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Facet-dependent hematite reactivity in Cr(VI)
removal with Fe(II)†
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Hematite displays diverse crystal structures and often coexists with Fe(II), both of which are crucial in

controlling the fate and mobility of Cr(VI). However, the mechanisms underlying Cr(VI) removal in the

presence of Fe(II) on various hematite facets remain elusive. This study aims to elucidate the facet-

dependent reactivity of hematite nanocrystals in conjunction with Fe(II) for the removal of Cr(VI) from

aqueous solutions. Hematite nanoplates (HNPs), predominantly composed of {001} facets, and nanorods

(HNRs), exposing both {001} and {110} facets, were synthesized and characterized. Their Cr(VI) removal

capabilities were evaluated in hematite–Cr(VI) and hematite–Fe(II)–Cr(VI) systems, as well as the Fe(II)–Cr(VI)

system. The adsorption of Fe(II) and Cr(VI) on hematite surfaces was highly dependent on the crystal facets

and pH, with HNRs demonstrating superior Cr(VI) adsorption over HNPs, especially under acidic conditions.

Neutral pH favored Fe(II)–Cr(VI) redox reactions and Fe(II) adsorption. The hematite–Fe(II) couple displayed a

synergistic effect in removing Cr(VI) under acidic conditions, which was not observed under neutral

conditions. The presence of Fe(II) notably enhanced Cr(VI) adsorption onto hematite, and bound Fe(II)

facilitated electron transfer, accelerating Cr(VI) reduction. HNRs–Fe(II) exhibited higher Cr(VI) removal

efficiency than HNPs–Fe(II) due to their lower free corrosion potential and improved electron transport

properties. This research underscores the potential of facet engineering in optimizing hematite

nanocrystals for environmental remediation, specifically in Cr(VI)-contaminated environments.

1. Introduction

Chromium (Cr), a naturally occurring heavy metal, is highly
toxic and exists predominantly in two oxidation states: Cr(III)
and Cr(VI). Cr(III) is less toxic due to its general insolubility
and immobility under ambient conditions. In contrast, Cr(VI)
is highly soluble and mobile in soil and water, posing
significant health risks due to its carcinogenic and mutagenic
properties.1 However, its extensive application in industrial
processes such as leather tanning, electroplating, metal

finishing, cement production, and textile manufacturing
cause significant Cr(VI) emissions into soils.2,3

Hematite, a thermodynamically stable iron oxide widely
present in soils and sediments, plays a crucial role in
controlling the mobility and bioavailability of Cr(VI) in
subsurface environments.4,5 Hematite particles in nature
exhibit different crystal structures with various exposed crystal
facets, such as {001}, {101}, {110}, {012}, {104}, and {113}
etc.,6–9 each characterized by unique reactivity due to different
atomic arrangements and electronic configurations.10–12

These exposed crystalline facets are crucial in processes like
adsorption,4,13,14 catalysis,15,16 and interfacial electron
transfer.17,18 For example, Huang et al.4 revealed that Cr(VI)
species tend to adsorb on {001} and {110} facets in distinct
configurations, influencing the Cr(VI) adsorption performance
on hematite facets.
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Environmental significance

This study investigates the facet-dependent reactivity of hematite nanocrystals in conjunction with Fe(II) for the removal Cr(VI). The adsorption of Fe(II) and
Cr(VI) on hematite surfaces was shown to be highly dependent on the crystal facets and pH. The hematite–Fe(II) couple displayed a synergistic effect in
removing Cr(VI) under acidic conditions. The presence of Fe(II) notably enhanced Cr(VI) adsorption onto hematite, and HNRs–Fe(II) exhibited higher
efficiency in Cr(VI) removal. These findings underscore the importance of facet engineering in optimizing hematite nanocrystals environmental remediation
applications, especially in environments contaminated with Cr(VI).
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In anoxic subsurface soil environments, hematite and
aqueous Fe(II) often coexist in processes like weathering of
Fe(II)-bearing rocks, upwelling of anoxic spring water, acid
mine drainage, and microbial iron reduction.18,19 The
complex geochemical interactions involved reactions such as
reductive dissolution of hematite, binding of Fe(II) to
hematite, and Fe(II)-catalyzed recrystallization of hematite.
These processes also relied on exposed facets of hematite.
For example, hematite nanocubes exposed with {012} facets
have been observed to display higher aqueous Fe(II)
adsorption capacity and undergo more intensive Fe atom
exchange compared to hematite nanoplates exposed with
{001} facets.18 The distinct affinity of Fe(II) ions for particular
hematite facets is inherently linked to the different
coordination geometries of Fe(II) at these facets. Huang
et al.20 demonstrated that the polar {110} facets are capable
of accommodating a higher density of Fe(II) through a five-
coordinate binding arrangement compared to the nonpolar
{001} facets, which facilitate a six-coordinate binding mode
for Fe(II). The coordination of Fe(II) on different facets
influences the overall adsorption capacities, catalytic
activities and redox behavior of hematite nanocrystals. These
properties are vital for the iron cycle and play a critical role
in the transformation and transport of environmental
pollutants.5,17,18,21 For example, Huang et al.21 reported that
the hematite with {110} facets could confine aqueous Fe(II) of
higher density and thus promote the H2O2 decomposition to
produce ˙OH for more efficient organic contaminants
degradation than hematite with nonpolar {001} facets. In
contrast, Hao et al.17 demonstrated the facet-dependent
reduction activity of hematite–Fe(II) couple by nitrobenzene
reduction experiments, with the {001} facets demonstrating
higher efficiency in nitrobenzene reduction compared to the
{110} facets. Previous studies of the Fe(II)–hematite system
have primarily focused on the degradation of organic
pollutants. However, this system also holds potential for
heavy metal remediation. Specifically, Fang et al.22 showed
that surface-bound Fe(II) on hematite can activate oxygen,
generating reactive oxygen species that are essential for As(III)
oxidation. Jiang et al.5 observed that Fe(II) promotes the
adsorption, reduction, and immobilization of Cr(VI) on
hematite. Although the facet-dependent adsorption of Cr(VI)
and Fe(II) on hematite has been well-documented,4,18,21 the
mechanisms underlying Cr(VI) removal by hematite with
various exposed facets in the presence of Fe(II) remain
unclear.

The mechanisms of Cr(VI) removal within the hematite–
Fe(II)–Cr(VI) system are indeed intricate. Both Fe(II) and Cr(VI)
exhibit facet-dependent adsorption onto hematite, and Fe(II)
is capable of reducing Cr(VI) to the less toxic Cr(III) through
electron transfer.23–26 Additionally, the reducing property of
Fe(II) is typically enhanced upon adsorption onto mineral
surfaces compared to the dissolved Fe(II),27,28 leading to
increased Cr(VI) reduction reactivity on hematite. Considering
the variety of exposed facets on hematite and its natural co-
occurrence with Fe(II), gaining insights into the interfacial

reactions involved in Cr(VI) removal on hematite's different
facets in the presence of Fe(II) is crucial for advancing our
comprehension of these complex environmental processes.

This study investigates the influence of crystal facets on
the Fe(II) redox chemistry in Cr(VI) removal on hematite
surfaces, with a focus on the {001} and {110} crystallographic
surfaces, which are commonly found in natural settings. The
research examines the kinetics of Cr(VI) removal by hematite
{001} and {110} crystallites coupled with Fe(II) under both
acidic (pH 3 and pH 5) and neutral (pH 7) conditions, aiming
to elucidate the crystal facet-dependent mechanism of Cr(VI)
removal facilitated by hematite-coupled Fe(II).

2. Materials and methods
2.1. Chemicals and materials

All chemicals used in this study were of analytical grade or
higher, and were utilized without additional processing or
purification. 1,2-Propanediamine (C3H10N2) was sourced from
Aladdin Industrial Corporation (Beijing, China). Diphenyl
carbonyl dihydrazide (C13H14N4O), 1,10-phenanthroline (C12H8-
N2·H2O), and glacial acetic acid (C2H4O2) were procured from
Macklin (Shanghai, China). Piperazine-1,4-diethanesulfonic acid
(C8H18N2O6S2, PIPES) was purchased from Meryer (Shanghai,
China). Potassium chromate (K2Cr2O7), hydrochloric acid (HCl),
acetone (C3H6O), ethanol (C2H5OH), sodium acetate (CH3-
COONa), ferrous chloride tetrahydrate (FeCl2·4H2O), ferric
chloride hexahydrate (FeCl3·6H2O), sodium hydroxide (NaOH),
sodium chloride (NaCl), and hydroxylamine hydrochloride
(HONH2·HCl) were all obtained from Sinopharm Group
(Shanghai, China).

Ultrapure “Milli-Q” water (specific resistivity, 18.2 MΩ

cm−1) was used for the preparation of all solutions. A Cr(VI)
stock solution with a concentration of 20 mM was prepared
by dissolving 58.84 mg of K2CrO4 solid in 200 mL of
ultrapure water. In a N2-glovebox (MIKROUNA, SUPER) (pO2

< 1 ppm), 198.81 mg of FeCl2·4H2O was dissolved in 100 mL
of oxygen-free HCl solution (0.1 M) to prepare a Fe(II) stock
solution at a concentration of 10 mM, which was then diluted
to the desired concentration with oxygen-free water for each
experiment. All solutions were purged with N2 for 4 h before
being transferred into the glove box.

2.2. Synthesis and characterization of hematite nanocrystals

Two types of hematite nanocrystals with distinct exposed
crystal faces were synthesized employing a hydrothermal
method as reported in the literature.15,29 For the synthesis of
hematite nanoparticles (HNPs), 3.82 g of FeCl3·6H2O and
11.2 g of CH3COONa were dissolved in 140 mL of ethanol
with 9.8 mL of ultrapure water. The solution was then
transferred into a Teflon-lined stainless steel autoclave with a
capacity of 200 mL and subjected to hydrothermal treatment
at 180 °C for 12 h. Finally, the precipitate was collected
through centrifugation, washed thoroughly with ethanol and
ultrapure water, and subsequently dried at 60 °C in an oven.
In the case of hematite nanorods (HNRs), the synthesis
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involved dissolving 10.13 g of FeCl3·6H2O in 75 mL of
ultrapure water, followed by the addition of 75 mL of
1,2-propanediamine. This solution was then heated in a 200
mL Teflon-lined stainless steel autoclave at 180 °C for 12
hours. The resultant precipitates were collected, washed and
dried, and further subjected to calcination under an air
atmosphere at 400 °C for 2 hours to obtain the HNRs.

The crystal structure of the samples was identified using
powder X-ray diffraction (XRD) (D8 Advance, Germany). The
analysis was performed using Cu Kα radiation with a
wavelength of 0.15418 nm, scanning over a 2θ range of 20–80°
at a rate of 5° min−1. The size and morphology of the
synthesized hematite were examined using a FEI Tecnai F20
high resolution transmission electron microscopy (HRTEM,
USA) operated at 200 kV. This equipment also enabled the
acquisition of lattice fringes and selected-area electron
diffraction patterns for the samples, yielding high-resolution
images with superior contrast. The N2(g) adsorption/desorption
isotherms were recorded at 77 K using a nitrogen adsorption
apparatus (JWGB SCI.& TECH, JW-BK132F, China) after the
samples had been degassed overnight at 353 K. The Brunauer–
Emmett–Teller (B.E.T.) method was applied to calculate the
specific surface areas of the hematite nanocrystals. The zeta
potential of hematite was measured using a NanoBrook 90Plus
zeta analyzer (Brookhaven, USA). Hematite suspensions at a
concentration of 0.5 g L−1 were adjusted to a pH range of 4–10
in a 10 mM NaCl solution and allowed to equilibrate for 24
hours under a nitrogen atmosphere. For the zeta potential
determination, aliquots were taken, and each sample was
analyzed in triplicate, with each analysis consisting of 12 to 30
runs. The final zeta potential values were calculated as the
mean of these three measurements. Tafel polarization diagrams
were recorded on an electrochemical workstation (CHI-600C,
Shanghai Chenghua, China) within a potential range of −0.5 V
to 0.5 V at a scan rate of 10 mV s−1 to measure the free corrosion
potentials of HNPs and HNRs in the presence of 20 μM Fe(II)
and Cr(VI), as detailed in Text S1.† X-ray photoelectron
spectroscopy (XPS) was carried out on an X-ray photoelectron
spectrometer (MULT-LAB2000, UK) to verify the redox processes
of Cr(VI) and Fe(II) on the hematite surface. Specifically, 0.5 g L−1

of HNPs or HNRs were reacted with 20 μM Fe(II) and Cr(VI) at
pH 3 and pH 7 for 180 minutes within a nitrogen-filled
glovebox. The solids were then separated by filtration through
0.22 μm filters, transferred to centrifuge tubes and sealed, and
moved to a freeze-dryer outside the glovebox. After drying, the
samples were purged with nitrogen, resealed, and rapidly
transferred to the XPS chamber under high vacuum conditions.
These steps minimized air exposure, thereby reducing, though
not entirely preventing, Fe(II) oxidation during the sample
preparation and analysis.

2.3. Experimental procedure

The experiments were conducted within the nitrogen-filled
glovebox, with an anaerobic atmosphere maintained by the
continuous purging with N2 and circulation of the gas over a

copper catalyst. Typically, oxygen-free water, hematite
suspension, NaCl solution, Fe(II) stock solution and Cr(VI)
stock solutions were added into a 250 mL beaker, and the
mixture was subjected to constant magnetic string at room
temperature. The beakers were wrapped with tin foil to avoid
any photochemical reactions that could affect the
hematite.17,30 The initial Cr(VI) and Fe(II) concentration was
20 μM. The hematite concentration was 0.5 g L−1, and the
ionic strength was controlled by 10 mM NaCl. The solution
pH was adjusted to either 3.0 ± 0.1 or 5.0 ± 0.1 using 0.1 M
NaOH and HCl solutions or maintained at 7.0 ± 0.1 using
PIPES buffer solution, a common practice in the literature to
ensure pH stability.23 At predetermined time intervals,
samples were taken by filtration for subsequent analytical
determinations. The influencing factors such as initial Fe(II)
concentrations (20 and 60 μM), initial hematite
concentrations (0.5 and 2 g L−1), and pH (3, 5 and 7) were
investigated, respectively. Additionally, the adsorption of
Cr(VI) or Fe(II) onto hematite, and the redox reaction between
Cr(VI) and Fe(II) were also studied in binary systems. All
experiments were performed at least twice to ensure the
reproducibility of the results within 5%.

2.4. Analytical methods

At predetermined time intervals, aliquots of the hematite
suspension were collected by filtration through a 0.22 μm filter
and the supernatant was then analyzed for the concentrations
of Cr(VI), total Cr, Fe(II), and total Fe. Since Cr(VI) and Fe(II) in
the supernatant after filtration still undergo ongoing reactions,
prompt processing is essential for accurate determination of
their concentrations (Text S2†). The concentration of Cr(VI) was
quantified by the 1,5-diphenylcarbonyldihydrazide method.
Total Cr concentration was assessed using an inductively
coupled plasma optical emission spectrometer (ICP-OES)
(PerkinElmer Avio 200, USA). The concentration of Cr(III) was
inferred by subtracting the Cr(VI) concentration from the total
chromium concentration. Fe(II) and total Fe concentrations in
the supernatant were determined by the 1,10-phenanthroline
method,31 and the concentration of Fe(III) was calculated by the
difference between the total Fe and Fe(II) concentrations.

3. Results and discussion
3.1. Structure and morphology of hematite nanocrystals

The structures and morphologies of the synthesized HNPs
and HNRs were confirmed by XRD and TEM. The XRD
pattern (Fig. S1†) revealed that both samples were composed
of pure α-Fe2O3, crystallizing in a rhombohedral hexagonal
phase. TEM imaging Fig. 1 revealed that the morphology of
HNPs and HNRs were well-defined hexagonal nanoplates and
nanorods, aligning with previously reported results.4,14,17

HNPs consist of two symmetrical hexagonal {001} facets and
six equivalent {102} facets on the sides. The mean width and
average thickness were measured to be 105.6 and 22.6 nm,
respectively (Fig. 1a and b). High-resolution TEM (HRTEM)
revealed a fringe of 0.25 nm, which corresponded to the
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interplanar spacing of the {−210}, {−120}, and {110} planes of
HNPs, as validated by the fast Fourier transform (FFT)
pattern (Fig. 1c and d). For HNRs, the mean dimensions were
approximately 416.7 nm in length, and 88.9 nm in both
width and height (Fig. 1e and f). The HRTEM images showed
lattice fringes of 0.25 nm, consistent with the {−210}, {−120},
and {110} planes of HNRs, corroborated by the corresponding
FFT patterns (Fig. 1g and h). Based on the above facet
exposure analysis, HNPs are predominantly composed of
80.18% {001} and 19.82% {102} facets (Fig. S2†), highlighting
the dominance of the {001} facet exposure. In contrast, HNRs
are of about 39.15% {001}, 39.15% {110}, 10.85% {120}, and
10.85% {210} facets (Fig. S3†), suggesting a significant
exposure of both {001} and {110} facet. The facile synthesis
and precise control over the morphology and facet exposure
of hematite are notably significant for revealing facet-
dependent reactivity and optimizing performance. The B.E.T.
specific surface areas were calculated to be 10.875 m2 g−1 for
HNPs and 8.120 m2 g−1 for HNRs, respectively (Fig. S4†).

3.2. The facet-dependent Fe(II) or Cr(VI) adsorption on
hematite

The adsorption of Fe(II) on HNPs and HNRs exhibited rapid
kinetics, achieving equilibrium within 30 minutes (Fig. 2a).
Higher pH favors Fe(II) adsorption, as typically encountered
for cations adsorption onto iron minerals.32,33

The kinetic data were well-fitted with a pseudo-second-
order model (Text S3† and Fig. 2b), indicating chemisorption
mechanism. The adsorption kinetics constant for Fe(II) on
HNRs were found to be larger than that on HNPs (Table S1†),
indicating the faster adsorption of Fe(II) on HNRs. The
maximum adsorption capacities of Fe(II) on HNPs (38.06
μmol g−1) was much higher than that of HNRs (28.99 μmol
g−1) at pH 7. Likewise, HNPs exhibited a greater maximum
adsorption capacity than HNRs at pH 3 and pH 5 (Fig. 2a
and Table S1†). The higher adsorption capacity of HNPs is
attributed to their larger specific surface area, which
correlates positively with active adsorption site density.
Surface area-normalized Fe(II) loadings for HNPs were
calculated as 0.19, 1.29 and 2.11 #Fe per nm2 at pH 3, 5 and
7, respectively; for HNRs, they were 0.20, 1.35 and 2.15 #Fe
per nm2 at the same pH values. Considering that HNPs
mainly expose {001} facets and HNRs mainly expose {001}
and {110} facets, the adsorption densities on these facets
were estimated. At pH 3, the densities were 0.24 #Fe per nm2

for {001} and 0.27 #Fe per nm2 for {110} facets, at pH 5, they
were 1.61 #Fe per nm2 for {001} and 1.82 #Fe per nm2 for
{110} facets, and at pH 7, they were 2.63 #Fe per nm2 for
{001} and 2.86 #Fe per nm2 for {110} facets, respectively. This
suggests that the {110} facets of hematite have a marginally
stronger binding affinity for Fe(II) than the {001} facets, as
detailed in Table S2.† The facet-dependent Fe(II) binding to
hematite surfaces reveals molecular-level reactivity of these
surfaces, which is vital for elucidating the binding capacity

Fig. 1 Representative morphology and crystalline structure of HNPs and HNRs. (a) TEM image, (b) a single nanoplate, (c) FFT pattern, and (d)
HRTEM image of HNPs. (e) TEM image, (f) a single nanorod, (g) FFT pattern, and (h) HRTEM image of HNRs. Insets in images (b) and (f) are
schematic drawings of a nanoplate and nanorod.
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and the reducing properties of the Fe(II)–hematite system for
pollutants.

The adsorption of Cr(VI) on HNPs and HNRs was rapid
within 10 min and followed by a slow equilibrium stage
(Fig. 2c). This initial rapid phase is likely due to the positively
charged hematite surface. The point of zero charge (pHpzc)
for HNPs and HNRs was determined to be pH 6.2 and pH
7.5, respectively (Fig. S5†). This positively charged surface at
pH values below the pHpzc enhances the adsorption of the
anionic Cr(VI) due to electrostatic attractions. The adsorption
of Cr(VI) increased with decreasing solution pH, consist with
previous studies where chromate adsorption tends to
increase with decreasing pH below the zero-charge point of
the mineral.4,34

HNRs exhibited a significantly higher adsorption capacity
for Cr(VI), outperforming HNPs by factors of 1.27, 1.67 and
3.27 at pH 3, pH 5 and pH 7, respectively (Table S2†). The
adsorption kinetics conformed well to a pseudo-second-order
model (Fig. 2d), indicative of a chemisorption process.
Subsequent calculations of Cr(VI) adsorption on individual
facets revealed densities of 1.26 and 3.13 #Cr per nm2 at pH
3, and 0.60 and 2.13 #Cr per nm2 at pH 5, and 0.13 and 1.03
#Cr per nm2 at pH 7, for the {001} and {110} facets,
respectively. These results indicate a greater affinity for Cr(VI)
binding onto the {110} facet of hematite, corroborating the

findings of Huang et al.,4 which showed a higher adsorption
of chromate species on the {110} facet compared to the {001}
counterpart. This knowledge highlights the importance of
facet engineering in hematite materials for the effective
removal of Cr(VI).

3.3. Reduction of Cr(VI) by Fe(II)

The reductive conversion of Cr(VI) by Fe(II) was determined at
initial concentrations of 20 μM for both species under acidic
and neutral conditions. As shown in Fig. 3, the Cr(VI)
concentration decreased rapidly within 20 min, followed by a
slow reduction phase.

The aqueous reduction of Cr(VI) by Fe(II) can be represented
by the stoichiometric reaction:23–25

3Fe(II) + Cr(VI) → 3Fe(III) + Cr(III) (1)

This indicates that three equivalents of Fe(II) are
consumed per Cr(VI) reduced. The dashed line in Fig. 3,
representing the concentration ratio of 3Fe(II), closely aligns
with the reduction concentration ratio of Cr(VI) (solid line),
confirming that Cr(VI) removal progresses stoichiometrically
with Fe(II) depletion at 1 : 3 ratio.

Fig. 2 Time dependent (a) Fe(II) and (c) Cr(VI) sorption by HNPs and HNRs. The pseudo-second-order kinetic model fittings for (b) Fe(II) and (d)
Cr(VI). The initial concentration of Fe(II) and Cr(VI) was 20 μM, the dosage of hematite was 0.5 g L−1, the ionic strength was 10 mM NaCl.
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Additionally, the kinetics of the redox reaction is pH-
dependent. The removal efficiency of Cr(VI) was around 20%
at pH 3, 25% at pH 5, and 30% at pH 7. The Cr(VI) removal
efficiency and kinetics were significantly higher at neutral pH
(pH 7) than under acidic conditions (pH 3 and pH 5) (Text S4
and Fig. S6†), aligning with the findings of Buerge and
Hug.23 This result is attributed to the distinct speciation and
reactivity of Fe(II) and Cr(VI) at different pH levels, along with
the associated shifts in proton balance.23,26

3.4. Removal of Cr(VI) by hematite–Fe(II) couple

The anoxic removal performance of Cr(VI) by the prepared
HNPs and HNRs coupled with Fe(II) was investigated under
acidic (pH 3 and pH 5) and neutral (pH 7) conditions.
Notably, at pH 3 and pH 5, the hematite–Fe(II) couple
significantly outperformed the control treatments, which
involved either Fe(II) or hematite alone (Fig. 4a and b). For
example, at pH 3, the HNPs–Fe(II) system achieved a higher
Cr(VI) removal rate of 76.59%, contrasting with 19.67% for
Fe(II) alone (attributed to redox reactions) and 45.34% for
HNPs alone (attributed to adsorption) at 180 min. This
indicates there is a synergistic effect in Cr(VI) removal when
both Fe(II) and hematite are present in the solution. The
greater Cr(VI) removal achieved in the ternary system can be
attributed to two primary factors: first, the presence of Fe(II)
may enhance Cr(VI) adsorption onto hematite through
increased electrostatic interactions. Second, the reducing
property of Fe(II) is likely enhanced upon adsorption onto
hematite compared to its aqueous state.27,28 This could be
due to the facilitation of electron transfer between the Fe(II)
and the hematite surface, which in turn promotes the
reduction of adsorbed Cr(VI) to Cr(III).

Interestingly, under neutral conditions (Fig. 4c and f), the
removal efficiency of Cr(VI) in the hematite–Fe(II) system was
slightly smaller than the sum of Cr(VI) removal efficiency
when Fe(II) or hematite was used separately. It is noteworthy
that at pH 7, hematite surfaces preferentially adsorbed Fe(II)

Fig. 4 Kinetics of Cr(VI) removal under (a and d) pH 3, (b and e) pH 5 and (c and f) pH 7 conditions with only Fe(II) or (a–c) HNPs or (d–f) HNRs and
in the presence of both. The initial concentration of Fe(II) and Cr(VI) was 20 μM, the dosage of hematite was 0.5 g L−1, the ionic strength was 10
mM NaCl.

Fig. 3 Cr(VI) reduction kinetics by Fe(II) at different pH. The initial
concentration of Cr(VI) and Fe(II) was 20 μM, the ionic strength was 10
mM NaCl.
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over Cr(VI). Given that Fe(II) bound to hematite generally
exhibits greater redox activity than free aqueous Fe(II),27,28 we
anticipated an enhanced Cr(VI) reduction in the hematite–
Fe(II)–Cr(VI) ternary system compared to the Cr(VI)–Fe(II)
binary system. However, the observed Cr(VI) removal
efficiency in the ternary system was slightly lower than the
combined individual efficiencies. This reduction in efficiency
is likely due to the competitive adsorption of Fe(II), which
limits the available adsorption sites for Cr(VI).

The evolution of Fe(II) in these systems (Fig. S7†) exhibited
analogous outcomes, at pH 3, the Fe(II) removal efficiency
surpassed the cumulative efficiency when Cr(VI) or HNPs was
employed individually. This enhancement in Fe(II) removal is
consistent with the observed increase in Cr(VI) removal in the
ternary system as compared to the binary systems, suggesting
a synergistic effect that boosts Fe(II) removal. However, under
the same acidic conditions, the Fe(II) removal efficiency in
the Fe(II)–Cr(VI)–HNRs ternary system was found to be lower
than the sum of the efficiencies when Cr(VI) or HNRs were
used separately. This difference could be due to the distinct
mechanisms of Fe(II) removal in these systems. Given that
Cr(VI) has a stronger adsorption affinity for HNRs than for
HNPs, the formation of a Fe(II)–Cr(VI)–HNRs ternary complex
is more pronounced, potentially favoring Fe(II) adsorption
and thus limiting the redox reaction between Fe(II) and Cr(VI)
in solution. Conversely, at pH 7, the Fe(II) removal efficiency
in the ternary system was lower than the combined efficiency
of Cr(VI) or hematite alone. This is attributed to the
dominance of Fe(II) removal through reduction by Cr(VI) over
Fe(II) removal via adsorption onto hematite. In the ternary
system, competition between hematite and Cr(VI) for Fe(II)
binding sites resulted in a decreased Fe(II) removal efficiency
compared to the individual treatments with Cr(VI) or
hematite. These results underscore the complexity of
interfacial reactions. The total Fe concentration in the
aqueous solution at pH 7 was much lower than at pH 3 (Fig.
S8†), due to the enhanced adsorption of Fe(II) at higher pH
values. Conversely, the removal of total Cr in solution at pH 7
(∼30%) was significantly lower than that at pH 3 (∼80%)
(Fig. S8†), indicating that acidic pH conditions are more
conducive to the retention of Cr in the solid phase.

Throughout the reaction, the ratio of Cr(VI) reduction to
Fe(II) oxidation was observed to be higher than 1 : 3,
indicating that Cr(VI) removal in solution involves both
reduction and adsorption processes. Notably, Cr(VI) removal
stagnated in the later stages of the reaction despite the
presence of residual Fe(II) in solution (Fig. S8†). This
phenomenon could be attributed to the formation of a
passivation layer of Cr(III) on the hematite surface, which may
hinder Fe(II)adsorption and impede electron transfer.35 Since
Fe(II) associated with iron oxides exhibits higher oxidation
rate constants than aqueous Fe(II),36 the reduction of Cr(VI) by
Fe(II) is more efficient when Fe(II) is surface-bound.
Therefore, the Cr(III) accumulation on the hematite surface
likely reduced the amount of surface-bound Fe(II), leading to
a decreased Cr(VI) removal rate in the later stages of the

reaction. Increasing the hematite dosage and Fe(II)
concentration can mitigate this issue and improve Cr(VI)
removal efficiency. For example, complete removal of Cr(VI)
was achieved by increasing hematite dosage to 2.0 g L−1 (Fig.
S9†) or Fe(II) concentration to 60 μM (Fig. S10†).

The removal efficiency of Cr(VI) in HNRs–Fe(II) system was
higher than that in HNPs–Fe(II) system at all pH conditions,
with acidic conditions being more conducive to Cr(VI)
removal. This result underscores the potential of HNRs–Fe(II)
system for effective Cr(VI) removal in real-world
environmental remediation scenarios. To elucidate the
mechanism, the free corrosion potentials of HNPs and HNRs
were measured in the presence of 20 μM Fe(II) and Cr(VI)
using Tafel polarization diagrams. HNRs exhibited a greater
propensity to donate electrons, as indicated by their more
negative free corrosion potential (−0.062 V) compared to
HNPs (−0.004 V) (Fig. 5). Since an electrode with a more
negative free corrosion potential facilitates a higher electron
transfer rate,37,38 the superior electron transport capability of
HNRs underpins the more effective Cr(VI) removal when
coupled with Fe(II) compared to HNPs.

3.5. Possible mechanisms of the facet-dependent Cr(VI)
removal in the presence of Fe(II)

XPS was utilized to determine the valence states of Cr and Fe
on the hematite surface in order to reveal the detailed
mechanism of Cr(VI) removal. The XPS spectra demonstrated
the coexistence of Cr, Fe, and O on the hematite surface (Fig.
S11†). As shown in Fig. 6, peaks located at 588.9 eV and
585.8 eV in the Cr 2p1/2 region correspond to Cr(VI) and Cr(III),
respectively, while peaks at 578.3 eV and 575.7 eV in the Cr
2p3/2 region are indicative of Cr(VI) and Cr(III),
respectively.39,40 Semi-quantification of Cr species on the
surface of hematite revealed that Cr(III) predominated,
constituting approximately 70%, with Cr(VI) at about 30%.
Correspondingly, the surface Fe species analysis revealed a
higher proportion of Fe(III) compared to Fe(II) under both pH

Fig. 5 Tafel scans in the presence of 20 μM Fe(II) and Cr(VI).
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conditions (Fig. S12†). This indicates that the hematite–Fe(II)
system effectively facilitates the adsorption and reduction of
Cr(VI).

The final distribution of initially introduced Cr(VI) was
ascertained by measuring total chromium and Cr(VI) in the
aqueous phase (Fig. S8a–d†) and correlating this with the
solid-phase percentages of Cr(III) and Cr(VI), as depicted in
Fig. 7. HNRs–Fe(II) demonstrated superior Cr(VI) removal
efficiency, with a greater proportion of chromium being
immobilized on the solid surface under acidic conditions
compared to neutral conditions. At pH 3, the adsorption of
Cr(VI) onto the hematite surface is more pronounced than its
reduction by Fe(II) in the aqueous solution. The adsorption of
Cr(VI) imparts a more negative charge to the hematite surface,
which in turn enhances the adsorption of the cationic Fe(II)
and Cr(III). The bound Fe(II) can then reduce the adsorbed
Cr(VI) to Cr(III) on the hematite surface. Consequently, the
majority of Cr(VI) was reduced to Cr(III) and all the Cr(III) was
retained in the solid phase. Conversely, at pH 7, over 60% of
the initial Cr(VI) remained in solution, with aqueous Cr(III)
constituting approximately 20%. This is attributed to the
preferential adsorption of Fe(II) onto hematite, which makes
the hematite surface more positive and is less favorable for
the adsorption of Cr(III), leading to a lower removal efficiency
under neutral conditions.

The interactions between aqueous Fe(II) and iron oxides are
intricate, encompassing adsorption, electron transfer,
conduction, atom exchange, and reductive dissolution.21,41,42

Consequently, in the Fe(II)–hematite system, the electron

Fig. 6 Cr 2p XPS spectra of the reacted (a and c) HNPs and (b and d) HNRs with 20 μM Fe(II) and Cr(VI) under (a and b) pH 3 and (c and d) pH 7 for
180 min.

Fig. 7 Proportions of various Cr at the end of reaction in various
reaction systems involving hematite, Cr(VI), and Fe(II). The initial
concentration of Cr(VI) and Fe(II) was 20 μM, the dosage of hematite
was 0.5 g L−1, the ionic strength was 10 mM NaCl.

Environmental Science: NanoPaper

Pu
bl

is
he

d 
on

 2
2 

 2
02

4.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3-

07
-2

02
5 

09
:1

0:
15

. 
View Article Online

https://doi.org/10.1039/d4en00733f


Environ. Sci.: Nano, 2025, 12, 1305–1315 | 1313This journal is © The Royal Society of Chemistry 2025

transfer mechanism involved in Cr(VI) reduction is notably
complex. Based on the above analysis, a plausible mechanism
for Cr(VI) removal by hematite coupled with Fe(II) is depicted in
Fig. 8. This mechanism encompasses concurrent stages: the
adsorption of Cr(VI) and Fe(II) onto hematite nanoparticles,
reduction of Cr(VI) to Cr(III) by aqueous Fe(II) and bound Fe(II),
adsorption of Cr(III) and Fe(III) onto hematite surface. The
adsorption of both Cr(VI) and Fe(II) on the hematite surface is
influenced by the crystal facets, with the {110} facets showing a
higher affinity for these species. Moreover, the {110} facets
exhibit a lower free corrosion potential, which correlates with
enhanced electron transport capabilities, thereby contributing
to a stronger reducibility.

4. Conclusion

This study demonstrated the facet-dependent activity of
hematite–Fe(II) couple for Cr(VI) removal. The synthesized
hematite nanoplate (HNPs) predominantly composed of {001}
facets, while nanorod (HNRs) displayed significant exposure of
both {001} and {110} facets. The adsorption of Fe(II) and Cr(VI)
on hematite surfaces was highly sensitive to both the crystal
facets and pH. Specifically, the {110} facets exhibited greater
adsorption capacity for both Fe(II) and Cr(VI) than the {001}
facets. Additionally, Fe(II) adsorption was favored at higher pH
values, while Cr(VI) adsorption was more pronounced at lower
pH values. The stoichiometric redox reaction between Fe(II) and
Cr(VI) was confirmed, and the removal efficiency and kinetics of
Cr(VI) by Fe(II) were significantly higher at neutral pH compared
to acidic conditions. The hematite–Fe(II) couple demonstrated a
synergistic effect in Cr(VI) removal under acidic conditions, with

a higher proportion of chromium being immobilized on the
solid surface compared to neutral conditions. This enhanced
Cr(VI) removal in the ternary system is attributed to the
increased Cr(VI) adsorption onto hematite and the accelerated
Cr(VI) reduction by Fe(II) bound to hematite. Conversely, at
neutral pH, the Cr(VI) removal efficiency in the ternary system
was slightly lower than the combined individual efficiencies,
likely due to the competitive adsorption of Fe(II), which limits
Cr(VI) adsorption. HNRs–Fe(II) displayed greater Cr(VI) removal
efficiency compared to HNPs–Fe(II). This superiority is
attributed to the lower free corrosion potential and enhanced
electron transport capabilities of HNRs. These findings deepen
our understanding of the interactions between naturally
occurring Fe(II) and hematite in reducing and immobilizing
Cr(VI), indicating a possible natural attenuation mechanism for
Cr(VI) in soils. Furthermore, they underscore the importance of
hematite nanocrystals in the remediation of Cr(VI)-contaminated
environments and highlight the potential of facet engineering
in enhancing remediation efficiency.
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