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ABSTRACT: Hematite is a common iron oxide in natural
environments, which has been observed to influence the transport
and fate of arsenate by its association with hematite. Although
oxygen vacancies were demonstrated to exist in hematite, their
contributions to the arsenate immobilization have not been
quantified. In this study, hematite samples with tunable oxygen
vacancy defect (OVD) concentrations were synthesized by treating
defect-free hematite using different NaBH, solutions. The vacancy
defects were characterized by positron annihilation lifetime
spectroscopy, Doppler broadening of annihilation radiation,
extended X-ray absorption fine structure (EXAFS), thermogravi-
metric mass spectrometry (TG-MS), electron paramagnetic
resonance (EPR), and X-ray photoelectron spectroscopy (XPS).
The results revealed that oxygen vacancy was the primary defect type existing on the hematite surface. TG-MS combined with EPR
analysis allowed quantification of OVD concentrations in hematite. Batch experiments revealed that OVDs had a positive effect on
arsenate adsorption, which could be quantitatively described by a linear relationship between the OVD concentration (Cge; mmol
m™2) and the enhanced arsenate adsorption amount caused by defects (AQ,,, gmol m™2) (AQ,, = 20.94 C, R* = 0.9813). NH;-
diffuse reflectance infrared Fourier transform (NH;-DRIFT) analysis and density functional theory (DFT) calculations
demonstrated that OVDs in hematite were beneficial to the improvement in adsorption strength of surface-active sites, thus

Iron (oxyhydr) oxide Sparse defects Quantifying OVD

as,
20
25, .
20 o7 e
15 °

Moderate defects

10

ol e

Enhanced arsenate adsorpion (4.Qm) (ymol m )

506 0tz 00 0% 008 010 07 0
‘Oxygen defocts concentration from TG-MS (mol m)

® Arsenate

considerably promoting the immobilization of arsenate.

KEYWORDS: hematite, oxygen vacancy, quantification, arsenate, immobilization

1. INTRODUCTION

Arsenic (As) is a metalloid commonly found in polluted soils
and groundwaters that has high toxicity and carcinogenicity,
which might increase incidences of cancer, along with other
negative health effects. Moreover, the migration of arsenic in
the environment further increases its environmental risks.'
Abundant iron-bearing minerals in soils and sediments
significantly affect the migration and fate of arsenic.”’
Hematite (a-Fe,0;) is one of the most common iron oxides
that is widely distributed in tropical and subtropical regions.
Due to its thermodynamic stability and high reactivity,
hematite extensively participates in biogeochemical processes
(e.g, via adsorption, oxidation/reduction, and catalytic
processes) that have attracted much attention.*™'* However,
hematite hardly exists in perfectly crystalline form in natural
environments due to the incorporation of impurities (e.g., Al
and Mn ions) and the dynamic changes of environmental
conditions (e.g., temperature), including redox conditions
(e.g, via flooding and drainage),"*~"® which allows hematite to
possess different vacancy defects, thereby showing varying
physical and chemical properties.
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In general, the reported literature divides the vacancy defects
in minerals into two categories of anionic (e.g, TiO,_, and
ZrOZ_x)ls’17 and cationic vacancies (e.g, Cu,_,O and
Fe,_,0).""" It has been observed that the vacancy defects
in iron oxides play an important role in the processes of
oxidation/reduction, adsorption, electron transfer, and mineral
microbial reduction.”””** For example, Notini et al. inves-
tigated experimentally the role of defects in Fe(II)—goethite
electron transfer using a combination of techniques, such as
S"Fe Mossbauer spectroscopy, synchrotron-based X-ray
absorption, and magnetic circular dichroism.””> They found
that low-temperature Fe(III) hydrolysis led to goethite
particles possessing Fe vacancies, which could enable Fe-
(II)—goethite electron transfer. These Fe vacancy defects were
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also observed to considerably promote microbial goethite
reduction, i.e., Fe vacancy-rich goethite exhibited large initial
Fe(III) reduction rate relative to Fe vacancy-poor goethite.”!
Moreover, Liang et al. confirmed that Fe vacancy defects in
hematite significantly increased lead and arsenic adsorption,
which was explained by the large affinity constants and more
adsorption sites induced by Fe vacancy defects."* To sum up,
vacancy defects exhibit extremely important contributions to
the interfacial reactivities of iron (oxyhydr)oxides. However,
most of the reported literature only focus on the role of Fe
vacancies, and very few studies have investigated whether the
anionic vacancies (e.g, oxygen vacancies) also affect the
mineral’s physical and chemical properties. Moreover, current
research mainly described the qualitative effect of vacancy
defects on the physical and chemical properties, and their
quantitative contributions are still unclear.

As Fe-bearing minerals have been reported as a sink of
arsenic that controls the migration and fate of arsenic in natural
environments,>> > uncovering the quantitative contribution of
oxygen vacancy defects to arsenic immobilization by iron
(oxyhydr)oxides is therefore of environmental significance to
understand the fate of toxic arsenic in soils and sediments.
Herein, hematite samples with different levels of oxygen
vacancy defects were prepared by a facile reaction between
defect-free hematite and NaBH, solutions at room temperature
by adding different NaBH, concentrations. The defect
characteristics of hematite samples were characterized by
electron paramagnetic resonance (EPR), X-ray photoelectron
spectroscopy (XPS), positron annihilation lifetime spectrom-
etry (PAL), extended X-ray absorption fine structure
(EXAFS), and Doppler broadening of annihilation radiation
(DBAR). The objectives of this study are to (1) establish an
approach to quantitatively measuring oxygen vacancy defect
(OVD) concentrations in defective hematite, (2) evaluate the
quantitative contributions of vacancy defects to arsenate
immobilization, and (3) reveal the underlying mechanism of
the effect of OVDs on arsenate adsorption.

2. MATERIALS AND METHODS

2.1. Mineral Preparation. Hematite was prepared by a
precipitation approach following Schaller et al.*® To obtain
defect-free hematite (denoted as H-OM), the obtained sample
was further calcined at 600 °C in an air atmosphere for S h to
remove the impurities (e.g,, amorphous iron oxide phases and
defects). The defective hematite samples with tunable oxygen
vacancy defect concentrations were prepared through the
treatment of defect-free hematite samples using NaBH,
solutions as reported by Sun et al.”’ Details of all sample
preparation procedures are presented in Text SI.

2.2. Mineral Characterizations. The phase structure,
morphology, mineral surface chemical valence, and defect
characteristics of hematite samples were investigated by X-ray
diffraction (XRD), scanning electronic microscopy (SEM),
transmission electronic microscopy (TEM), N, adsorption/
desorption curves, energy dispersion spectrum (EDS)
mapping, electron paramagnetic resonance (EPR), X-ray
photoelectron spectrometry (XPS), Doppler broadening of
annihilation radiation (DBAR), positron annihilation lifetime
spectrometry (PAL), synchrotron X-ray absorption spectros-
copy (XAS), Raman spectra, in situ attenuated total
reflectance-Fourier transform infrared (ATR-FTIR), and in
situ diffuse reflectance infrared Fourier transform (DRIFT)

spectroscopy with NH; as a probe molecule. Detailed
characterization procedures are described in Text S2.

2.3. Quantification of OVD Concentration on Hema-
tite. In principle, when oxygen vacancy-containing hematite
samples are placed in an oxygen atmosphere, the oxygen
vacancies are readily refilled by gas-oxygen molecules at a
relatively high temperature (e.g, 400—S500 °C), thereby
causing a certain increase of weight in defective hematite
samples.”® Thermogravimetric (TG) analysis is a useful tool to
record the subtle weight change (accuracy of 0.00001 g) of
minerals, while a mass spectrometer (MS) allows a precise
tracking of the molecular signals during the subtle weight
change of the sample. Therefore, thermogravimetric analysis
combined with mass spectrometry (TG-MS) was employed to
quantitively determine the OVD concentration in the defective
hematite samples. Details of this approach are presented in
Text S3.

2.4. Arsenate Adsorption Experiments. Arsenate batch
adsorption experiments were performed on a thermostatic
shaker with a velocity of 280 rpm at 25 °C. 0.01 M KNO; was
used as a background electrolyte. Before the adsorption
experiment, the hematite suspensions (0.3 g L™') were
prepared and stirred on a magnetic mixer for 24 h. Then,
As(V) solutions (10 mL) with concentrations varying from 0
to 0.67 mM and 10 mL hematite suspensions were mixed into
a series of 50 mL polyethylene tubes. The mixtures were
purged with high-purity dinitrogen to eliminate CO,. The
solution pH was adjusted to 6.0 using HCI (0.1 M) and NaOH
(0.1 M). In the adsorption process, the solution pH was
adjusted every 8 h to maintain pH stability. After 24 h, the
mixtures were centrifuged at a speed of 12,000 rpm for S min,
and the supernatant was filtered through a 022 um filter
membrane. The filtrates were collected to detect the residual
As concentrations using an atomic fluorescence spectrometer
(AFS-9700).”

2.5. Density Functional Theory (DFT) Calculations.
The effect of vacancy defects on arsenate adsorption on the
hematite surface was studied by DFT calculations using the
Vienna Ab initio Simulation Package (VASP).>*! The {012}
facet (“r-cut”, equal to {1102}) was commonly observed in the
naturallg occurring and laboratory-synthesized hematite
samples®>>* and frequently exploited in %eochemistry because
it has a relatively low surface energy.”>*® Moreover, high-
resolution transmission electron microscopy (HRTEM)
images revealed that {012} was the dominant surface in
hematite samples. We therefore constructed a {012} hematite
surface to perform DFT calculations. The {012} surface was
completely protonated to simulate the real water/mineral
interfacial environment. A H,AsO,” ion was used in the DFT
calculations because H,AsO,” is the predominant As(V)
species at pH 6.0.°” The reaction adsorption energy (E,q) of
arsenate on the a-Fe,O; {012} surface was calculated using the
fOIIOWing equation: Eads = Earsenic/hematite - Ehematite - EHZASO[J
where Ej.n.e is the energy for the optimized {012} hematite
slab plus one or two water molecules. Ey 4,0,- corresponded to

the energy of a H,AsO,~ ion. The details of the calculation
parameters are presented in Text S4.

3. RESULTS AND DISCUSSION

3.1. Bulk Characterization. Hematite samples with
different OVD concentrations were obtained through the
treatment of defect-free hematite using NaBH, solutions with
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Figure 1. (a) XRD patterns of hematite samples treated by different concentrations of NaBH, and (b) their corresponding patterns at 32—34°.

different concentrations of 0.1, 0.3, 0.5, 0.7, 1.0, and 1.5 M,
respectively (denoted as H-0.1M, H-0.3M, H-0.5M, H-0.7M,
H-1.0M, and H-1.5M). The NaBH, reagent is an oxygen
scavenger that has a strong reducibility, which is conducive to
the formation of oxygen vacancies within a relatively short
time.””** The reaction between hematite and NaBH, for
forming OVDs could be described as follows

a — Fe,O; + x/2 BH,~

- a — Fe,0;_, + x/2BO,” + x H, (1)
where x represents the stoichiometric number of oxygen
vacancies in the structural formula of the hematite surface (a-
Fe,0;). Figure S1 shows the color change of hematite powders
from red to black when it is treated with NaBH,. This
phenomenon was also observed in other defect-containing
minerals (e.g, TiO,), ie., the more defects in mineral are
formed, the darker the mineral color appears.”” This result
suggests that the NaBH, treatment was feasible for generating
OVDs in hematite. Figure la shows the XRD patterns of
different hematite samples. The diffraction reflections of all as-
synthesized samples were quite similar and were consistent
with the XRD patterns of a-Fe,O; reference in a crystallo-
graphic database (JCPDS 33—0664). No impurity reflections
(e.g., zero-valent Fe, goethite, or maghemite) were observed in
the patterns, suggesting that the NaBH, treatment did not alter
the structure of hematite in this case. Remarkably, increasing
NaBH, concentrations not only led to an obvious decrease in
the crystallinity of the hematite samples but also resulted in a
considerable shift of the reflection at ~33.2° (corresponding to
the {104} facet) to lower degree values (Figure 1b). This
phenomenon was also described before in the literature, ™
which was attributed to the lattice expansion due to the
existence of oxygen vacancies. To confirm this observation, we
calculated the cell volume of different hematite samples
through Rietveld structure refinement of their corresponding
XRD patterns (Figure S2a). As shown in Table S1, the fitted
cell volume of hematite increased with increasing NaBH,
concentrations, suggesting that lattice expansion occurred in
hematite samples by the NaBH, treatment.

To illustrate whether the NaBH, treatment affected the
morphology and exposed lattice facets, three typical hematite
samples of H-OM, H-0.7M, and H-1.5M, which represent
relatively low, medium, and high defect concentrations,
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respectively, were analyzed by SEM and TEM. As shown in
Figure S3, the three hematite samples exhibited a granular
morphology, while the crystallinity of H-0.7M and H-1.5M
samples was obviously lower than that of the H-OM sample.
We observed that the edges of particles in the H-1.5M sample
became irregular compared to those of the H-OM sample
(Figure S3d,f). High-resolution TEM (HRTEM) images
revealed that the lattice fringe of particles in the H-OM sample
was 0.373 nm, which was assigned to the {012} facet (Figure
S3g). After NaBH, treatment, H-0.7M and H-1.SM samples
still showed the same exposed facet of {012}. The selected area
electron diffraction (SAED) patterns revealed that the {110},
{113}, and {012} facets were also observed in the three
hematite samples (Figure S$3jk,l), and no new rings
corresponded to new phases of iron (oxyhydr)oxides and
FeB compounds occurred. This result indicated that NaBH,
treatment did not alter the hematite structure despite the
presence of abundant oxygen vacancy defects, which was
consistent with the XRD analysis. The TEM-EDS mapping
showed that Fe and O are homogeneously distributed
throughout the hematite sample (Figure S4). The proportion
of oxygen decreased gradually from 68.49% to 56.54% with
increasing NaBH, concentrations (Table S2). This result
clearly demonstrated that the NaBH, treatment is suitable to
produce oxygen vacancy defects, and the higher the NaBH,
concentration, the more oxygen vacancy defects are present.
3.2. Defect Characteristics in Hematite. Positron
annihilation lifetime (PAL) spectrometry has emerged as a
unique and effective probe for identifying atomic defects with
high sensitivity." ~** The positron lifetime can provide
information about the type and size of defects.*> Table 1
exhibits the fitting result of PAL spectra in H-OM, H-0.7M, and
H-1.5M samples. As shown in Table 1, the PAL spectra of
hematite samples can be decomposed into three distinct
lifetime components, ie., 7, 7, and 13.46’47 The longest

Table 1. Positron Annihilation Lifetime Parameters of the
Vacancies Bearing Hematite Samples

samples 7, (ps) I, (%) 7, (ps) L (%) 73 (ps) L (%)
H-0M 177.9 50.70 389.9 48.27 1747 1.03
H-0.7M 175.1 36.33 398.5 60.39 2146 3.28
H-1.5M 182.1 34.78 406.3 61.79 2152 3.43
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[FeOq] in the presence of oxygen vacancy, green is the oxygen atom to be removed), and (d) EPR spectra of different defective hematite samples.

lifetime component (73, 1747—2152 ps) corresponded to the
annihilation of ortho-positronium atoms formed in the large
voids in materials."® The medium lifetime component (7,
389.5—406.3 ps) was assigned to the positrons captured by
large defects in the minerals, such as oxygen vacancy clusters.”’
The shortest component (7,) was generally attributed to the
free annihilation of positrons in the defect-free bulk regions
and tiny vacancies.””**~>! The relative intensity (I) gave the
information on the distribution of these defects. For the H-OM
sample, we found an extremely low concentration of defects
due to the calcination treatment, as evidenced by TG-MS
analysis discussed in the below section. However, its defects
were still detected by PAL analysis, indicating that the PAL
technique was a sensitive tool to probe the defects. In addition,
it could be found that the I, in H-0.7M and H-1.5M samples
was higher than those of I; and Iy (Table 1), suggesting that a
large abundance of large defects of oxygen vacancy clusters
existed in the hematite samples after the NaBH, treatment.
The Doppler broadening of annihilation radiation (DBAR)
records the momentum distribution of each electron that has
been reported to be used to identify the defect type.”” In this
study, the evolution of vacancy defect types in three typical
hematite samples of H-OM, H-0.7M, and H-1.5M was studied
by DBAR. The S and W parameters derived from the Doppler
spectra represent the relative contributions of low- and high-
momentum electrons in the annihilation sites, respectively.
According to the previous reports,’>>® the information on
defect type in the samples could be obtained from plotting the
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W parameter as a function of the S parameter (S—W plot). If
there was only the same type of defect in the minerals, the S—
W plot could be fitted as a linear function.>” Figure 2a exhibits
the S—W plots of three hematite samples (H-0M, H-0.7M, and
H-1.5M). Interestingly, S—W plots could be fitted well through
a linear equation, as evidenced by its higher R* of 0.9524. This
result combined with PAL analysis indicated that oxygen
vacancy defects existed dominantly in the hematite samples,
which were treated by NaBH,.

To confirm the DBAR analysis, EXAFS was employed to
investigate the atom coordination of Fe—Fe and Fe—O in the
three hematite samples (H-OM, H-0.7M, and H-1.5M). Figure
2b shows the Fe K-edge EXAFS spectra of H-OM, H-0.7M, and
H-1.5M samples. The three samples showed similar Fe K-edge
EXAFS spectra, indicating that the NaBH, treatment did not
alter the basic structure of the hematite samples. In addition,
an obvious signal appeared at ~5.5 A™" in the three samples,
which was attributed to a typical crystalline iron oxide.”* Figure
2¢ illustrates the Fourier-transformed (FT) EXAFS radial
distribution functions of the three hematite samples. There
were two shells of Fe—O and Fe—Fe that were observed in the
FT EXAFS spectra. Artemis software was employed to obtain
the coordination information through fitting their FT EXAFS
spectra (Table S3). Two coordination structures appeared to
exist in the Fe—O shell. The first one represents Fe—O,
coordination with a bond length of 1.90—1.93 A, and the
second one could be assigned to the Fe—O, coordination with
a bond length of 2.03—2.09 A. The total Fe—O coordination
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Figure 3. (a) Relationship of the OVD concentration obtained from Fe 2p XPS spectra through two fitting approaches reported in previous
literature studies. (b) Relationship between TG-MS quantitative analysis results and EPR intensity results.

number (CNp,_g) of the H-OM sample was 6.2. Remarkably,
the total CNg,_q values in the H-0.7M and H-1.5M samples
decreased to 4.6 and 2.2, respectively. The relatively low
CNg,_o values in the H-0.7M and H-1.5M samples indicated
that there exist Fe or oxygen vacancies in the hematite
structure. In addition, three coordination structures were
observed in the Fe—Fe shell, corresponding to edge-sharing
(Fe—Fe, and Fe—Fe,) and corner-sharing (Fe—Fe;) Fe—Fe
coordination, respectively. The total Fe—Fe coordination
number (CNg,_p) of the H-OM, H-0.7M, and H-1.SM
samples was set as 8.0, which showed an excellent fitting
result, evidenced by low R factor and low AE, values (Table
S$3). This result revealed that oxygen vacancies rather than Fe
vacancies were the primary defect type in defective hematite
samples. Moreover, we employed angle-resolved X-ray photo-
electron spectroscopy (ARXPS) to collect the Fe 2p and O 1s
spectra of three hematite samples (H-0.1M, H-0.7M, and H-
1.5M) at surface depths of ~3.5 and ~10 nm, respectively
(Figures SS and S6). Interestingly, the ratios of Fe** to Fe**
obtained from Fe 2p XPS spectra fitting for all hematite
samples at a surface depth of ~3.5 nm were obviously larger
than those at a surface depth of ~10 nm, indicating that Fe>*
species mainly distributed in the surface structure of hematite,
rather than the subsurface structure. The relatively high Fe®*
fraction at a surface depth of ~3.5 nm meant the occurrence of
more oxygen vacancies in the surface structure.

3.3. Quantitation of Oxygen Vacancy Defect Con-
centration in Hematite. Although we had observed the
OVDs in the hematite samples, quantifying the OVD
concentration is still a challenge. Previous studies had
employed EXAFS and XRD techniques to quantify the
vacancies. However, the fitting process of the EXAFS spectrum
is very complicated and involves several parameters, which may
lead to a relatively high fitting error of ~20%. Moreover, XRD
analysis is not sensitive to a very low concentration of
components (e.g, <5%). We therefore considered two possible
approaches of XPS and TG-MS to make efforts for quantifying
the OVD concentrations in our hematite samples. In general,
the presence of oxygen vacancies may result in the change of
the Fe oxidation state at the surface of hematite for

. 55,56
maintaining charge balance

12457

_Fe3+_02—_Fe3+_02—_Fe3+_

1
- —Fe’*—0*"—Fe’*—[]—Fe’*— + ~0O
2 2 ()
where the hollow block ([]) represents the oxygen vacancy in
the hematite structure. The above reaction could be described
as follows

- x
a — Fe,0; — Fe§+FegfyO§_x + 502 (3)
where y is the fraction of Fe®" species in hematite. Therefore,
the OVD concentration could be quantitatively calculated by
measuring the Fe oxidation state through fitting their Fe 2p
XPS spectra. In this study, we calculated the relative atomic
ratio in the surface hematite of Fe?" to Fe* using two methods
for fitting Fe 2p XPS spectra (Figures S7 and S8, and Tables
S4—S6), ie., either a five-peak or eight-peak treatment.”” >’
Figure 3a shows the OVD concentration obtained from the
eight-peak treatment as a function of that obtained from the
five-peak treatment. Unfortunately, all of the points obviously
gathered in a concentrated area, and the slope obtained
through linear regression fitting was 0.4905 (R* = 0.2314),
which was not close to the red dashed line. This result
indicated that using the XPS technique for quantifying the
OVD concentration was associated with a great uncertainty,
which requires special attention. Moreover, we collected Fe K-
edge XANES spectra of three typical hematite samples of H-
0M, H-0.7M, and H-1.5M to further investigate the Fe
oxidation state (Figure S9). The OVD concentrations of H-
0M, H-0.7M, and H-1.5M samples obtained from the Fe K-
edge XANES spectra fitting still exhibited a poor correlation
with those obtained from the Fe2p XPS fitting (Figure S10).

Thermogravimetric (TG) analysis can be used to detect the
change of hematite mass, and mass spectrometry (MS) can
trace the evolution of gas signals (e.g, oxygen and water)
during the reaction. Therefore, TG-MS may be a suitable
approach to accurately quantify the OVD concentration in
different samples. Figure S11 shows the TG-MS profiles of the
seven hematite samples incubated in the presence of oxygen at
temperatures ranging from 200 to 750 °C. For the H-OM
sample, we observed no obvious increase or decrease of the
weight in a 5% O,/He atmosphere. Moreover, no O, and H,0
signals were observed in the MS profile of the H-OM sample,
suggesting that the abundance of oxygen defects in the H-OM
sample was too small to be detected by TG analysis. This was
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attributed to the calcination treatment that sufficiently
removed the defects in hematite. An obvious increase in
weight of all NaBH -treated hematite samples was recorded by
TG at temperatures of 300—600 °C. In addition, we observed
O, signals in the MS profiles of hematite samples during the
weight-increasing process, while H,O MS signals did not
appear. This indicated that the increased weight in all hematite
samples can be attributed to O, consumption. ie., oxygen
molecules participated in the reaction to fill oxygen vacancies
in hematite. The oxygen vacancy concentration of H-0.1M, H-
0.3M, H-0.5M, H-0.7M, H-1.0M, and H-1.5M, calculated
based on the weight change, was 0.36, 0.80, 1.58, 1.47, 2.56,
and 3.24 mmol g, respectively (Table S7). Electron
paramagnetic resonance (EPR) analysis is very sensitive to
the change of local environment that has been widely used to
qualitatively characterize relative concentrations of oxygen
vacancies in oxide minerals.”*®* In this study, we employed
EPR to further examine the results of the TG-MS analysis.
Figure 2d illustrates the EPR spectra of different hematite
samples. The EPR spectra of oxygen-deficient samples
exhibited a strong signal of g = 2.003, owing to the electrons
trapped in the defect sites.”> This result confirmed the
existence of a large number of oxygen vacancies arising from
the reduction of hematite by NaBH,, and the stronger the EPR
signal, the higher the OVD concentrations were in the
hematite samples. The evolution of the EPR signals as a
function of OVD concentrations calculated from TG-MS
analysis is shown in Figure 3b. Interestingly, it showed a good
linear relationship between the OVD concentration and EPR
signals, which could be described as a linear regression
equation of y = 982.83x — 782.35 (R*> = 0.8941), where x and y
represent the OVD concentrations calculated from TG-MS
analysis and from the EPR signals, respectively. We also
employed another two unknown hematite samples (denoted as
H-0.8M and H-1.3M, respectively) to confirm the reliability of
the above formula for predicting the OVD concentration
(Figure S12). To the best of our knowledge, this was the first
time where a correlation between the quantitative method of
TG-MS analysis and the qualitative approach of EPR was
established for quantifying the oxygen vacancy defect
concentration. As the cost and time consumption of TG-MS
characterization was far higher than that of EPR analysis, the
good linear relationship between TG-MS and EPR analysis
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means that the low-cost EPR technique could be used to
predict the OVD concentrations in hematite samples based on
the above formula.

3.4. Contribution of Oxygen Vacancy Defects to
Arsenate Immobilization on Hematite. To evaluate the
effect of OVDs on arsenate adsorption by hematite samples,
adsorption isotherm experiments for As(V) removal were
carried out at pH 6.0. The Langmuir and Freundlich models
were used in this study to fit their adsorption isotherm profiles
(Figure S13). The maximum amounts of arsenate adsorbed by
different hematite samples were calculated to compare their
adsorption capacities (Table S8). As shown in Figure 4a, the
Langmuir model could be used to well fit the adsorption
isotherm curves of all defective hematite samples. For the H-
OM sample, its maximum As(V) adsorption was 11.3 ymol g~'.
Interestingly, increasing the oxygen defect concentration led to
an obvious increase in As(V) adsorption. When the OVD
concentration of H-0.1M, H-0.3M, and H-0.5M samples
increased to 0.36, 0.80, and 1.58 mmol g~ ', respectively,
their corresponding maximum As(V) adsorption amount
increased to 27.0, 33.3, and 42.8 umol g, respectively. The
H-1.5M sample with the highest OVD concentration exhibited
the highest As(V) adsorption (104.38 ymol g™'). Moreover,
XRD and Raman analyses revealed that the structure of the H-
1.5M sample after treatment at 40 °C in an oven for 12 h had
little change compared to that placed at room temperature
(Figure S14), indicating that hematite with oxygen vacancies
was very stable even after treatment at 40 °C. The successive
fourth cycle runs for As(V) adsorption sample revealed that H-
1.5M with the highest OVD concentration possessed excellent
regeneration ability for arsenic removal (Figure S1S5). The
adsorption free energy of hematite samples was calculated
based on their isotherm adsorption measurements using the
Langmuir model. Table S8 lists the adsorption free energy of
different samples calculated from their corresponding
Langmuir equilibrium constant (K;, L/mmol) values. As
shown in Figure S16, there was a correlation between the
maximum adsorption amount (Q,,,) and AG, indicating that
vacancies in hematite increased the adsorption strength toward
As(V). This result clearly demonstrated that OVDs played an
important role in As(V) immobilization on hematite.

To quantify the contribution of OVDs to As(V)
immobilization, the relationship between the oxygen vacancy
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Figure S. Evolution of DRIFT spectra for NH; adsorption/desorption on H-OM (a), H-0.7M (b), and H-1.5M (c) samples as a function of time.
(d) Evolution of the peak intensity at ~1620 cm™" from the DRIFT spectra and (e) pseudo-first-order kinetics model for fitting NH; desorption on

three hematite samples.

concentration calculated from TG-MS and the adsorption
capacities of hematite samples was evaluated. Considering that
different hematite samples have different specific surface areas
(SSAs), the SSA-normalized adsorption capacity and OVD
concentration were calculated to eliminate the surface area
effect (Figure S13). Figure 4b illustrates the relationship
between the enhanced adsorption amount (AQ,,, #mol m~?)
of hematite and the OVD concentration (mmol m™2). We
found that the adsorption amount of hematite linearly
increased with increasing OVD concentration, which could
be described by a linear regression equation of AQ,, = 20.94
Caep as evidenced by its R* of 0.9813. This result means that
increasing 1 mmol m™> OVD concentration in hematite could
improve the As(V) adsorption by 20.94 yumol m™ on hematite.
In order to verify the reliability of the above linear equation,
two additional samples of H-0.8M and H-1.3M were employed
to evaluate their As(V) adsorption capacities under the same
conditions (Table S9). The OVD concentration per unit
surface areas of H-0.8M and H-1.3M samples were 0.11 and
0.13 mmol m™?, respectively. The enhanced As(V) adsorption
amounts (AQ,,) of the H-0.8M and H-1.3M samples
calculated by the above equation were 2.36 and 2.65 pmol
m™?, respectively. Remarkably, the AQ,, values of the H-0.8M
and H-1.3M samples obtained from adsorption isotherm fitting
were 2.34 and 2.89 umol m™?, respectively, suggesting that the
above equation could predict the contribution of OVDs to the
arsenate immobilization.

3.5. Effect of Oxygen Vacancy Defects on Surface-
Active Sites of Hematite. OVDs had been observed to
promote the adsorption of arsenic on hematite, but the reasons
why OVDs affected the adsorption of arsenic on hematite
remained unclear. To illustrate whether the OVDs alter the
distribution of active sites in hematite, in situ NH;-DRIFT
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spectra of three H-OM, H-0.7M, and H-1.5M hematite samples
were collected (Figure S). After NH; adsorption for 60 min,
two obvious IR characteristic peaks at ~1620 and ~3300 cm™
simultaneously appeared in the DRIFT spectra of three
hematite samples. The intensity of two IR characteristic
peaks in H-1.5M was higher than those in H-0.7M and H-OM
samples, suggesting that NH; had strong adsorption on H-
1.5M. The IR characteristic peaks at ~1620 and ~3300 cm™
were attributed to the adsorbed NH; on Lewis acid sites.*™"°
Remarkably, no IR characteristic peaks at ~1440 cm™! and in
the relatively high wavenumber region of 1850—1640 cm™’,
corresponding to Brensted acid sites for NH; bound, 66=70
were observed in the DRIFT spectra of three samples. This
result indicated that Lewis acid sites, rather than Bronsted acid
sites, were the active sites for adsorption. Previous study
defined the Lewis acid sites in hematite as undercoordinated
Fe atoms on the surface.”’ The presence of OVDs on the
hematite surface was therefore beneficial to generation of more
undercoordinated Fe atoms, thereby forming more Lewis acid
sites.

The bonding strength of surface complexes could be
reflected by the strength of Lewis acid sites. To reveal the
effect of OVD on the Lewis acid strength of hematite samples,
the NH; desorption behavior on three hematite samples was
recorded under subsequent Ar purging. As shown in Figure
Sa—c, the intensity of IR characteristic peaks at ~1620 cm™"
gradually decreased after Ar purging, indicating that NH;
adsorbed at Lewis acid sites of hematite started to desorb.
The pseudo-first-order kinetics model was used to fit the NH;
desorption from the DRIFT spectra of three samples (Figure
5d,e). The obtained rate constant k for H-OM, H-0.7M, and H-
1.5M samples was —0.043, —0.016, and —0.006 abs min~},
respectively. The relatively large k in the H-1.5M sample meant
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Figure 6. (a) Optimized structure of inner-sphere As(V) (H,AsO,”) monodentate (upper left) and bidentate (upper right) complexes on the
surface of the hematite slab with the absence and presence of one (lower left) and two (lower right) oxygen atom vacancies: white is for hydrogen
atom, green is for arsenic atom, red is for oxygen atom, and blue is for Fe atom. (b) DOS plots of As(V) molecules before and after adsorption on
perfect- and defect-hematite slabs. (c) PDOS plots of the Fe—O bonds after arsenic adsorption on hematite without and with one oxygen vacancy.

that it had a slow NH; desorption due to the strong bonding of
NH; on Lewis acid sites compared to H-OM and H-0.7M
samples.

3.6. Surface Complex of As(V) on Defective Hematite.
ATR-FTIR was employed to illustrate the possible effect of
OVDs on the surface complexes of As(V) on hematite. The
FTIR spectra of H-OM, H-0.7M, and H-1.5M samples were
recorded for the As—O characteristic peaks in the range of
950—700 cm™". As shown in Figure S17, the intensity of the IR
peak in the range of 950—700 cm™" gradually increased with
reaction time, suggesting that As(V) adsorbed on three
hematite samples. We selected FTIR spectra of three hematite
samples after reaction for 6 h to analyze the surface complex
structures (Figure S17d—f). For the H-OM sample, its FTIR
spectrum could be decomposed into two strong peaks at ~836
and ~795 cm™. The H-0.7M and H-1.5M samples showed
FTIR spectra similar to the H-OM sample, also with two
resolved peaks at ~840 and ~790 cm™" for H-0.7M and ~839
and ~789 cm™' for H-1.5M, respectively. The IR peaks at
~790 and ~840 cm™ were attributed to the As(V)—O—Fe
stretching vibrations and the asymmetric As(V)—O vibrations
in the monodentate singly protonated As(V) complex of =
Fe—O0—As(V)—0,(OH), respectively.”" This observation was
also confirmed by the DFT calculation, i.e., the adsorption
energy of arsenate on the pristine hematite slab in the form of
the monodentate complex (—0.57 eV) was lower than that in
the form of the bidentate complex (—0.24 eV) (Figure 6a),
suggesting that the formation of the monodentate complex of
= Fe—0—As(V)—0,(OH) was more favorable than that of the
bidentate complex of = (FeO),—As(V)—0,.

The As K-edge EXAFS spectra of As-adsorbed hematite
samples were collected to further reveal the effect of OVDs on
the As—Fe complexes. Figure S18 exhibits Fourier-transformed
k and R space curves of As K-edge EXAFS of H-OM, H-0.7M,
and H-1.5M samples after the reaction with As(V). The fitting
results of atomic distance (Ry,_o and R,,_g.), coordination
number (N,,_o and Ny, _g.), and Debye—Waller factor (¢?)
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are shown in Table S10. The atomic distances at ~1.68 and
~3.47 A for the arsenate-adsorbed H-OM sample corresponded
to the first shell of As—O and the second shell of As—Fe,
respectively. In the first As—O shell, the As atom was
surrounded by four oxygen atoms with a N, o of 4.0, which
was attributed to the molecular structure of an AsO,
tetrahedron.”' In the second As—Fe shell, the As atom was
surrounded by one Fe atom with a CN of 1.0 and an Ry g,
value of ~3.47 A, suggesting the formation of a monodentate
complex. Compared to the arsenate-adsorbed H-OM sample,
the coordination number of N,,_o and N, _g,. for arsenate-
adsorbed H-0.7M and H-1.5M samples still maintained at 4.0
and 1.0, respectively, while their corresponding Ry, g, values
slightly changed to ~3.50 and ~3.41 A. In addition, an As—
O—O0 scattering path with a CN of 12 and an R value of 3.02—
3.07 A was observed in three samples, which also appeared in
previous report.”" This result indicated that oxygen vacancies
did not alter the As—Fe complex model, which could be
explained as follows. When the pristine hematite surface
contained one oxygen vacancy, its surface structure had one
undercoordinated Fe atom. In this case, one of the oxygen
atoms in oxyanion As(V) readily inserted into the surface
oxygen vacancy site and directly bonded with an under-
coordinated Fe atom, thus forming a monodentate Fe—As
complex model.

3.7. Bonding Analysis of As(V) on Defective Hema-
tite. The influence of OVD on arsenic adsorption was further
investigated by calculating the reaction adsorption energy of
arsenic (E,4,) on the hematite slab in the presence and absence
of oxygen vacancy using DFT calculation. Figure S19 exhibits a
hematite surface with different oxygen vacancies. Based on the
ATR-FTIR and As K-edge EXAFS analyses, a monodentate
model of surface As—Fe complex was constructed for
performing DFT calculations (Figure 6a). As shown in Figure
6a, the calculated E 4, on the perfect hematite was —0.57 eV.
Interestingly, when the hematite slab contained one oxygen
vacancy, the calculated E,4 significantly decreased to —11.51
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eV. This phenomenon was also observed in previous work
reported by Ou et al,,”" who found that the energy of arsenate
adsorbed on the oxygen-defective Mg(OH), surface was ~10
times lower than that on the defect-free Mg(OH), surface.
Moreover, the calculated E,4 on the hematite slab with two
oxygen vacancies further decreased to —12.07 eV compared to
that on the hematite slab with one oxygen vacancy. This result
indicated that the OVD concentration affected the arsenate
adsorption energy. We constructed hematite slabs with
different water contents to examine the effect of water
molecules on the arsenate adsorption on hematite. The water
molecules also affected the arsenate adsorption on hematite
(Figure S20). However, the effect extent of water molecules
was obviously lower than that of OVDs in the hematite
structure. We examined the adsorption energy of one water
molecule on the OVD site of defective hematite. The
calculated E.4 of water on the OVD site was —8.23 eV
(Figure S21), which was larger than that of the arsenate ion,
suggesting that the arsenate species was more readily adsorbed
on the OVD site than the water molecule.

To reveal the chemical bonding of arsenate on the defective
hematite, the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of the
arsenate species were analyzed before and after adsorption
(Figure 6b). The DOS images revealed that the HOMO and
LUMO of the single arsenate ion primarily consisted of oxygen
atoms and an As atom, respectively. The electron density of
HOMO gathered in a narrow area, suggesting an obvious
localization of electron density in single arsenate species. Upon
adsorption on pristine hematite, the energies of the HOMO
and LUMO decreased, suggesting that delocalization of
electron density occurred below the Fermi level (gray region).
Compared to pristine hematite, a significant decrease in the
energies of the HOMO and LUMO appeared after arsenate
adsorption on defective hematite. This result indicated that
OVDs promoted the delocalization of electron density, thereby
enhancing arsenate bonding to form stable As—O-—Fe
complexes. The detailed chemical bonding was further
illustrated by partial density of states (PDOS) of Fe—O
atom pairs. Figure 6¢ exhibits the PDOS of As-bound O (2p,
2s) and Fe (3d, 4s) atoms after arsenic adsorption on the
hematite slab without and with one oxygen vacancy. The
overlap of PDOS below the Fermi level for Fe—O atom pairs
was dominated by the contribution of electron sharing
between the O (2p) and Fe (3d) orbitals for forming new
Fe—O bonds. Remarkably, the intensity and shape of PDOS of
the O (2s) orbital after arsenate adsorption on hematite with
one vacancy became low and broad compared to that after
arsenate adsorption on pristine hematite, suggesting that the
delocalization of electron density between O (2p) and Fe (3d)
orbitals in the former was higher than that in the latter. The
relatively high delocalization of electron density between O
(2p) and Fe (3d) after arsenate adsorption on defective
hematite represents the strong binding between Fe and O
atoms, which agreed well with DOS analysis and DFT
calculations.

In this study, hematite samples with tunable oxygen vacancy
defect concentrations were synthesized by treating defect-free
hematite using NaBH, solutions ranging from 0 to 1.5 M. We
employed several advanced characterization techniques to
carefully examine the defect characteristics of hematite. A
combination technique of TG-MS-EPR analysis was developed
to quantitatively measure the oxygen vacancy defect concen-
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tration in defective hematite. A good linear relationship
between the OVD concentration and the enhanced adsorption
amount caused by defects was established for the first time to
better describe the degree of influence of vacancy defects on
the arsenic immobilization. We combined both experimental
and theoretical evidence to reveal the underlying mechanism of
OVD effect on the surface-active sites, formation of the surface
complex, and chemical bonding of arsenate on hematite. Fe-
bearing minerals are the most active components in soil that
strongly affect the immobilization of arsenic. Vacancy defects
have been confirmed to exist widely in the soil environment
and experimentally synthesized iron (oxyhydr)oxides due to
various factors, such as temperature, impurities, and climatic
and redox conditions.”””” The findings of this study not only
help to rational design of highly efficient adsorbents by the
strategy of tuning the vacancy defects in the structure of iron
oxides but also provide new insights into the contribution of
oxygen vacancy defects to the arsenate immobilization for
precisely understanding the migration and fate of toxic arsenic
in soils and sediments.
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