated that Ov in hematite significantly enhanced the As(III) oxidation efficiency (62.7%) compared to defect-free hematite
(45.9%) at pH 6 with 0.2 mM Fe(II). Spectroscopic and microscopic analyses revealed recrystallization processes that generated
active metastable iron phases after Fe(II) adsorption, acting as electron acceptors for As(IIl) oxidation. Notably, the defective
hematite—Fe(II) couples generated a higher content of active iron phase compared to their defect-free counterparts, which was
attributed to thermodynamically favorable electron transfer between Fe(II) and the defective hematite due to the relatively higher
redox potential of defective hematite (E}; = +1297 mV vs +670 mV). These findings provide evidence of the thermodynamically
driven anoxic transformation of As(Ill), emphasizing the critical role of oxygen vacancies in regulating redox reactivity in oxide-
Fe(II) systems.

1. INTRODUCTION composition and is widely distributed across soils, water, and
living organisms.” Iron (oxyhydr)oxides, commonly coating
soil particles and colloidal surfaces, exhibit reactivity far
exceeding their relative abundance, making them a crucial
component in soil and sediment systems.” However, under
anoxic conditions, iron oxides can act as electron acceptors to
be reduced by dissimilatory iron(III)-reducing bacteria, which
release ferrous iron (Fe(Il)) species from the mineral
structure. These Fe(II) species can adsorb onto the surface
of Fe(IlI) minerals, forming specific Fe(IlI) oxide—Fe(II)
redox couples, which show significantly higher reduction rates
for oxidized pollutants than aqueous Fe(II) (Fegg alone. For
example, Stewart et al. demonstrated that Fe(II)-goethite
rapidly reduces nitrobenzene, linking its reduction to electron

Arsenic (As), a metalloid known for its high carcinogenicity
and toxicity, is primarily released through geological processes
(e.g., weathering of As-bearing Fe(IlI) (oxyhydr)oxides) and
anthropogenic activities (e.g,, mining, smelting, and the use of
arsenical pesticides), leading to significant environmental
pollution." The environmental behavior of As is largely
determined by its chemical speciation, which directly
influences its bioavailability and mobility.” Among its species,
arsenite (As(III)) is more toxic than arsenate (As(V)). The
oxidation transformation of As(III) to As(V) therefore is
considered a key detoxification pathway that also promotes
arsenic immobilization. However, under anoxic conditions,
microbial reduction of As(V) back to As(III) enhances arsenic
mobility and toxicity, thereby posing elevated environmental
and health risks.” A comprehensive understanding of arsenic
transformation pathways is critical for accurately predicting its
environmental fate and for developing effective mitigation
strategies.

Iron (Fe), the fourth most abundant element in the Earth’s
crust, constitutes approximately 4.75% of the Earth’s crustal
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transfer within the iron oxide structure under anoxic
conditions.® Similarly, Li et al. reported that Fe(II)-ferrihydrite
reduces anthraquinone-2,6-disulfonate (AQDS) under anoxic
conditions.” The enhanced reduction ability of Fe(Il) in the
presence of minerals was also observed to drive the
transformation of As(V) to As(III), which significantly affects
the mobility and toxicity of As species. In contrast to As(V)
reduction, some researchers observed the oxidation behavior of
As(I1I) to As(V) by Fe(II)—Fe(I1I) oxide couples, although it
is widely accepted that this process is thermodynamically
unfavorable.”” The underlying mechanisms that determine
why As(V) reduction can appear in some Fe(II)—Fe(III) oxide
systems, while other Fe(II)—Fe(Ill) oxide couples show
As(I1I) oxidation, are still a puzzling and not fully understood
question.

In principle, the discrepancy in the redox behavior of As on
Fe(11)—Fe(IIl) oxide couples may arise from variations in the
surface properties of the iron minerals, which are determined
by their surface structure. Recent studies have shown that the
presence of Fe vacancy defects in Fe(Ill) oxyhydroxides (e.g.,
goethite) can accelerate the electron transfer between
structural Fe(III) and surface-bound Fe(II), which is attributed
to the relatively lower surface energy of defective minerals
compared to their defect-free counterparts.'’ Building on this,
Fang and coworkers demonstrated that Fe vacancies in
goethite significantly facilitate the oxidation of As(III) by the
Fe(II)-goethite redox couple under anoxic conditions.'' These
findings suggest that surface defects in iron minerals play a
critical role in affecting the As redox pathways in Fe(III) oxide-
Fe(I) redox systems. Remarkably, defects in iron minerals
often exist in the form of iron or oxygen vacancy. For instance,
the defect type in the hematite (a-Fe,0;) structure can be
identified by deviations in its atomic stoichiometry (a-
Fez_y03_x) relative to its theoretical formula. In iron oxides,
oxygen atoms occupy the outer spheres of Fe—O octahedral
units, with each Fe atom typically surrounded by six oxygen
atoms. In this configuration, the release of a single Fe atom,
often mediated by dissimilatory Fe(IIl)-reducing bacteria (e.g.,
Shewanella spp.), can result in the formation of two or more
oxygen vacancies at the mineral surface. Therefore, oxygen
vacancy defects are generally more likely to form compared to
Fe vacancies in naturally occurring iron minerals. However,
there is currently a lack of thermodynamic evidence to confirm
whether oxygen vacancies actively drive the oxidation of
As(111) by Fe(IIl) oxides—Fe(II) redox couples.

Herein, our study focuses on hematite, a thermodynamically
stable Fe(IIl) oxide known for its high reactivity and
widespread occurrence in natural environments. To simulate
the reductive dissolution of hematite, we employed sodium
borohydride (NaBH,) as a chemical reductant to generate
oxygen vacancy defects on the surfaces of hematite. The
objectives of this work are (1) to assess the extent to which
oxygen vacancies influence As(III) oxidation by an Fe(III)
oxide—Fe(II) redox couple; (2) to investigate the electron
transfer behavior of a defective Fe(Ill) oxide—Fe(II) redox
couple; and (3) to elucidate the underlying thermodynamic
mechanisms of anoxic As(IIl) oxidation in these systems.

2. MATERIALS AND METHODS

2.1. Mineral Synthesis and Characterization

The synthesis procedures and bulk characterization methods of the
defect-free hematite (denoted as Hem) and defective hematite

samples (denoted as DHem) used in this study are identical to those
described in our previous work.'” The structure and morphologies of
Hem and DHem samples were initially characterized using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Both Hem and DHem
matched well with the standard diffraction pattern of hematite
(JCPDS no. 33-0664) (Figure Sla), and DHem showed a poorer
crystallinity after reduction by sodium borohydride (NaBH,). SEM
and TEM images exhibited granular morphologies for both samples,
while DHem particles showed smaller sizes and more irregular edges
(Figure S1b). High-resolution TEM images showed a lattice fringe
spacing of 0.373 nm, corresponding to the exposed (012) facet
(Figure S1b3—b6). In addition, oxygen vacancy defects were
characterized qualitatively and quantitatively using electron para-
magnetic resonance (EPR) spectra (Figure Slc) and thermogravim-
etry—mass spectrometry (TG—MS) (Figure Sld,e). Based on the
TG—MS data, the calculated oxygen vacancy concentration of DHem
(a-Fe,05_,, where x is the fraction of the oxygen vacancy defect) was
3.24 mmol g~". Finally, the obtained x value in defective hematite is
0.5178. Additionally, high-resolution TEM (HRTEM) combined with
selected area electron diffraction (SAED) mapping and Mdssbauer
spectral studies were conducted to observe the Fe phase evolution of
hematite before and after Fe(II) addition. More details of sample
preparation and mineral characterization are provided in Texts S1 and
S2 and in our previous publication.'”

2.2. Arsenic Oxidation Experiments

The As(II) oxidation experiments were conducted in the anoxic
glovebox to prevent exposure to oxygen. All solutions were purged
with dinitrogen gas for 2 h and subsequently transferred into the
glovebox to maintain an oxygen-free environment. The experiments
were performed at three pH values of 5.0, 6.0, and 7.0 using 25 mM
MES (pH 5.0) or MOPS (pH 6.0 and 7.0) as buffers, with 25 mM
KCl as the background electrolyte. Varying amounts of the Fe(II)
stock solution (prepared from FeCl, in 1 M HCI) were added to
achieve final Fe(II) concentrations of 0.2—5.0 mM. The pH was
adjusted to the target value, followed by the addition of preweighed
hematite solids to achieve a mineral concentration of 1.0 g L™, and
the mixture was stirred vigorously in the dark for 1 h to allow Fe(II)
equilibration with the mineral surface. After equilibration, the pH was
verified and adjusted again if necessary. Subsequently, the As(III)
stock solution was added to achieve a final As(III) concentration of
100 uM, and the reaction proceeded for 4 h under continuous stirring
in the dark.

Dissolved Fe(II) was quantified after filtering through a 0.4S ym
nylon syringe filter, while adsorbed Fe(II) was calculated as the
difference between total Fe(II) (extracted with 0.5 M HCI for 24 h)
and dissolved Fe(II). Fe(Il) concentrations were determined via
phenanthroline spectrophotometry.'® Arsenic speciation in solution
was analyzed by liquid chromatography—atomic fluorescence
spectrometry (LC-AFS) after filtering through a 0.22 um filter.
Surface-associated arsenic (As(III)/As(V)), including adsorbed
species on the solid surface, was extracted using a 1 M NaH,PO,
solution, shaken at 80 rpm for 24 h. All experiments were conducted
in triplicate to ensure the reliability of the results. More details are
shown in Text S3.

2.3. Oxidation—Reduction Potential (E,;) Measurements

The Ey values of hematite suspensions were measured using a
mediated potentiometric method.'*'®> A 907 Titrando automatic
potentiometric titrator equipped with a 6.0451.100 platinum-ring
combined redox electrode (Metrohm) was used for the measure-
ments. The experiments were conducted at five Fe(II) concentrations
(FeCl,, 0.1~5.0 mM) and three pH values (5.0, 6.0, and 7.0).
Specifically, a 1S mL aqueous solution containing 25 mM KCl was
mixed with Fe(II) stock solutions under vigorous agitation. The
solution pH was adjusted to the target experimental value. The
hematite solid was subsequently added to achieve a final mineral
concentration of 1.0 g L™ A 10 mM Ru(NH,),4 stock solution was
introduced to achieve a final concentration of 20 yM. The pH was
readjusted to the initial value. The resulting suspensions were
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Figure 1. Temporal evolution of As(III) and As(V) concentrations (total As(III) 100 4uM) for Hem and DHem samples (1.0 g L™') in the absence
(a,b) and presence of 1.0 mM Fe(II) (c,d) under anoxic conditions at pH = 6.0; the total As(V) concentration and the As(III) oxidation rate in the

presence of Fe(I) (0.2, 1.0, and 5.0 mM) at pH = 6.0 (e/f).

equilibrated in the dark under continuous stirring for 24 h. The filtrate
was subsequently analyzed to quantify the final concentration of
aqueous Fe?* (Fef;q)).

Additionally, the Pt-ring combined redox electrode was periodically
immersed in 0.1 M HCI for 5 min to remove adsorbed substances and
the oxide film on its surface. Subsequently, the electrode was
immersed in 3 M KCI for 5 min to recover the diluted reference
solution concentration. The electrode was calibrated using a 20 mL
buffer solution saturated with 0.1 g of quinone (>97%, Thermo
Scientific) at pH 4.0 and 7.0, yielding calibration values of 265 =+ 15
mV and 86 + 15 mV, respectively. Ey values of the suspensions were
measured using a Pt-ring combined redox electrode with a Ag/AgCl
as the reference electrode inside the glovebox. The final stable
potential measurement was recorded as the Ey value of the
suspension.

2.4. Electrochemical Measurements

Cyclic voltammetry (CV) curves were obtained using a CHI660E
electrochemical workstation (Shanghai Chenhua Instrument Co.,
Ltd.). The three-electrode system consisted of an Ag/AgCl electrode,
a Pt rod electrode, and a hematite powder-loaded glassy carbon
electrode (2 mm diameter) as a reference electrode, counter
electrode, and working electrode, respectively. All electrochemical
tests were performed under anoxic conditions. The electrolyte
solution was maintained at pH 6.0 using 25 mM MOPS and
contained 25 mM KCl along with varying concentrations of Fe(II)
(0—5 mM). A S mg hematite sample was dispersed by vortex mixing
in a solution of Nafion (0.5 wt %, 50 uL) diluted with ethanol for 1
min. Subsequently, 2 uL of the resulting suspension was coated onto a
clean glassy carbon electrode using a microsyringe, and the electrode
was air-dried for 5 min prior to immersion in the anoxic solution.
Additionally, cyclic voltammetry curves were recorded at scan rates
ranging from 0.01 to 1 V s7'. The relationships between the peak
potential shift (EP—EO) and the logarithm of the scan rate [log(v)], as
well as between the anodic peak current (ipa) and the square root of
the scan rate (1°), were analyzed to elucidate the electrochemical
behavior of the system.

2.5. Density Functional Theory Calculations

Density functional theory (DFT) calculations were employed within
the generalized gradient approximation (GGA) using the Perdew—
Burke—Ernzerhof (PBE) formulation.'®'” The projected augmented
wave (PAW) potentials were employed to describe the ionic cores,
while valence electrons were treated using a plane-wave basis set with
a kinetic energy cutoff of 450 eV.'®'®'? An implicit solvation model
(H,0) was used to study the effect of electrostatics, cavitation, and
dispersion on solute—solvent interaction including tuning VASP sol
parameters. The hydrated Fe(II) was set by surrounding a Fe atom
with a —OH group and three H,O (i.e., Fe(OH)(OH,);).”® Partial
occupancies of the Kohn—Sham orbitals were allowed using the
Gaussian smearing method with a width of 0.05 eV. Electronic self-
consistency was achieved when the total energy change between
iterations was less than 1075 eV. Geometry optimizations were
considered converged when the forces were below 0.05 eV A™\. A
vacuum layer of 18 A was applied perpendicular to the slab to avoid
spurious interactions. The Brillouin zone integration was performed
using 2 X 2 X 1 Monkhorst—Pack k-point sampling for a structure.
Finally, the adsorption energies (E,4,) were calculated as E, g, = E, g5
— E,4 — E,,, where E_ g/, E,q, and E, are the total energies of the
optimized adsorbate/substrate system, the adsorbate in the structure,
and the clean substrate, respectively.

3. RESULTS AND DISCUSSION

3.1. Anoxic As(lll) Oxidation Coupled to Fe(lll) Reduction
on Hematite—Fe(ll) Redox Couples

Figure lab illustrates the evolution of As(IIl) and As(V)
species concentration in Hem and DHem without the Fe(II)
system. No As(V) species were detected in the solution and on
the surface of Hem/DHem samples at pH 6.0, indicating that
As(II1) oxidation did not occur by the Fe(III) oxide alone,
which is in agreement with previous reports.” It is reported that
direct oxidation of As(IIl) by lattice Fe(III) is thermodynami-
cally unfavorable under circumneutral and anoxic conditions
due to the octahedral coordination and electronic localization

https://doi.org/10.1021/acs.langmuir.6c02392
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Figure 2. Fe(II) concentration on the surface of Hem and DHem (1.0 g L™') under anoxic conditions. The temporal evolution of Fe(II)
concentration (1.0 mM) before (a,b) and after adding As(III) (c,d). The relationship of As(V) yield with the amount of oxidized Fe(II) under

varying conditions on Hem (e) and DHem samples (f).

of structural Fe(III), which limit efficient interfacial electron
transfer. The residual As(III) concentration in solution for the
DHem system was lower than that for the Hem system after
the reaction reached equilibration. This result suggested that
DHem has a higher adsorption capacity for As species
compared to Hem, which was attributed to the stronger
adsorption affinity of oxygen vacancy sites in DHem to arsenic
species.'””"*” In contrast to the mineral alone system, the
As(III) concentration in mineral suspensions sharply decreased
within the initial 10 min after addition of 1.0 mM Fe(II)
(Figure 1c,d). We observed a fast generation of As(V) species
in the hematite—Fe(II) system within the initial 30 min,
indicating that the presence of Fe(II) is beneficial for As(III)
oxidation. The specific surface areas (SSA) for Hem and
DHem samples were 21.3 and 25.3 m*/g, respectively. To
account for the influence of SSA on As(III) oxidation over
hematite samples, the formed As(V) concentrations were
normalized by their SSA values (Figure le). This calculation
revealed that the formed As(V) concentration amount per unit
surface area was higher for the DHem sample compared to
Hem at Fe(II) concentrations from 0 to 5.0 mM. Remarkably,
the formed As(V) concentration at 240 min in the DHem—
Fe(II) system (about $9.4 umol L") was considerably higher
than that in the Hem—Fe(II) system (38.1 umol L") at the
1.0 mM Fe(II) concentration (Figures le,f, and S3). We also
examined the effect of solution pH on the anoxic As(III)
oxidation in the mineral-Fe(Il) system with 1.0 mM Fe(II).
Compared to pH 7, the relatively lower pH (e.g,, pH S) was
favorable to the anoxic As(III) oxidation in the hematite—
Fe(II) systems (Figure S4). Interestingly, although the
concentrations of As(V) formed in the hematite—Fe(II) setups
at varying initial Fe(II) and solution pH differed significantly,
the total As(V) concentration formed in the DHem—Fe(II)

system was always higher than that in the Hem—Fe(II) system.
This result indicated that the presence of vacancy defects in
hematite favorably facilitated anoxic As(IIl) oxidation in
hematite—Fe(II) systems.

To illustrate the evolution of Fe(Il) species in the Hem—
and DHem—Fe(II) couples, we quantified the concentrations
of dissolved and adsorbed Fe(II) as a function of time. Before
adding As(1II), the dissolved Fe(II) concentration in Hem—
Fe(Il) systems decreased and stabilized within 30 min, while
the adsorbed Fe(II) concentration gradually increased (Figures
2a and SS). This indicates that Fe(II) adsorption occurs on the
Hem surface. Compared to the Hem—Fe(II) system, a notable
increase in the dissolved Fe(II) concentration (3.2 mM) after
60 min was observed in the DHem—Fe(II) system, which was
significantly higher than the initially added Fe(II) concen-
tration of 1.0 mM (Figure 2b). The occurrence of partial
reductive dissolution of structural Fe(III) to Fe(II) species on
the DHem sample implies a significant difference in Fe(II)
solution chemistry behavior compared to experiments with
Hem. After addition of As(IIl) to the Hem—Fe(II) setups, the
total Fe(II) concentration showed a slight increase (1.10 mM)
after the reaction reached equilibrium (Figure 2c), while we
observed a stronger increase in the DHem—Fe(1I) setups (4.21
mM) (Figure 2d).

We compared the extent of Fe(II) concentration increase
with the As(V) yield under different Fe(II) addition
conditions. As shown in Figure 2e/f, there was an excellent
linear relationship between the increase of As(III) oxidation
(A[As(V)]) and Fe(Il) concentration (A[Fe(II)]). According
to previous reports, As(IIl) oxidation in Fe(III) oxide—Fe(II)
systems is a two-electron transfer process,23 where surface-
bound As(III) donates electrons to the structural Fe(IIl) of
hematite samples.”* In our study, we observed that the slopes
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Figure 3. TEM mapping-SAED of Hem (a—c) and DHem (d—f) after the reaction with Fe(II) (1.0 mM) for 1 h. Mdssbauer spectra of Hem and
DHem samples with (gh) and without (ij) addition of 1.0 mM Fe(II) at pH 6.0. The Mdssbauer spectra were collected at 273 K.

of A[As(V)]/A[Fe(Il)] in our hematite—Fe(II) couples were
close to 0.5, indicating a good electron balance between As(V)
generation and Fe(IIl) reduction. This result revealed that
anoxic As(Ill) oxidation by hematite—Fe(Il) couples is a
nonradical process, and no other abiotic factors, such as
reactive oxygen species (ROS), are involved in As(III)
oxidation.”**

3.2. Formation of Active Metastable Iron Phases in the
Hematite—Fe(ll) System

Based on our results, the question arises why the presence of
oxygen vacancies promotes As(III) oxidation in hematite—
Fe(II) systems. Theoretically, the strong As(III) oxidation
ability of hematite—Fe(Il) should be attributed to the
availability of electron acceptors, such as structural Fe(III)
species in the hematite. However, we did not observe As(III)
oxidation on hematite alone, indicating the role of other
electron acceptors contributing to the As(III) oxidation.
Previous reports have observed that poorly crystalline iron
minerals (e.g., ferrihydrite and hydrated Fe(IIl) oxide)
represent active metastable iron phases, which could tri§§er
As(1II) oxidation in both oxic and anoxic environments.”*”’
To explore whether the higher As(IIl) oxidation observed in
DHem—Fe(II) systems compared to Hem—Fe(Il) systems
originates from the formation of more reactive metastable
iron(III) phases, the evolution of mineral phases was examined
using HRTEM combined with SAED mapping. The HRTEM
images revealed a cubic-like morphology commonly found in
hematite with exposed (012) facets (Figure S1). After adding
Fe(1l), newly formed iron minerals appeared (denoted in red
circles) (Figure 3ab,d,e). These newly formed iron minerals
exhibited relatively poor crystallinity with flocculent and
irregular morphologies, as evidenced by our HRTEM analysis
(Figure 3¢,f) similar to previous work reported by Jeon et al.**
XRD patterns revealed that Fe(Il)-reacted hematite still
contained mainly hematite as the crystalline mineral phase

(Figure S6), suggesting that no significant phase trans-
formation occurred after Fe(II) addition. This phenomenon
was also observed in previous work, which was attributed to
the oxidative adsorption of Fe(II) to structural Fe(III) in the
hematite lattice to form new hematite phases.”*™>' However,
the intensity of the diffraction signals in Fe(Il)-reacted
hematite became smaller, indicating that the structure of the
newly formed hematite was obviously different from that of the
pristine hematite. Catalano et al. employed X-ray reflectivity
measurements to confirm that Fe(II) induces changes of the
hematite structure,” showing nanoscale size, high structural
relaxation, and pronounced defect features. They also
proposed that Fe(Il)-induced structural transformation in
hematite enables the newly formed iron phases to exhibit high
reactivity toward redox-sensitive contaminants. Therefore, the
newly formed active hematite minerals in our study were likely
analogous to the active metastable iron phases generated
during the oxidative adsorption of Fe(1I) on iron oxyhydroxide
minerals.””*” Interestingly, HRTEM images showed distinct
morphological features of newly formed active iron minerals in
the DHem—Fe(Il) system compared to the Hem—Fe(Il)
system (Figure 3a,e).

To further confirm the higher content of active metastable
iron phases in DHem—Fe(Il) sample compared to Hem—
Fe(Il) sample, we employed Mdossbauer spectroscopy to
analyze the evolution of iron mineral phases in Hem and
DHem samples before and after Fe(Il) addition at pH 6. As
shown in Figure 3g, the Hem sample (no Fe(Il) addition) was
characterized by a typical magnetic splitting spectrum with a
single sextet.”” The single sextet featured a center shift (CS) of
~0.37 mm s~', a quadrupole splitting (QS) of ~—0.22 mm s,
and a magnetic hyperfine field (H) of ~52.3 T (Table S3),
which are typical parameters for hematite.”* For DHem (no
Fe(II) addition), except for a typical sextet, a new doublet was
also observed in the Mossbauer profile (Figure 3i). The
doublet showed a CS of ~0.35 mm s~ ' and a QS of 0.8 mm s™!
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mineral suspensions, and 24 h equilibrium time.

that can be assigned to a new Fe atomic environment in the
DHem structure formed by the partial transition of Fe(III) to
Fe(Il) due to the presence of oxygen vacancies.'”*' After
adding Fe(II) to the minerals, in addition to the typical
hematite sextet (sextet 1 in orange), the Mossbauer spectra of
Fe(1I)-reacted Hem and DHem samples showed an additional
sextet (sextet 2 in green) with similar Mossbauer fitting
parameters as sextet 1 but with a relatively low H value (Figure
3h,j). The change of H in sextet 2 was probably due to the fact
that the Fe(II)-catalyzed transformation altered the magnetic
properties of Fe(Il)-reacted hematite compared to bulk
hematite.”””> This phenomenon was also observed in the
Fe(II)—goethite redox system.”® Notably, the relative fraction
of this reactive iron mineral component formed in the DHem—
Fe(II) couple was 12.3%, which was significantly higher than
that formed in the Hem—Fe(Il) couple (7.0%). This result
indicated that the presence of oxygen vacancies in hematite
facilitates the formation of active metastable iron phases after
addition of Fe(II) to hematite.

3.3. Thermodynamic Insights into the Formation of Active
Iron Phases Promoted by Oxygen Vacancies

While we observed a higher content of the reactive iron(III)
phase in the DHem—Fe(II) system, the underlying mechanism
of how oxygen vacancies facilitated the formation of this
reactive iron phase is still unclear. In general, the formation of
active metastable iron phases involves electron transfer (ET)
between sorbed Fe(Il) and the bulk hematite surface. The
higher the oxidative potential of the bulk hematite is, the more
thermodynamically favorable the ET between surface-bound

Fe(Il) and the mineral is. In this studgr, we utilized an
optimized mediated potentiometry method”'**” to determine
the standard reduction potential (Ef;) of hematite for further
illustrating the effect of oxygen vacancies on the ET. The half-
reaction that contains hematite (a-Fe,O;(s)) and aqueous
Fe** (Fe(},) is described below.

1 v, - 4, 3
—a-Fe,05(s) + 3H  + e = Fe;,y+ —H,0
Tl w* 3t m

The Nernst equation corresponding to the above half-
reaction is as follows

RT RT
E, =EY — T1n[Fe§;D] + 3?In[H+] @

where Ej and Ej; are the reduction potential and standard
reduction potential of hematite suspensions, respectively,
Fe{}is the equilibrium concentration of aqueous Fe’* in a
binary heterogeneous system, [H'] is the concentration of H*
in solution, R is the ideal gas constant, T is the temperature
(K), and F is the Faraday constant. At room temperature (298
K), eq 2 is simplified as follows

Ey = Ejy — 0.059V-log[Fe{;f)] — 0.177 V-pH 3)

For DHem, its structural formula can be expressed as a-
Fe,0;_,, where x represents the stoichiometric number of
oxygen vacancies in the DHem. The corresponding half-
reaction and Nernst equation for the DHem are as follows
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1 _
za—Fe203_x(s) + (3 —x)H"+ (1 - x)e

3—x
= Fe/l'y + =——=H,0
o T )
RT
E, =E) — ————In[Fe!"\] + 3 —
H H (1 _ x)F Il[ e(aq)] ( x)
Lln[}ﬁ]
(1 — x)F (%)

We have measured the x value, that is, 0.518 (see Section
2.1). At room temperature, we simplified eq S by substituting
the value of x into the equation.

Ey = Efy — 0.122 V-log[Fe{})] — 0.304V-pH 6)

Figure 4 illustrates the evolution of the Ey value as a
function of Iog[Fe%:q)] at pH 5.0, 6.0, and 7.0. As shown in
Figure 4a,b, the relationship between log[Fe%:q)] and Ey could
be well fitted by a linear regression equation at a given pH. For
the Hem sample, the slopes obtained from the linear regression
equation at pH 5.0, 6.0, and 7.0 were —0.056 V, —0.057 V, and
—0.068 V, respectively, which were very close to the theoretical
Nernstian slope value shown in eq 3 (—0.059 V). The slopes
for the DHem sample at pH 5.0 (—=0.133 V), 6.0 (—0.118 V),
and 7.0 (—0.137 V) were also very close to the theoretical
values (—0.122 V) shown in eq 6, suggesting that the Nernst
equation could better describe the evolution of Ey in the
Fe(I1I)—hematite couples. This result also demonstrates that
under relatively low Fe(II) concentration (0.02 mM) and low
pH (5.0) conditions, the system exhibits a higher Ey, which
can also be theoretically inferred from eqs 3 and 6. The
resulting increase in Ey thermodynamically favors enhanced
oxidizing power and prolonged persistence of reactive Fe(III)

species, which provides a mechanistic explanation for the
higher As(III) oxidation efficiency observed under acidic
conditions (Figure le).

As the y-intercept in the linear regression equation
corresponds to the Ejy value in eqs 2 and 6, we therefore
further calculated the EJ; of hematite samples at different pH
values using the corresponding regression equations. The
calculated Ef; values of hematite samples at given pH values
were very close to each other (Figure 4c), indicating that the
mediated potentiometric method used for standard reduction
potential calculation was highly reliable. Remarkably, the
calculated average Ef; of DHem was +1.297 V, which was
nearly two times larger than that of Hem (+0.669 V) (Figure
4d). The relatively larger E; of DHem compared to that of
Hem suggests a strong electron-transfer interaction with
surface-bound Fe(II), thereby thermodynamically favoring
the formation of the active metastable iron phases involved
in As(III) oxidation.

3.4. Electrochemical Evidence of Enhanced Electron
Transfer between Fe(ll) and Defective Hematite

To comparatively evaluate the interfacial electron-transfer
behavior of Fe(1l) on the Hem and DHem surfaces, cyclic
voltammetry (CV) measurements were performed. As shown
in Figure Sa,b, the mineral suspensions without Fe(II) addition
showed very weak redox currents, indicating that the hematite
alone has very low intrinsic electrochemical activity. This
explains why we did not observe As(IIl) oxidation by hematite
alone (Figure la,b). Interestingly, the intensity of the redox
current peak gradually increased with increasing Fe(II)
concentration in the mineral suspensions. In addition to the
increased intensity of the redox peak, we also observed a shift
of the peak position (shaded region) after addition of Fe(II).
Apparently, the potential of the oxidation peak in the DHem—
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Fe(1l) couple (Fe(Il) = 5.0 mM) was —0.107 V, which was
less negative than that in the Hem—Fe(II) couple (—0.508 V),
suggesting that the DHem—Fe(II) couple exhibited a stronger
ET ability than the Hem—Fe(1I) couple.

To further quantify the rate constants (k) of electron
transfer in hematite—Fe(II) couples, we recorded CV curves of
the Fe(II) reaction on hematite samples at different scan rates
ranging from 0.1 to 1.0 V s~ (Figure Sc,d) to plot the linear
relationship between E, — E, and the log of the scan rate
(logv) (Figure Se) based on the Laviron equation.”® ™"

Ep — Ey = - 2.303RT10g y— 2.303RT10g anF

anF anF RTk, (8)
where a is the charge transfer coefficient, n is the number of
electrons transferred (n = 1 in this study), v is the scan rate, E,
is the apparent formal redox potential estimated by the average
between anodic peak potential (E,,) and cathodic peak
potential (E,.), k, is the apparent rate constant of electron
transfer between the oxides and Fe(II), and R, T, and F are the
universal gas constant (8.314 J mol™' K'), absolute
temperature (298 K), and Faraday constant (96485 C),
respectively. According to eq 8, the value of k, can be obtained

from eq 8 when E, — E; = 0 (k, = ‘;—FTV) The calculated slope

for the Fe(II) reaction on Hem was 0.088 s™*, which was 1.6
times larger than that on DHem (0.055 s™"). A larger absolute
slope in the E, — E, versus logy relationship corresponds to a
smaller charge transfer coefficient (a), suggesting increased

irreversibility of the electron-transfer process. As described by

aFv

s = o @ smaller ¢ under identical scan-rate conditions

necessarily leads to a lower apparent rate constant (k).
Accordingly, the relatively larger slope observed for Hem
corresponds to a smaller k, indicating more kinetically
constrained interfacial electron transfer on Hem compared to
DHem. In addition to k,, the diffusion coefficient of the charge
carrier, which could be used to reflect the reaction rate
between the oxide and Fe(II), was also calculated based on
Randles—Sevcik equation.*' ™"

D 1/2
I, = 0.4463 (nF)*’ 2AC(—O) /2
P RT 9)

where I, is the peak current (uA) at scan rate v, n is the
number of electrons involved in the reaction, and A and C are
the area of the electrode and the concentration of the redox
active molecule in the reaction, respectively. D, is the diffusion
coefficient of a charge carrier. We plotted the anodic peak
current (Ipa) against the square root of the scan rate ('),
which showed a good straight line (Figure Se). As the area of
the electrode and the initial Fe(II) concentration used in our
electrochemical experiments are the same, the slope of the
fitted straight line therefore directly reflects the diffusion
coeflicient. As shown in Figure 5f, the fitted slope for DHem—
Fe(I) couples was 63.4, which was far larger than that of
Hem—Fe(II) couple (10.6), indicating that Fe%;’q)could rapidly
move to the DHem surface. This result revealed that oxygen
vacancies in hematite not only facilitated the electron transfer
between Fe(II) and the mineral but also accelerated the
diffusion of Fe%,:q) to the mineral surface, thereby boosting the
formation of active metastable iron phases.

3.5. Chemical Bonding Analysis of Fe(ll) on Hematite in
the Presence of Oxygen Vacancies

To further reveal the effect of oxygen vacancies on electron
transfer in iron oxide—Fe(Il) couples, DFT calculations, a
useful tool to observe the interfacial behavior of Fe(II) on
hematite directly, were employed to analyze the chemical
bonding of Fe(II) on hematite both in the absence and
presence of oxygen vacancies. Figure 6 shows the constructed
model of Fe(II) adsorbed on both pristine hematite and
hematite with one oxygen vacancy. For the pristine hematite
surface, the calculated adsorption energy (E,4) of Fe(II) on
the mineral surface was —1.79 eV. When Fe(II) adsorbed on
the oxygen vacancy site of the defective hematite surface, its
E, 4 significantly decreased from —1.79 to —2.85 eV, indicating
that Fe(II) adsorption on the surface of defective hematite is
more thermodynamically favorable. This phenomenon was also
observed in our previous work using arsenic species as a probe
molecule; ie., the surface oxygen vacancy of hematite is the
active site for ion adsorption.'””"** To illustrate the effect of
oxygen vacancies on the electronic density distributions of
Fe(1I) bound to the mineral, the charge density difference of
Fe—O binding was analyzed. The charge density difference
analysis revealed a distinct depletion of localized electrons for
the surface-bound Fe(II) (cyan isosurface), while the oxygen
site. of minerals bound to Fe(II) species showed an
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accumulation of electrons (yellow isosurface) (Figure 6).
However, the extent of net electron transfer in the defective
hematite was different from that in the defect-free hematite;
i.e., approximately 0.228¢ Bader charges were observed to
transfer from adsorbed Fe(II) to the hematite bulk, which was
lower than that observed in the hematite bulk with one oxygen
vacancy (0.596e) (Table S4). This observation suggested that
the oxygen vacancies on hematite act as stronger electron
acceptors, facilitating a greater transfer of charge from the
Fe(II) atoms to the lattice, in agreement with our electro-
chemical evidence (Figure S). Overall, our electrochemical and
DFT calculations provide experimental and theoretical
evidence to reveal that the oxygen vacancy defects play a
critical role in improving the oxidation potential of hematite,
which favors the formation of the newly active metastable iron
phases for the following As(III) oxidation.

4. CONCLUSIONS

In summary, we systematically analyzed the structural
evolution of Fe(III) minerals following reductive Fe(II) release
and identified oxygen vacancy defects as intrinsic features of
natural Fe(III) minerals. We demonstrated that oxygen
vacancies in hematite promoted the formation of new reactive
Fe phases, thereby enhancing As(III) oxidation in hematite—
Fe(Il) systems across a range of pH values and Fe(Il)
concentrations. Thermodynamic and kinetic analyses further
revealed that defective hematite exhibits a higher standard
redox potential than defect-free hematite, favoring electron
transfer and diffusion processes that drive the generation of
reactive Fe(Ill) intermediates. Complementary DFT calcu-
lations confirmed that oxygen vacancy sites on hematite
surfaces act as stronger electron acceptors, facilitating the
charge transfer from Fe(1I) to the mineral lattice. This study
highlights that the microstructure evolution of Fe(III) minerals
after reductive release of Fe(1I) to form oxygen vacancies is an
important, but so far overlooked, factor that drives the
generation of more active Fe(III) phases. Given the strong
dependence of arsenic mobility and toxicity on its oxidation
state, this study not only provides new thermodynamic insights
into anoxic As(III) oxidation in mineral-Fe(II) systems but
also advances our understanding of arsenic fate and transport
in iron-rich anoxic environments.
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