Environmental Pollution 344 (2024) 123318

Contents lists available at ScienceDirect
ENVIRONMENTAL
POLLUTION

Environmental Pollution

journal homepage: www.elsevier.com/locate/envpol

ELSEVIER

Check for

The change of coordination environments induced by vacancy defects in e
hematite leads to a contrasting difference between cation Pb(II) and
oxyanion As(V) immobilization™

Yongjin Xiang®, Juan Liu?, Yiwen Chen ", Hongjun Zhang ", Lu Ren ¢, Bangjiao Ye”,
Wenfeng Tan*, Kappler Andreas‘, Jingtao Hou ™"

2 State Environmental Protection Key Laboratory of Soil Health and Green Remediation, Hubei Key Laboratory of Soil Environment and Pollution Remediation, College of
Resources and Environment, Huazhong Agricultural University, Wuhan, 430070, China

Y State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei, 230026, China

€ School of Civil Engineering, Suzhou University of Science and Technology, Suzhou, 215009, China

4 Geomicrobiology, Department of Geosciences, University of Tuebingen, Tuebingen, 72076, Germany

ARTICLE INFO ABSTRACT

Keywords: Hematite is an iron oxide commonly found in terrestrial environments and plays an essential role in controlling
Iron oxide the migration of heavy metal(loid)s in groundwater and sediments. Although defects were shown to exist both in
Vacancy defect naturally occurring and laboratory-synthesized hematite, their influences on the immobilization of heavy metal
f;s:inate (loid)s remain poorly understood. In this study, hematite samples with tunable vacancy defect concentrations
Mobility were synthesized to evaluate their adsorption capacities for the cation Pb(II) and for the oxyanion As(V). The

defects in hematite were characterized using XRD, TEM-EDS mapping, position annihilation lifetime spectros-
copy, and XAS. The surface charge characteristics in defective hematite were investigated using zeta potential
measurements. We found that Fe vacancies were the primary defect type in the hematite structure. Batch ex-
periments confirmed that Fe vacancies in hematite promoted As(V) adsorption, while they decreased Pb(II)
adsorption. The reason for the opposite effects of Fe vacancies on Pb(II) and As(V) immobilization was inves-
tigated using DFT calculations and EXAFS analysis. The results revealed that Fe vacancies altered As-Fe coor-
dination from a monodentate to a bidentate complex and increased the length of the Pb-Fe bond on the hematite
surface, thereby leading to an increase in As(V) bonding strength, while decreasing Pb(II) adsorption affinity. In
addition, the zeta potential analysis demonstrated that the presence of Fe vacancies led to an increase in the
isoelectric point (IEP) of hematite samples, which therefore decreased the attraction for the cation Pb(II) and
increased the attraction for the oxyanion As(V). The combination of these two effects caused by defects
contributed to the contrasting difference between cation Pb(II) and oxyanion As(V) immobilization by defective
hematite. Our study therefore provides new insights into the migration and fate of toxic heavy metal(loid)s
controlled by iron minerals.

1. Introduction

Heavy metal and metalloid pollution in groundwater resulting from
sewage irrigation, industrial emission, atmospheric deposition, and
mining has received much attention due to the substantial threats to
human health through the food chain(Harsha et al., 2019; Li et al.,
2014). Naturally occurring iron (oxyhydr)oxide minerals such as he-
matite (a-FepO3) are widely distributed in natural environments and
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have been shown to affect the migration of heavy metal(loid)s because
of their high reactivities (Cornell and Schwertmann, 2003), thereby
controlling the risk and fate of heavy metal(loid)s, especially for the
heavy metal cation lead (Pb(ID)) (Liang et al., 2021; Qiu et al., 2020) and
the metalloid oxyanion arsenic (As) (Guo et al., 2007; lorio et al., 2018;
Yan et al., 2020). However, Fe-bearing minerals with a perfect crystal
structure are usually not observed in natural environments due to fluc-
tuations in redox conditions, weathering, and the incorporation of
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impurities (e.g., Al isomorphous substitution) (Li et al., 2016), which
result in the generation of vacancy defects in the structure, thereby
showing different interfacial reactivities for heavy metal(loid)
immobilization.

In general, vacancy defects in iron (oxyhydr)oxides arise from a
deviation in the perfect structure (Ilton et al., 2020), and can be divided
into two types, i.e., either oxygen vacancies or Fe vacancies. These va-
cancy defects are usually characterized as an excess of hydroxyl groups
relative to the theoretical formula of (a-Fez_y,303_y(OH),) (Cornell and
Schwertmann, 2003). A growing body of studies demonstrated that
vacancy defects have considerable influence on the reactivity of iron
(oxyhydr)oxides (Bylaska et al., 2019; Fang et al., 2023; Notini et al.,
2019, 2018). For example, Scherer and co-authors employed >'Fe
Mossbauer spectroscopy and synchrotron X-ray absorption and mag-
netic circular dichroism spectroscopies to experimentally demonstrate
the important contribution of Fe vacancy defects in goethite to accel-
erating Fe(I[)-Fe(Ill) oxide electron transfer (Notini et al., 2018).
Interestingly, they further found that vacancy defects also play an
essential role in promoting microbial reduction of goethite (Notini et al.,
2019). Chi et al. observed that fungi had a robust defect engineering
strategy to regulate the vacancy defects (e.g., oxygen vacancies) in iron
oxide nanoparticles (Chi et al., 2022), thereby modulating the intrinsic
peroxidase-like activity of the iron minerals through decreasing the
catalytic activity of poorly-crystalline ferrihydrite, but promoting that of
well-crystalline hematite. In our previous work, we combined batch
kinetic experiments and density functional theory (DFT) calculations to
reveal that vacancy defects in minerals (e.g., manganese oxides) have a
considerable effect on the redox transformation of arsenite to arsenate
by minerals (Hou et al., 2017, 2016). Specifically, we showed that the
higher the concentration of vacancy defects in manganese oxides is, the
faster As(III) was oxidized to As(V). Moreover, the vacancy defects were
found to affect the unit cell parameters of iron oxyhydroxides
(Schwertmann et al., 1985).

Fe-bearing minerals have been reported to be a sink for a series for
heavy metals (Bargar et al., 2004; Liu et al., 2015; Noerpel et al., 2016;
Roberts et al., 2017). Therefore, the interfacial reaction behavior of
different heavy metal(loid)s on hematite surfaces has been extensively
studied in previous work. For example, Yan et al. (2020) investigated the
hematite facet-dependent adsorption mechanisms for the arsenic oxy-
anions (As(III) and As(V)) using multiple spectroscopic characterization
techniques and DFT calculations. They found that monodentate mono-
nuclear surface complexes of As(III/V) were formed on the {001} facet,
while bidentate binuclear surface complexes appeared on the {110} and
{214} facets. These different adsorption configurations were explained
by the chemical diversity in surface active sites of the exposed lattice,
which led to a different bonding strengths, thereby showing a different
capacity for arsenic immobilization, i.e., {214} > {110} > {001}. Qiu
et al. (2020) employed crystal truncation rod (CTR) X-ray diffraction
and density functional theory (DFT) calculations to reveal that the
cation Pb(II) selectively adsorbs on the (1 1 02) hematite surface, i.e.,
the cation Pb(II) adsorbs energetically favored on edge-sharing surface
sites of hematite. These results demonstrate that any slight changes in
the hematite surfaces could alter the adsorption configuration of heavy
metal(loid)s, thereby affecting their migration and fate in soils and
sediments controlled by iron minerals. We hypothesized that vacancy
defects in the hematite structure may also influence the adsorption
configuration of heavy metal(loid)s on hematite. Until now,
molecular-level understanding of how the vacancy defects affect heavy
metal(loid) immobilization by hematite is missing, although there is
evidence that defects exist in the structure of hematite in nature.

In the present study, hematite samples with tunable vacancy defects
were obtained by a ball-milling treatment of well-crystallized hematite
through variation of the ball-milling time. The adsorption capacities of
the defective hematite samples for the two typical cation- and oxyanion-
type heavy metal(loid)s lead [Pb(II)] and arsenate [As(V)] were
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evaluated. X-ray absorption spectroscopy (XAS) and theoretical calcu-
lations of the partial density of states (PDOS) and crystal orbital Ham-
ilton population (COHP) analysis were employed to investigate the
effect of vacancy defects on the coordination environments and bonding
strengths of these two heavy metal(loid)s on hematite. The objectives of
this study were (1) to investigate the characteristics of vacancy defects
in hematite structure; (2) to evaluate the effects of vacancies on Pb(II)
and As(V) adsorption by hematite; and (3) to reveal the underlying
mechanisms of how vacancy defects influence Pb(II) and As(V)
immobilization.

2. Experimental section
2.1. Sample preparation

Hematite was synthesized based on previous literature (Burstein,
1992). Briefly, 500 mL of Fe(NO3)s (0.1 M) and 300 mL of KOH (1 M)
solutions were heated separately to 90 °C in an oven and subsequently
mixed in a 1 L polypropylene (PP) beaker under continuous magnetic
stirring. 50 mL NaHCOj3 (1 M) was added and the resulting solution was
maintained in the oven at 90 °C for 4 days. Afterwards, the precipitate
was filtered and washed with ultrapure water until the conductivity was
lower than 10 uS cm 1. The hematite powders were calcined at 600 °C in
a muffle furnace for 5 h to obtain the well-crystallized and defect-free
hematite sample (denoted as DFH). Ball-milling was shown to be a
suitable approach to produce vacancy defects in iron oxides (Ciotonea
etal., 2017; Madsen et al., 2009; Manas and Alok, 2008). Thus, the DFH
sample was treated using ball-milling at relatively short and long times
of 4 and 10 h to prepare defect-poor hematite (denoted as DPH) and
defect-rich hematite (denoted as DRH), respectively.

2.2. Sample characterization

The mineral phase, morphology, specific surface area, surface
element species, and charge characteristics of the defective hematite
samples were characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy-energy
dispersion spectrum (EDS) mapping, N; adsorption/desorption
isotherm analysis, X-ray photoelectron spectroscopy (XPS), and zeta
potential measurements, respectively. Positron annihilation lifetime
(PAL) spectroscopy data were collected at the University of Science and
Technology of China (USTC). XAS measurements at the Fe K-edge of
hematite, As K-edge of As(V)-adsorbed hematite, and Pb Lyj-edge of Pb
(II)-adsorbed hematite samples were carried out at the 1W1B beam line
of the Beijing Synchrotron Radiation Facility (BSRF, China). The
Extended X-ray Absorption Fine Structure (EXAFS) data were acquired
from —200 to 800 eV with three to five spectra to reduce the noise.
Detailed information on the characterization is presented in Text S1
(Supplementary Materials).

2.3. As(V) and Pb(II) adsorption experiments

As(V) and Pb(II) adsorption on hematite samples was evaluated
using batch experiments at pH 6.0. First, 0.040 g hematite powder was
added to 200 mL ultrapure water to obtain 0.2 g L™} suspensions. The
suspension pH was adjusted to the target value of 6.0 using HNO3 (0.1
M) and NaOH (0.1 M), and maintained for several hours until the so-
lution pH was stable. High-purity N3 was introduced into the solution to
prevent any influence of CO2 from the atmosphere. Subsequently, 10 mL
of the suspensions were transferred into 50 mL centrifuge tubes. NagA-
sO4-12H50 and Pb(NOg3), salts were used to prepare As(V) and Pb(II)
stock solutions. The As(V) and Pb(II) working solutions were obtained
through diluting their corresponding stock solutions. For As(V)
adsorption experiments, the initial As(V) concentrations varied from
0 to 26.7 pM, while for Pb(Il), its initial concentrations were set in the
range of 0-57.9 pM. Before the adsorption experiments, a series of Pb(II)
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or As(V) solutions (10 mL) were added to centrifuge tubes (containing
10 mL of 0.2 g L™ suspensions), which were subsequently transferred
into a thermostatic shaker (280 rpm) at 25 °C. To maintain the solution
pH stable, we adjusted the pH value several times during the adsorption
processes. All adsorption experiments were performed in triplicates. The
experiments for determining the effect of pH on As(V) and Pb(II)
adsorption were carried out in a series of 50 mL centrifuge tubes. The
initial As(V) and Pb(II) concentrations were set as 53.4 and 19 pM,
respectively. The hematite concentration was 0.2 g L™!. The pH of the
suspension was adjusted to pH 4.0, 5.0, and 6.0. After 24 h, the sus-
pensions were centrifuged at 10,000 rpm for 10 min, and filtered
through a 0.22-pm filter membrane. The residual lead concentrations in
solution were quantified using atomic absorption spectrometry (AAS).
Before the measurement of Pb, the solution was acidified with 1% HNOs.
The residual arsenic was quantified using an atomic fluorescence spec-
trometer (AFS-9700). The detailed procedure of total As quantification
is shown in our previous work (Zheng et al., 2023).

2.4. Density functional theory (DFT) calculation

DFT calculations were used to theoretically investigate the under-
lying effects of vacancy defects in the hematite structure on arsenate and
lead adsorption using the Vienna Ab-initio Simulation Package (VASP).
The HyAsOz and Pb%" ions were employed as As(V) and Pb(II) species
for performing DFT calculations, respectively, because they are the
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predominant species at pH 6 (the pH used in the adsorption experi-
ments). The unit cell parameters used in this study area =b =5.04, c =
13.75 Aand a = p = 90°, y = 120°. A {012} facet with four atomic layers
of Fe and more than 15 A of vacuum region along the y direction was
constructed. The (012) surface was cleaved from the optimized bulk
structure of a 2 x 1 x 1 supercell. Figure S1 exhibits the hydroxylated
hematite surface with one Fe vacancy. The formula of adsorption energy
(Eaqs) was described as follows (Hou et al., 2017, 2016). Eqds = Emolecule +
slab - Estab — Emolecutes Where Eggp and Epolecule represent the energy of the
slab and the heavy metal ion to be adsorbed, respectively. Enolecute + slab
is the total energy of the slab with the adsorbed heavy metal ion. The
electronic structure of hematite after adsorption was investigated using
the LOBSTER 4.1 program (Tang et al., 2023; Yan et al., 2021, 2020).
The partial density of states (PDOS) and crystal orbital Hamilton pop-
ulation (COHP) analysis were carried out to investigate the bonding
chemistry of As(V) and Pb(II) adsorption on hematite. Detailed param-
eters for performing DFT calculations are shown in Text S2.

3. Results and discussion
3.1. Bulk characterization of hematite
Fig. 1a shows the XRD patterns of DFH, DPH, and DRH samples. All

studied solids could be indexed to the hematite structure, and no im-
purities of other iron oxides were observed in the XRD patterns.
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Fig. 1. XRD patterns (a), SEM (b, f, j), HRTEM (c, g, and k) images, histograms distribution of particles (d, h, and 1), and SAED patterns (e, i, and m) of hematite
samples with ball milling of 0 h (labeled as DFH), 4 h (labeled as DPH), and 12 h (labeled as DRH), respectively.
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Compared to the hematite sample before calcination, the peak in-
tensities of XRD patterns in the DFH sample became very strong, indi-
cating that the calcination treatment increased the crystallinity of
hematite and removed the defects in the structure (Figure S2a). After
ball milling for 4 h, the reflection intensities of the XRD reflections for
the DPH sample decreased compared to these of the DFH sample. When
increasing the ball milling time to 12 h, the reflection intensities of the
XRD patterns in the hematite sample (DRH) decreased further. This
demonstrated that ball milling caused a decrease in the crystallinity of
hematite, which was beneficial to generate vacancy defects (e.g., Fe
vacancies). Moreover, we observed that the {104} and {110} diffraction
signals in DPH and DRH samples shifted to higher angles compared to
those in the DFH sample (Figure S2b). This phenomenon was also
observed in previous work, which was assigned to the defects generated
during the ball milling process (Manas and Alok, 2008). Moreover, the
specific surface areas of DFH, DPH, and DRH samples, measured by
fitting the Ny adsorption curves through the Brunauer-Emmett-Teller
(BET) model (Figure S3), were 7.32, 22.36, and 31.14 m? g7},
respectively.

SEM images revealed that the DFH sample showed a typical
spherical-like morphology assembled by regular particles (Fig. 1b). After
ball milling, the solids had many fragmented and irregular particles
(Fig. 1f and j). The distribution of particle sizes in the three different
hematite samples were determined based on the SEM images. As shown
in Fig. 1d, the predominant particle size in the DFH sample was 70-100
nm, which was larger than those in DPH (30-60 nm) and DRH (20-40
nm) samples (Fig. 1h and i). The average particle sizes of DFH, DPH, and
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DRH samples, calculated based on their corresponding histograms, were
88.3, 41.8, and 30.5 nm, respectively. This result revealed that ball
milling considerably decreased the particle sizes in hematite. The spe-
cific surface areas of hematite samples were obtained by measuring N
adsorption curves, where more N5 adsorbed on hematite corresponds to
a larger surface area as calculated through the BET model. We found that
the DRH sample that has a small particle size showed a relatively high Ny
adsorption volume compared to DFH and DPH samples (Figure S3),
explaining why the DRH sample exhibited the highest surface area
compared to the DPH and DFH samples. The HRTEM images showed
that three hematite samples had identical lattice fringes of 0.25 and
0.37 nm (Fig. 1c, g, and 1k), which were assigned to the {110} and
{012} facets, respectively, as evidenced by their corresponding SAED
patterns (Fig. le, i, and 1m).

The relative atom ratios of Fe to O in the three different hematite
samples were calculated using TEM-EDS mapping. Figure S4 exhibits the
distribution of iron and oxygen and their corresponding contents in the
three hematite samples. In principle, the stoichiometry ratio of Fe to O in
a perfect hematite structure should be 0.67 according to its chemical
formula of a-Fe;O3 (Fe/O = 2/3), therefore, the relative Fe/O atomic
ratio in hematite could qualitatively reflect the possible type of defects.
For the DFH sample, the calculated Fe/O ratio was 0.55 (Figure S4).
After ball milling, the calculated Fe/O ratios in DPH and DRH samples
further decreased to 0.48 and 0.43, respectively, indicating that the ball
milling treatment produced more Fe vacancies in the hematite structure
(Chakrabarti et al., 2008; Zhang et al., 2003). It should be noted that
because EDS-mapping analysis is a qualitative or semi-quantitative tool,
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Fig. 2. Peak-normalized positron annihilation lifetime spectra (a), the Fourier transformed k space (b) and R space (c) profiles of Fe K-edge EXAFS spectra, and the
O1s XPS spectra (d) of DFH, DPH, and DRH samples.
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the defect characteristics of hematite still needs to be further confirmed
using other characterization techniques (see section 3.2).

3.2. Defect characteristics in hematite

Positron annihilation lifetime (PAL) spectroscopy is a sensitive
approach for detecting vacancy defects in minerals, which has also been
employed to analyze vacancies in iron oxides (Bocquet and Hill, 1995).
Fig. 2a illustrates the peak-normalized PAL spectra of our hematite
samples. The PAL spectra of the three samples showed a slight difference
in positron annihilation life, indicating that the three hematite samples
had different characteristics regarding their vacancy defects. The PAL
spectra could be well decomposed into three lifetime components: 11, T,
and 73 (insert in Fig. 2a). The longest lifetime component t3 (~3 ns) was
assigned to the pick-off annihilation of ortho-positronium (o-Ps) inside
large voids in the mineral materials.3%3! The medium lifetime compo-
nent tp (411.7-421.3 ps) corresponded to the positron annihilation in
large-size defects (e.g., vacancy clusters), while the shortest lifetime
component 11 (178.9-210.7 ps) could be attributed to the defect-free
bulk regions and/or tiny vacancies (Dutta et al., 2006; Kong et al.,
2011; Liu et al., 2009). Thus, the lifetime components 11 and T3 can be
used to explain the existence of defects. As shown in the Table inserted in
Fig. 2a, the fraction I3 in the three hematite samples was lower than I;
and I,. For the DPH sample, its I; and I, values were 55.29% and
43.56%, respectively, while that for the DRH sample were 45.85% and
52.99%, respectively. This result demonstrated that there were defects
in the DPH and DRH samples. Although the vacancy defect concentra-
tion in the DFH sample was extremely low due to the calcination
treatment, it was still detectable by PAL characterization. This result
suggested that PAL analysis is a sensitive tool to probe the defects. In
principle, vacancies in the hematite structure must be negatively
charged or neutral for trapping positrons. Therefore, the defects in our
hematite samples most likely existed in the form of Fe vacancies.

To further evaluate the vacancy defect type in hematite samples,
EXAFS analysis was used to investigate the coordination of Fe, i.e., the
Fe-O and Fe-Fe bonding environments. Fig. 2b and S5 shows the Fe K-
edge EXAFS spectra of the three hematite samples. A peak at ~5.5 A71,
which is typical of crystalline Fe (oxyhydr)oxides, was observed in the
Fe K-edge EXAFS spectrum of the DFH sample (Toner et al., 2009; Van
Genuchten et al., 2012). The Fe K-edge EXAFS spectrum of DPH and
DRH samples was similar as that of DFH sample. This indicated that ball
milling did not alter the basic structure of hematite. The Fourier trans-
formed (FT) EXAFS spectra of the hematite samples are shown in Fig. 2c.
There were three relatively strong peaks in the FT EXAFS spectra of the
hematite samples. A strong peak appeared at approximately ~1.5 A,
corresponding to the first shell of Fe-O coordination, while two other
strong peaks appeared at approximately 2.6 and 3.2 A (Li et al., 2016).
Table S1 presents the fitting parameters of FT EXAFS spectra using the
Artemis software. The total coordination number of the Fe-O shell
(CNge—) in the DFH sample (5.86) showed no obvious difference
compared to that of the DPH (6.22) and the DRH (6.12) samples.
Moreover, we set the CN of face-sharing (Fe-Fe;) (CNge—pe1) as floating
value. The CN values of edge-sharing (Fe-Fey) (CNpe—pe2) and
corner-sharing Fe-Fe (Fe-Fe3 and Fe-Fe4) (CNpe—pe3 and CNpe—pes4) Were
set as linear change with the CNpe—pe; based on the reported treatment
approach (Van Genuchten et al., 2012). As shown in Table S2, the fitted
CNFpe-re1 value for DFH was 1.0, while those in DPH and DRH samples
decreased to 0.81 and 0.75, respectively. Correspondingly, the
CNpe—rFe1.2, CNpe—pe3, and CNge—pes in DPH and DRH samples also
decreased compared to those in DFH sample. In general, an octahedral
[FeOg] unit shows a theoretical CNge—g value of 6.0, i.e., one Fe atom is
surrounded by six oxygen atom. If oxygen vacancies exist in the hema-
tite structure, the CNp.—o value must decrease. Correspondingly, CNge—pe
will also decrease if Fe vacancies exist in the hematite structure.
Therefore, the coordination information obtained from EXAFS analyses
can be used to evaluate the distribution of Fe and O in the structure of
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iron oxides. In our study, the CNg.—o values for the three hematite
samples did not change obviously, suggesting that oxygen vacancies
were not the primary defect type in the hematite structure. However, the
total CNpe—pe values in the three hematite samples showed an evident
difference, with the one in the DRH sample being the lowest one, fol-
lowed by the values obtained for the DPH and the DFH samples. These
low CNpe—pe values indicated that Fe vacancies were the primary defect
type in the structure of DPH and DRH samples, in agreement with our
PAL analysis.

The surface sensitive technique XPS was employed further to confirm
the presence of Fe vacancy defects. In general, the presence of Fe va-
cancies at the surface of hematite would expose more oxygen atoms
adjacent to the Fe vacancies, causing adsorption of protons from solu-
tion to maintain the charge balance, thus forming more hydroxyl species
in the surface structure of hematite. Fig. 2d illustrates the profiles of O1s
XPS spectra of our three different hematite samples. All O1s XPS spectra
could be well deconvoluted into three peaks at ~529.8, ~530.1, and
~529.8 eV, respectively (Table S2). The binding energy peak at ~530.1
eV corresponded to the lattice oxygen species (Ojat) in hematite (Santos
et al., 2010), while those at ~531.7 and ~533.2 eV were attributed to
the hydroxyl oxygen (O—oy) and water-molecule oxygen (Oy2o) species,
respectively (Jonsson and Sherman, 2008; Santos et al., 2010). The
evolution of the O—gy concentration in the different samples is presented
in Table S2. The DRH sample showed the highest ratio of O—gp/Olatt
(5.88), followed by the DRH (4.35) and the DFH (2.78) samples,
demonstrating that the DRH sample possessed a relatively high content
of Fe vacancies, which was consistent with the results from PAL,
EDS-mapping, and Fe K-edge EXAFS.

3.3. Arsenate and lead adsorption on defective hematite

As(V) and Pb(II) represent typical oxyanion- and cation-type heavy
metal(loid)s, respectively, which are commonly found in polluted soils
and groundwaters. In this study, the As(V) and Pb(II) adsorption ca-
pacities of defective hematite samples were examined to investigate the
underlying effect of Fe vacancies on the mobility of arsenic and lead in
natural environments. Considering that the three hematite samples had
different surface areas, the adsorption capacities for As(V) and Pb(II)
were normalized by dividing through their corresponding specific sur-
face areas. Fig. 3a and b shows the surface area-normalized adsorption
isotherms of As(V) and Pb(Il), respectively. Langmuir and Freundlich
models were used to fit the As(V) and Pb(II) adsorption isotherms (Fig. 3
and S6). The surface area-normalized As(V) and Pb(II) adsorption iso-
therms could be well described using the Langmuir model, as evidenced
by its relatively high R? value compared to that of the Freundlich model
(Table S3). Therefore, the maximum amounts of adsorbed As(V) and Pb
(II) on defective hematite samples were calculated using the Langmuir
model. Increasing the Fe vacancy defects led to an increase in As(V)
adsorption, i.e., the maximum amount of As(V) adsorption by the DPH
and DRH samples increased from 1.86 (for the DFH sample) to 2.02 and
2.30 umol m~2, respectively (Fig. 3c). This result indicated that the
presence of defects in naturally occurring iron oxides could promote
arsenic immobilization, thus possibly reducing the risk of arsenic
migration. On the contrary, the increase of vacancy defects was lowering
Pb(II) adsorption on hematite, i.e., the DRH sample with the highest
amount of Fe vacancy defects showed the lowest Pb(II) adsorption (5.04
pmol m~2), followed by the DPH (9.80 pmol m~2) and the DFH (24.74
pmol m 3 samples (Fig. 3c). We also evaluated As(V) and Pb(II)
adsorption on the three hematite samples at lower pH values of 4.0 and
5.0. As shown in Figure S7, As(V) adsorption on the three hematite
samples increased with decreasing solution pH, while adsorption for Pb
(II) decreased. A similar effect was already observed in previous reports
(Duetal., 2019, 2018; Xue et al., 2019). Although the solution pH had a
significant effect on As(V) and Pb(II) adsorption, the amount of As(V)
adsorbing on the DRH sample at a given pH was always higher than that
on the DPH and DFH samples, while the amount of Pb(II) adsorbing on
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Fig. 3. Adsorption isotherms of three different hematite samples with different amounts of vacancy defects for As(V) (a) and Pb(II) (b) at pH 6.0 and their cor-
responding maximum adsorption amount (c) and Zeta potential values (d) for the three different hematite samples. A Langmuir model was used to fit the adsorption

data. All adsorption experiments were performed three times.

the DRH sample was always the lowest one among three hematite
samples. This is the first time where the contrasting influences of Fe
vacancy defects on As(V) and Pb(II) adsorption were observed experi-
mentally, which aids in understanding the fate and transport of these
two toxic heavy metal(loid)s in polluted environments.

3.4. The underlying mechanisms of vacancy defect effects on As(V) and
Pb(II) adsorption

3.4.1. The effect of morphology, phase structure, and surface charge

The key question resulting from our results is why the Fe vacancy
defects show opposite influences on As(V) and Pb(Il) sorption. It is
widely accepted that several factors, including mineral surface area,
phase structure, morphology, and exposed lattice facets, influence or
even control heavy metal adsorption on minerals. In this study, the
adsorption capacities of hematite samples for As(V) and Pb(II) were
normalized by their corresponding specific surface areas. We found that
the efficiency for As(V) and Pb(II) adsorption did not linearly increase
with increasing specific surface area of hematite. Previous studies have
shown that the exposed lattice facet exhibited a strong selectivity for the
adsorption of certain heavy metals due to the differences in surface
energy (Yan et al., 2021, 2020). For example, the {001} facet of he-
matite was regarded as an inactive lattice facet compared to the two
other facets {214} and {014} (Yan et al., 2021, 2020). In this study, all
hematite samples had the same exposed facets of {012} and {110}.
Although the particle size and roughness of our three samples were
different, they still showed a spherical-like morphology with the same
phase structure of hematite, as evidenced by TEM and XRD analysis.

It is well known that the surface charge of iron (oxyhydr)oxides has
important effects on heavy metal adsorption. To find out whether the Fe
vacancy defects affected the surface charge characteristics of hematite

particles, we analyzed the zeta potentials of our three hematite samples.
Fig. 3d shows the zeta potential profiles of the different samples as a
function of pH. For the DFH sample, its isoelectric point (IEP) appeared
to be at pH 3.7. Increasing the Fe vacancy defects led to an increase in
the IEP of hematite samples, with IEP values of 4.2 and 5.6 for DPH and
DRH samples, respectively. This result indicated that Fe vacancies had a
considerable influence on the surface charge of the hematite particles.
Remarkably, the zeta potential of the DFH sample at pH 6, i.e., the pH
value used in the batch adsorption experiments of this study, was —32.8
mV, which should be beneficial to the adsorption of positively charged
Pb(ID) ions due to the electrostatic attraction, and disadvantageous for
adsorption of the negatively charged As(V) species. Our data showed
that the presence of Fe vacancies led to an increase of the zeta potential
values (they became less negative). Compared to the DFH sample, the
zeta potential of the DPH and DRH samples at pH 6 changed to —23.8
and —8.4 mV, respectively. The decreasing attraction for cations and the
increasing attraction for oxyanions for the series of hematite samples
from DFH to DPH and to DRH is in agreement with the adsorption trends
for Pb(I) and As(V) species.

3.4.2. Binding analysis of As(V) on defective hematite

As-K edge EXAFS data of As-adsorbed hematite samples was
collected to reveal possible effects of vacancy defects on the coordina-
tion environment of As-Fe. Fig. 4a and b illustrate the As K-edge EXAFS
spectra of the three samples and their corresponding Fourier-
transformed radial distribution function (RDF) profiles. The fitting re-
sults of the coordination number (CN) and interatomic distance are
presented in Table S4. The RDF profile of As(V)-adsorbed DFH sample
had two predominant coordination shells of As-O and As-Fe bonds. In
the As-O coordination shell, the As atom was surrounded by oxygen
atoms at 1.69 A with a CN of 3.6, which was assigned to the molecular
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Fig. 4. As K-edge (a, b) and Pb-Lyj; edge (c, d) EXAFS data for As(V)- and Pb(II)-adsorbed hematite samples, respectively: (a, c) k3-weighed EXAFS data and (b, d)
corresponding Fourier-transformed radial distribution functions (including FT magnitude and imaginary part). White open circles and red solid lines represent the
experimental and fitted data, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Optimized structure of the complexes for As(V) (H2AsO4) (a, b, e, and f) and Pb(II) (c, d, g and h) adsorption on the surface of a hematite slab in the absence
and in the presence of one Fe atom vacancy: White represents hydrogen atoms, green arsenic atoms, black stands for lead atoms, red for oxygen atoms, and luminous
yellow represents Fe atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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structure of an AsO4 tetrahedron (Jonsson and Sherman, 2008; Wang
et al., 2011). In the As-Fe coordination shell, the As atom was sur-
rounded by Fe atoms at ~3.36 A with a CN of 1.3, suggesting the for-
mation of a monodentate mononuclear (V) complex (Mikutta and
Kretzschmar, 2011; Yan et al., 2020). This was also confirmed by DFT
calculations, i.e., the calculated As(V) reaction adsorption energy on a
pristine hematite surface in the form of a 'V complex model (—0.76 eV)
was lower than that of a bidentate model (—0.53 eV) (Fig. 5a and b),
suggesting that the formation of a 'V complex is more favorable in
defect-free hematite. Previous studies revealed an As-O-O scattering
path in the RDF profile of an As(V)-adsorbed hematite sample (Liu et al.,
2015; Van Genuchten et al., 2012). In the present study, we also
observed such an As-0-O scattering path with a R value of 3.10 A and a
CN of 12.

The detailed chemical bonding between arsenate and hematite was
elucidated by the analysis of partial density of states (PDOS) and crystal
orbital Hamilton population (COHP) to further reveal the effect of Fe
vacancies on arsenic adsorption (Yan et al., 2020). The overlap of Fe 3d
and O 2p orbitals below the Fermi level was observed in the Fe-O bond
(Fig. 6), suggesting that the electron sharing between Fe 3d and O 2p
orbitals primarily contributed to the formation of new Fe-O bonds.
Compared to the pristine hematite sample with adsorbed arsenate in the
form of a 'V model, a significant delocalization of electron density below
the Fermi level occurred in the defective hematite with adsorbed arse-
nate in the form of a 2C model, as evidenced by a decrease in its intensity
of PDOS. This result indicated that the change of coordination from a 'V
to a 2C model induced by Fe vacancies was beneficial to the decrease of
their orbital energies to form stable As-O-Fe complexes. The value of
-ICOHP could be used as an indicator of As(V) bonding strength(Yan
et al., 2020). Fig. 6b, d, and 6f illustrate the -ICOHP plots of coordinated
Fe-O bonds in As(V) complexes on the pristine hematite in a 1V model
and on the surface of defective hematite in a 2C model, respectively. For
As(V) adsorption on pristine hematite, the -ICOHP value for coordinated
Feyp—Ogg bond was —2.364 eV. The -ICOHP values for coordinated
Fey0—0g7 and Feog—0Oq9 on defective hematite were —2.247 and —2.405
eV, respectively. Remarkably, the total -ICOHP value (—4.652 eV) for
the coordinated Fe-O bond on defective hematite was larger than that
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on pristine hematite. This result clearly demonstrated that Fe vacancies
promoted the bonding strength of As(V) on hematite, which was in
agreement with our adsorption energy calculation and PDOS analysis.

3.4.3. Binding analysis of Pb(II) on defective hematite

We collected Pb-Ly; edge EXAFS data hematite samples with adsor-
bed Pb(II) to illustrate the Pb—Fe coordination environment on defective
hematite (Fig. 4c and d). Table S6 summarizes the Pb-Ly; edge EXAFS
fitting results of the CN and R values. The Pb-O distance (Rpp_o) in Pb
(I adsorbed to the DFH sample was ~2.24 A, which was significantly
different from the Rpp_¢ of aqueous Pb(II) (~2.5 A) (Bargar et al., 1997;
Noerpel et al., 2016), indicating that Pb(II) ions directly complex to the
hematite surface. Moreover, our DFH sample with adsorbed Pb(II)
showed two types Pb-Fe coordination environments. The Pb-Fe; dis-
tance (Rpp_re1) at ~3.26 A was attributed to an edge-sharing (ES)
bidentate complex, whereas the Pb-Fe, distance (Rpp-_re2) at ~3.80 A
corresponded to Pb(II) adsorbed in a corner-sharing bidentate (CS) or a
monodentate mononuclear complex (Liu et al., 2018; Noerpel et al.,
2016; Qiu et al., 2020). However, according to our DFT calculation
result, the formation of a bidentate Pb-Fe complex seems to be more
favorable than that of a monodentate mononuclear complex, because we
found that an initial monodentate mononuclear structure of Pb(II)
adsorbed on hematite readily transformed to the bidentate structure
after structure optimization (Figure S8). This result suggested that that
Rpp_re2 at ~3.90 Ais possibly attributed to a corner-sharing bidentate
model (Noerpel et al., 2016). DPH and DRH samples with adsorbed Pb
(1) showed Pb-Ly;; edge EXAFS profiles similar to the profile for the DFH
sample with adsorbed Pb(II). Remarkably, Fe vacancies in hematite lead
to an obvious shift of Rpp,_o and Pb-Fe distances to higher values, i.e.,
compared to the Pb(II)-adsorbed DFH sample, the Rpp_0o, Rpp—_re1, and
Rpp_re1 values of the DRH sample increased from 2.24, 3.26, and 3.80 A
to 2.31, 3.34, and 3.92 10\, respectively (Table S6). The increased bond
length of Fe-Pb meant that the Pb ions showed relatively weak
adsorption on defective hematite compared to sorption at defect-free
hematite, which was lowering Pb adsorption and therefore Pb
immobilization.

To confirm the adverse effect of Fe vacancies on Pb immobilization
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Fig. 6. PDOS (a, ¢, and e) and -COHP (b, d, and f) plots of the Fe-O bonds in As(V) complex on the perfect (a and b) and Fe vacancy hematite (c-f).
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by hematite, we constructed edge-sharing (ES) and corner-sharing (CS)
bidentate models based on the results of Pb-Ly;; edge EXAFS analysis for
calculating Pb adsorption energies on the hematite surface in the pres-
ence and absence of one Fe vacancy. The constructed ES and CS
bidentate models on hematite for Pb(II) adsorption are shown in Fig. 5c,
d, 5g, and 5h. The calculated reaction adsorption energies of Pb(II) on
pristine hematite surfaces in the ES and CS bidentate models were —3.63
and —1.51 eV, respectively (Fig. 5¢ and d). Compared to the pristine
hematite, the reaction energies of Pb(II) adsorbed on the site adjacent to
the Fe vacancy in the ES and CS bidentate models increased to —1.90
and —1.01 eV, respectively (Fig. 5g and h). This result combined with
EXAFS analysis demonstrated that the presence of Fe vacancy decreased
the affinity of hematite toward Pb(II), thereby leading to a decrease in
Pb(II) immobilization.

The chemical bonding analysis for Pb(II) adsorption on defective
hematite further revealed the results of EXAFS and DFT calculation. As
shown in Fig. 7a and b, the Pb (6s), Pb (6p), O49 (2p), and O14 (2p)
orbitals mainly contributed to the conduction band (0-10 eV) and upper
valence band (—10-0 eV) after Pb(II) adsorption on hematite in a ES
bidentate model. However, compared to pristine hematite with adsor-
bed Pb(Il) (Fig. 7a), the intensity of the Pb (6s) orbital in the PDOS of
defective hematite with adsorbed Pb(II) was observed to increase and
that for Pb (6p) decreased (Fig. 7c). This result indicated that Fe vacancy
affected the delocalization of electron density between Pb and O atom
pairs. Moreover, the bonding behaviors of Pb and O on hematite differed
in the ES and CS bidentate models. There were two main overlaps of
PDOS for the Pb-O bonds after Pb(II) adsorption on hematite in a CS
bidentate model, i.e., the interaction between Pb (6s) and O (2p) and the
interaction between Pb(5d) and O (2s) orbitals (Fig. 7c and d), sug-
gesting that the hybridization of Pb (6s) with the O (2p) orbital and Pb
(5d) with the O (2s) simultaneously contributed to the formation of new
Pb-O bonds on hematite. Remarkably, the intensity of Pb (5d) and O (2s)
orbitals for the PDOS of Pb(II) adsorbed on hematite with the presence of
one Fe vacancy became stronger compared to that of Pb(II) adsorbed to
pristine hematite. This result indicated that the Fe vacancy in hematite
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increased the localization of electron density, thereby reducing the
stability of the Pb—O-Fe complex. Fig. 7e-1 illustrate the COHP analysis
for the coordinated Pb-O bond in the ES and CS bidentate models. For
the CS bidentate model, the ICOHP values of Pb;—O14 and Pb;—O49
bonds on pristine hematite were —1.619 and —1.226 eV (Fig. 7b and c),
respectively, while those for the Pb;—0;4 and Pb;—04¢ bonds on hema-
tite with one Fe vacancy changed to —1.457 and —1.349 eV (Fig. 7e and
f), respectively. The total ICOHP value (—2.845 eV) of Pb-O bond on
pristine hematite was lower than that on hematite with one Fe vacancy
(—2.805 eV) (Table S7), suggesting that the bonding strength of Pb on
defect-free hematite surface was stronger than that on defective hema-
tite. The trends of changes of bonding strength of Pb on hematite in a CS
bidentate model was similar to that in an ES model, i.e., the total ICOHP
value of the Pb-O bond on defective hematite shifted to a high value of
—3.707 eV compared to that on pristine hematite (—3.844 eV) (Table S7
and Fig. 7h-f). To sum up, Fe vacancies in hematite considerably
decreased the bonding strength of Pb(Il), thus leading to a decrease in Pb
(II) adsorption on defective hematite.

3.5. Environmental significance

Vacancy defects are known to be present in naturally occurring and
experimentally synthesized iron (oxyhydr)oxides. For example, we
revealed that poorly-crystalline iron minerals contain abundant vacancy
defect clusters, which were made up by 10-20 atom deficiencies (Zheng
etal., 2023). We also observed previously that iron minerals synthesized
in the laboratory at a relatively short time scale (e.g., aging of only 1
day) possessed many Fe vacancies (Hou et al., 2022). Additionally, the
vacancy defect sites in iron (oxyhydr)oxides were confirmed to be the
“hotspots” for arsenic immobilization. For instance, the vacancy clusters
controlled As(III) and As(V) adsorption by poorly-crystalline ferrihy-
drite, which exhibited a different adsorption behavior compared to
well-crystalline hematite (Zheng et al., 2023). The results obtained
herein demonstrate that even small changes on Fe minerals (e.g., the
presence of surface defects) can influence the bonding strength of heavy
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metal(loid)s. Therefore, the effect of vacancies in the structure of Fe
minerals for the migration of heavy metal(loid)s should be considered in
future environmental studies. It should be noted that although other
cation-type heavy metals such as Cd(II) and Cu(Il) and oxyanion heavy
metals such as Cr(VI), Sb(V), and V(V) show a similar charge as Pb(II)
and As(V), respectively, their adsorption mechanisms on iron-bearing
minerals still can be different. The effect of vacancies on the extent
and mechanism of bonding of heavy metals needs to be further evalu-
ated and discussed in future work for precisely understanding their
migration and fate in natural environments controlled by iron-bearing
minerals. Moreover, the results presented in this study are from
laboratory-based studies, but not from actual contaminated environ-
ments. Further studies require to consider the real environment condi-
tions such as co-existing ions, natural organic matters, and bacteria for
evaluating the coupling effects of vacancies in iron-bearing minerals and
the environment conditions on the migration of heavy metal(loid)s.

4. Conclusions

In summary, hematite samples with different defect concentrations
were synthesized through ball milling of well-crystallized hematite via
changing the ball milling time. The spectroscopic characterization using
XAS, PAL, and XPS revealed that Fe vacancies were the primary defect
type in the hematite structure. Batch adsorption experiments demon-
strated that Fe vacancy defects had an opposite effect on Pb(II) and As
(V) adsorption on hematite, i.e., increasing Fe vacancies led to an in-
crease in As(V) adsorption, while resulting in an obvious decrease in Pb
(II) adsorption. Fe vacancies increased the isoelectric point (IEP) of
hematite, which was beneficial to the adsorption of the positively
charged Pb(II) ion due to electrostatic attraction, and disadvantageous
for adsorption of the negatively charged As(V). EXAFS analysis and DFT
calculations confirmed that the local charge distribution was affected by
the Fe vacancy defects, thereby influencing the adsorption affinities of
hematite towards Pb(II) and As(V). In addition, PDOS and -COHP
analysis further demonstrated that Fe vacancies in hematite consider-
ably increased the bonding strength of As(V), while decreasing the
bonding strength of Pb(Il). The findings of this work not only aid in the
rational design of highly efficient iron oxide adsorbents for heavy metal
(loid) removal, but also assists in improving our abilities in predicting
the migration riks of heavy metal(loid)s in complex soil and ground-
water environments.
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