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A B S T R A C T

Naturally occurring semiconducting metal (oxyhydr)oxides (MeOx) are ubiquitous geosorbents and geocatalysts,
regulating the geochemical behaviors of the chemicals in the environment. The interactions between these MeOx

and redox-sensitive elements may involve both the photo-catalytic redox reactions and surface adsorption, and
the interplay of the two processes, therefore, makes the interactions rather complex and may have unique
environmental effects. The complex interactions between Cr (Cr(III) or Cr(VI)) and hematite under simulated
sunlight irradiation were systematically studied under different geochemical conditions (pH, light irradiation,
beginning Cr species, etc.). The batch experimentals, X-ray photoelectron spectroscopy (XPS), transmitted
electron microscopy (TEM), and energy-dispersive spectroscopy (EDS) were used to determine the concentration
and distribution of Cr species (Cr(III), Cr(VI), or the sum of the two) in the aqueous and solid phases. Here we
found that both the oxidation of Cr(III) and the reduction of Cr(VI) were accelerated by hematite under sunlight
irradiation, resulting in the enhanced immobilization of Cr on hematite. The reduction and oxidation efficiencies
were pH-dependent and more evident under acidic condition. In the Cr (III) reaction systems, the reactions can
be characterized by (1) the adsorption of aqueous Cr(III) (Cr(III)aq) to hematite surfaces, (2) the oxidation of
adsorbed Cr(III) (Cr(III)ad) to Cr(VI)ad by the photogenerated holes on hematite, i.e., heterogeneous oxidation,
(Bargar et al., 1997) the accumulation of Cr(III)ad on hematite enhanced by Cr(VI)ad, and even the formation of
Cr-riched precipitation, which was observed by TEM, and (3) the homogeneous oxidation of Cr(III)aq to Cr(VI)aq
by the hydroxyl radicals, generating through interaction between O2 and the photogenerated electrons (more
evident under acidic environment, e.g., pH 3). In the Cr(VI) reaction systems, the reduction of Cr(VI)ad by
photogenerated electrons from hematite was also noticeable, with the yielded Cr(III) being fixed on the surfaces.
Although the reactions in reduction systems were less extensive than those in the oxidation systems, the re-
duction reactions would reduce the environmental toxicity of Cr species; while in the oxidation systems, inspite
of the higher removal efficiency, the oxidation processes actually increased the environmental risk of Cr. Our
results clearly show that hematite could either oxidize Cr(III) or reduce Cr(VI), influencing the speciation and
immobilization of Cr under sunlight irradiation. In this term, the natural semiconducting MeOx (e.g., hematite)
on Earth's surfaces should play a significant role in affecting the environmental behaviors and toxicities of the
redox-sensitive elements (e.g., Cr) through adsorption and photo-catalytic redox processes.

1. Introduction

Natural semiconducting metal (oxyhydr)oxides (MeOx), such as ti-
tanium, manganese, and iron (oxyhydr)oxides (TiOx, MnOx, and FeOx),

are important components of the Earth's near-surface environment (Xu
and Schoonen, 2000; Becker et al., 2001; Xu et al., 2013; Doane, 2017).
Many of these MeOx are in nano−/micro-scale size with large specific
surface areas and abundant reactive functional groups; besides, they
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can generate electron-hole pairs under sunlight irradiation (Xu and
Schoonen, 2000; Zhu et al., 2018a, 2018b). As a result, these semi-
conducting minerals may play critical roles in a wide variety of geo-
chemical processes, such as the adsorption of natural chemicals (Fosso-
Kankeu et al., 2016; Di Iorio et al., 2018) and the exchange of electrons
with various chemicals and microorganisms (Becker et al., 2001; Shi
et al., 2016). Hence, they have been recognized as essential geosorbents
and geocatalysts in the Earth's near-surface environment.

The adsorption of the natural chemicals on the MeOx have been
illustrated by plenty of studies and various adsorption mechanisms
have been derived, including electrostatic attraction, hydrogen
bonding, ligand exchange, surface precipitation, etc. For instance, Sr(II)
was adsorbed on hematite surfaces as monodentate inner-sphere com-
plexes (Olga et al., 1999); Pb(II) formed edge-sharing complexes on
goethite and hematite (Bargar et al., 1997); Ca(II) and Mg(II) were
adsorbed as outer-sphere complexes on iron and manganese oxides
(Kinniburgh et al., 1983; Antelo et al., 2015). In many cases, multiple
mechanisms can be simultaneously involved. For example, a transition
of inner-sphere complexes to surface precipitation was found on goe-
thite surface with the enhanced loading amounts of Cr(III) (Charlet and
Manceau, 1992). Interestingly, as many of the MeOx are nano−/micro-
sized particles and have high mobility in nature, they could act as im-
portant shuttles in transporting the adsorbed chemicals in the nature,
helping the long-distance transportation of various chemicals (Cornell
and Schwertmann, 2003; Caraballo et al., 2014). One good example is
the transport of FeOx with surface-bound metals (e.g., Zn and Pb) to
kilometers downstream from the mining sites in western Montana, USA
(Hochella et al., 2005). In this term, the adsorption of chemicals on
MeOx is recognized as an important pathway affecting their migration.

On the other hand, some concurrent studies indicated that under
sunlight irradiation the semiconducting MeOx could catalyze many
light-driven reactions in Earth's surface environment (Doane, 2017).
The decomposition of organic contaminants and redox of inorganic
contaminants in the environment can be accelerated by these semi-
conducting minerals under light irradiation (Li et al., 2006; Han et al.,
2011; Doane, 2017). For example, the formation of hydroxyl radical
and efficient photodegradation of organic compounds (e.g., 2-amino-
phenol) in illuminated suspensions of goethite were observed
(Andreozzi et al., 2003; Han et al., 2011). Natural anatase was reported
to accelerate the oxidation of chloride to perchlorate under light irra-
diation, supporting an alternative explanation for the high concentra-
tion of perchlorate on Mars (Schuttlefield et al., 2011). The light-in-
duced redox of metal cations has raised considerable concerns as well,
and the heterogeneous photo-catalytic reduction of Cr(VI) and oxida-
tion of As(III) by TiO2, ZnO, or Fe2O3 under light irradiation were
frequently studied (Ferguson et al., 2005; Chakrabarti et al., 2009; Qiu
et al., 2012; Wang et al., 2016b). Despite that the objective of many of
these studies focused on environmental remediation of the redox-sen-
sitive metals, similar reactions may be of high importance in controlling
the speciation and geochemical transport of these metals in the nature
as well.

Although the roles of MeOx acting as geosorbents and geocatalysts
have been extensively studied, most of previous studies only focused on
one aspect (Yang et al., 2014; Doane, 2017; Di et al., 2018). Indeed,
under many circumstances, surface adsorption and photo-catalytic
redox of ions may concurrently occur on the surfaces of these minerals
in the nature. The redox processes of elements usually include the
change of the geometry (AsO3

3− vs. AsO4
3−) or the reverse of ionic

charge (Cr3+ vs. CrO4
2−) of the ions (Power et al., 2005; Tang et al.,

2014; Yang et al., 2015; Tomaszewski et al., 2017), which may lead to
attendant variations on the complexation of the elements on the sur-
faces of minerals. For instance, Morin et al. (2008) proposed that ar-
senate and arsenite showed varied adsorption behaviors on maghemite;
Feng et al. (2018) found the coupled oxidation and adsorption/deso-
rption of As(III) to MnO2 was complex, and they provided a quantitative
modeling framework for the initial stages of reaction. One could

imagine that the uptake of redox-sensitive chemicals would become
rather complex due to the redox of the chemicals under light irradia-
tion: on one hand, the affinity between the mineral surfaces and the
adsorbed species can be quite different as the valence of the ions
changes; on the other hand, the adsorbed species could further modify
the surface charge potentials and the surface reactive sites of minerals,
affecting the subsequent interactions of the mineral surfaces and the
aqueous species in the solution. Indeed, a number of related co-ad-
sorption studies on minerals surfaces, in which the co-existence of
multiple species (especially with opposite charges) can lead to either
synergistic (Elzinga and Kretzschmar, 2013; Liu et al., 2016; Liu et al.,
2018) or antagonistic adsorption (Benjamin and Leckle, 1982), revealed
the significant effects of co-adsorbed ions on the surface properties of
minerals. In this context, the interactions between redox-sensitive ions
and the surfaces of semiconducting minerals under sunlight irradiation
should be a comprehensive result of the variations in the electrovalence
of ions and the surface properties of minerals. Hence, understanding
how the combined processes of photo-catalytic redox and surface ad-
sorption of ions induced by semiconducting minerals affect the geo-
chemical behaviors of the redox-sensitive ions is of high necessity.

Among the various redox-sensitive ions in the environment, Cr has
raised particular concerns due to its wide distribution and high toxicity.
The two primary forms of Cr (i.e., Cr(III) and Cr(VI)) have quite dif-
ferent toxicity and mobility (Døssing et al., 2011; Zhitkovich, 2011;
Wang et al., 2016a) and may interchange under natural conditions. Cr
(VI) in nature can be reduced by microorganisms, chemical compounds
and minerals with reducing capacity (Singh et al., 2017), or semi-
conductors with sunlight irradiation (e.g., TiO2 and Fe2O3) (Mekatel
et al., 2012; Qiu et al., 2012). By contrast, the oxidation of Cr(III) has
been considered to be quite difficult. It is generally believed that Cr(III)
could only be directly oxidized by those strong natural oxidants (e.g.,
manganese oxides, hydroxyl radicals, or hydrogen peroxide) (Pettine
and Frank, 1990; Yang et al., 2014) or photo-oxidized when chelated
with the organic acids (e.g., EDTA or citric acid) (Cieśla et al., 2004; Dai
et al., 2010; Dai et al., 2011); recently, Tang et al. (2014) proposed that
the oxidation of Cr(III) by MnOx would continuously happen with the
secondary MnOx produced in the presence of organics and light irra-
diation. However, the effects of ubiquitously distributed semi-
conducting minerals on the redox, removal, and the consequent en-
vironmental toxicity of Cr under sunlight irradiation are still elusive.

In this study, Cr is used to probe the comprehensive effects of
semiconducting MeOx on the migration and transformation of the
redox-sensitive pollutants in the surficial environment. Hematite is se-
lected as representative semiconducting MeOx as it is the most stable
polymorph of FeOx and distributed ubiquitously in the environment;
besides, its good optical absorption bands in the UV and near IR region
made it a unique solar energy harvester (Bora et al., 2013). The photo-
catalytic oxidation of Cr(III) and reduction of Cr(VI) by hematite under
simulated sunlight irradiation, as well as the corresponding im-
mobilization of the Cr species on the surfaces of hematite, were in-
vestigated under various environmentally related conditions.

2. Materials and experiments

2.1. Materials

Cr(NO3)3•9H2O was purchased from Shanghai Macklin Reagent Co.,
LTD; K2Cr2O7, isopropanol, NaOH, and HNO3 were bought from
Guangzhou Chemical Reagent Factory; hematite was purchased from
Shanghai Aladdin Bio-Chem Technology Co., LTD. All of the solutions
were prepared using ultrapure water with a resistivity of 18MΩ•cm. All
of the glassware and quartz tubes were cleaned by soaking in 1M HCl
for overnight before used.

J. Liu, et al. Chemical Geology 524 (2019) 228–236

229



2.2. Characterization

X-ray diffraction (XRD) pattern of the hematite was acquired by
Bruker D8 ADVANCE X-ray diffractometer (Karlsruhe, Germany). The
measurement was performed at 40 kV and 40mA with Cu Kα irradia-
tion. X-ray photoelectron spectroscopy (XPS) analyses were carried out
using a Thermo Fisher Scientific K-Alpha spectrometer (Waltham,
USA). To compensate for the charging effects, all of the spectra were
calibrated using the C 1 s peak with a fixed binding energy of 284.8 eV.
Zeta potential measurements of hematite were carried out with a
Malvern Zetasizer Nano-ZS (UK). Specifically, 0.05 g of the samples was
added to 20mL of 1mM NaNO3 solution. The pH of the suspension was
adjusted using 1M HNO3 and NaOH solutions. The pH was measured by
a pH-meter (PHS-3C, Shanghai LeiCi, China).

The photo-electrochemical measurements were performed with a
CHI 660E electrochemical workstation (CH Instruments, Inc. USA). The
Mott-Schottky plot was obtained using a three-electrode system at room
temperature. The electrolyte was a 0.5 M Na2SO4 solution at pH 5, and
the 1000W Xe lamp was used as the light source. The optical properties
of the hematite were measured by a UV–visible diffuse reflectance
spectrophotometer (DRS) (UV-2550, Shimazu, Japan), in which BaSO4

was employed as the internal reflectance standard.
Transmitted electron micrograph (TEM) and the high-resolution

TEM (HRTEM) was collected on FEI Talos F200S (USA), operated at an
accelerating voltage of 200 kV. The suspensions were collected at the
reaction endpoint in each system and washed using dialysis treatment.
The specimens were prepared by placing a drop of the dispersed sus-
pension after ultrasonic treatment for 0.5min on a porous carbon film
supported by a copper grid, and the TEM grids were observed after the
evaporation of water.

2.3. Photo-catalytic redox reactions

The light-induced redox reaction experiments were conducted in a
photochemical reaction instrument (BL-GHX-V, Shanghai Depai
Biotech. Co. Ltd., China). A 1000W xenon lamp (100–105mW/cm2)

was used as the simulated sunlight source, which was placed in a cy-
lindrical Pyrex vessel surrounded by a circulating water jacket.
Appropriate amounts of the Cr(III) or Cr(VI) stock solutions were added
to the quartz tubes, and the volumes of the mixed solutions were set to
50mL. Afterward, 0.05 g of hematite powder was added to the solution.
The concentrations of Cr(III) or Cr(VI) in the solution before reactions
were 0.2mM (the initial concentrations of Cr in each reaction systems
were tested and presented in Table S1). The pH of the solutions was
adjusted to 3–5 using NaOH or HNO3 (1M). As 0.2mM of Cr(III) so-
lution could form precipitation under pH 4.8, the pH values of the Cr
(III) were adjusted to pH 3, pH 3.8, and pH 4.6. The control experiments
under dark condition were conducted using the same setting without
irradiation. Precipitation of Cr(III) under the experimental conditions
can be eliminated based on the thermodynamic calculations using
Visual Minteq 3.0. To determine the effects of O2 and hydroxyl radicals
on the oxidation of Cr, reactions under anaerobic condition and in the
presence of hydroxyl radical scavenger were investigated, respectively.
In the anaerobic experiment, O2 in the aqueous solutions was first
eliminated by bubbling O2-free N2 gas overnight; afterward, the sus-
pensions for reaction was prepared according to the procedures con-
ducted in the aerobic experiment. During the reactions, O2 in the air
was isolated by continuously bubbling O2-free N2 gas through the
suspensions. In the hydroxyl scavenging experiment, 50mM of iso-
propanol was included in the suspensions as scavenger of hydroxyl
radical (•OH) with the other conditions being the same to the experi-
ment in the absence of hydroxyl radical scavenger.

In the kinetic reaction experiments, 1 mL of sample was taken out
and filtered through 0.22 μm filter membranes to acquire the super-
natant for further analysis. The concentrations of Cr(VI) were measured
according to the diphenyl carbazide (DPC) method using an UV–vis
spectrophotometry at 540 nm (759S, Shanghai JingHua Instrument Co.
Ltd., China), and the concentrations of the total Cr (Cr(III) and Cr(VI)),
were determined by atomic absorption spectroscopy (AAS) (Perkin
Elmer AAnalyst 400, USA). The concentration of a Cr(VI) solution
measured by UV–vis was within 5% of the concentration of Cr de-
termined by AAS, indicating that the Cr concentrations measured using

Fig. 1. Characterization of hematite. (A) XPS (X-ray photoelectron spectroscopy) survey spectrum of hematite (the peaks in the range of 710–1000 eV are auger peaks
of Fe and O; the Cl should be residue in the synthesis process; the Si was derived from the tape that was used in the preparation of XPS sample). (B) XRD pattern of
hematite. (C) Transmission electron microscopy (TEM) image of hematite showing irregular particles with varied diameters. (D) Mott-Schottky (MS) plot of hematite
(the plot was measured using a three-electrode system at room temperature with hematite photo-anode as the working electrode and an Ag/AgCl electrode as the
reference electrode). (E) The ultraviolet-visible diffuse reflectance spectrum of hematite (the inset shows the direct and indirect Tauc plots). (F) Zeta potential of
hematite surfaces under different solution pH.
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the two methods are consistent and comparable. To compensate the
differences in concentration measured by the two methods, the con-
centrations in each time point were divided by the initial concentration
measured by the corresponding methods.

3. Results and discussion

3.1. Characterization of hematite

The XPS survey spectrum (Fig. 1A) reveals that the hematite pri-
marily contained Fe and O, with a trace amount of chlorine. The XRD
pattern of hematite (Fig. 1B) confirms the pure phase of α-Fe2O3

(JCPDS, No. 89–0598). The TEM (Fig. 1C) and SEM (Fig. S1) images
show that the used hematite was composed of irregular particles with
diameters ranging from dozens to hundreds of nanometers. The he-
matite could absorb light in the range between 200 and 800 nm, as
shown in the DRS spectrum (Fig. 1D), and the calculated indirect and
direct band gaps using Tauc eq. (S1) were ~2.05 and 1.85 eV, respec-
tively. The Mott-Schottky plot (Fig. 1E) suggests that at pH 5, the
measured potential vs. Ag/AgCl reference electrode was ~− 0.156 V,
which was ~− 0.356 V in reversible hydrogen electrode (RHE) scale.
The positive tangent of the slope indicates that hematite was an n-type
semiconductor. Using the band gap value of 2.05 eV and conduction
band potential of ~− 0.356 V, the valence band value of hematite
should be ~1.69 V, corresponding to those reported results (Lindgren
et al., 2002; Bora et al., 2013). The point of zero charge of hematite was
at ~pH 9.2 (Fig. 1F), indicating that the surfaces should be positively
charged under most environmental conditions.

3.2. The reactions of Cr(III) with hematite under sunlight irradiation

3.2.1. The removal amounts and oxidation efficiencies of Cr(III) upon
reaction with hematite

The removal of aqueous Cr(III) (Cr(III)aq) in Cr(III) reaction systems
(i.e., starting with only Cr(III)aq in the systems) by hematite was firstly
investigated under dark condition (Fig. S2A). Cr(III)aq could be ad-
sorbed by hematite and the removal percentages of Cr(III)aq increased
from<5% to ~10% as pH increasing from 3 to 4.6. The enhanced
adsorption of Cr(III)aq with rising pH should be attributed to the de-
crease of the surface charge potential of hematite (i.e., less positive
charge on the surface), as well as the formation of the hydrolysis pro-
ducts of Cr(III)aq at higher pH condition (Fig. S3), which could sig-
nificantly enhance the ions reactivity by disrupting the symmetric
water coordination sphere (Schindler and Stumm, 1987). On the other
hand, as the adsorption equilibrium could be reached within 60min
(Fig. S2A), the suspensions were mixed under dark condition for 60min
before they were exposed to light irradiation in the following simulated
sunlight experiments.

Under simulated sunlight irradiation, the removal of aqueous Cr
(Craq) (including both Cr(III)aq and Cr(VI)aq) in the Cr(III) reaction
systems evidently increased (Fig. 2A), with the removal efficiencies of
~11%, 25%, and 42% after irradiation for 120min at pH 3, pH 3.8, and
pH 4.6, respectively. At pH 3, the concentration of Craq reached equi-
librium after irradiation for 90min, whereas it declined continuously
under sunlight irradiation at pH 3.8 and pH 4.6. The reasons for this
difference will be discussed below. The concentrations of Cr(VI)aq in the
corresponding reaction systems (Fig. 2B) were examined to determine
the amounts of different Craq species (i.e., Cr(III)aq and Cr(VI)aq). No
detectable Cr(VI)aq was found in all of the systems under dark condi-
tion. On the other hand, the concentration of Cr(VI)aq strongly de-
pended on solution pH under light irradiation: it remained almost un-
detectable in the system at pH 4.6 and then became quite noticeable as
the solution pH decreased to 3.8. At pH 3, a sharp increase of Cr(VI)aq
was observed after the suspension being irradiated for 20min, and the
concentration reached a platform at ~3.2 mg/L after 90min. The pre-
sence of Cr(VI)aq confirmed the oxidation of Cr(III) under the

irradiation at pH 3 and 3.8.
The contents of Cr species on the solid phases (Crad) after reaction in

the Cr(III) systems under sunlight irradiation were roughly determined
using XPS. The binding energies of Cr 2p3/2 for all of the samples after
reaction in Cr(III) systems were centered at ~577 eV with a shoulder
peak at ~579 eV (Fig. 3A), which corresponds to Cr(III) and Cr(VI)
species (Zhang et al., 2017), respectively. Hence, a dominant amount of
Cr(III) and a small amount of Cr(VI) were mobilized on the surfaces of
hematite after reactions under sunlight irradiation. The peaks were
deconvoluted into two components using Thermo Avantage, and the
areas of these peaks were calculated to indicate the contents of different
Crad species. The ratios of Cr(VI)ad/Cr(III)ad on the surfaces of hematite
were estimated and shown in the XPS image. The ratios of Cr(VI)ad/Cr
(III)ad on hematite surfaces at pH 4.6 (0.14) were lower than those on
pH 3.8 (0.32) and pH 3 (0.31). According to the results from XPS ana-
lysis and the direct determination of the contents of Craq species, the
oxidation efficiencies as well as the distributions of Cr species in the
liquid and on solid phases were estimated (Table S2) and plotted
(Fig. 3B). The obtained results show that Cr(III) could be oxidized by
hematite at pH from 3 to 4.6 under sunlight irradiation, and rising pH
led to the decrease of the oxidation efficiencies of Cr(III), which were
~31%, 11%, and 5.2% at pH 3, pH 3.8, and pH 4.6, respectively.

3.2.2. The photo-catalytic oxidation mechanisms of Cr(III) by hematite
Under simulated sunlight irradiation, the electrons can be excited

from the valence band to the conduction band of hematite (Table 1, Eq.
1, 2, 3), generating photo-induced electrons and holes (Xu and
Schoonen, 2000). At pH 3 and pH 4.6, the valence band potentials of
hematite are ~1.81 and 1.69 V, and the redox potentials of Cr(VI)/Cr
(III) are about 0.916 and 0.640 V, respectively (Qiu et al., 2012). Hence,
the holes in the valence band are capable of oxidizing the adsorbed Cr
(III) (Eq. 7). Generally, the light-induced electrons and holes in hema-
tite will readily recombine (Eq. 4, 5, 6). Nevertheless, previous studies
(Xu et al., 2016) proved that O2 was an efficient scavenger of electrons,
which could inhibit the recombination of electrons and holes in he-
matite; besides, when O2 accepts electrons in the conduction band of
hematite, some reactive oxygen species, such as HO2•, H2O2, and •OH,
could be generated (Eq. 8, 9, 10 and 11) (Li et al., 2016), which could
also contribute to the oxidation of Cr(III). Hence, O2 and the generated
reactive oxygen species might play important roles in the oxidation of
Cr(III).

To understand the effects of O2 on the photo-catalytic oxidation of
Cr(III), experiments under anaerobic condition were conducted. The
results (Fig. S4A) show that under anaerobic condition, the con-
centration of Cr was not evidently changed after light irradiation and Cr
(VI) was not detected in solution. The XPS analysis (Fig. 3A) indicates
that the sample after reaction in anaerobic condition contained low

Fig. 2. Oxidation and immobilization of Cr(III) by hematite at different solution
pH. (A) The removal kinetics of total Cr in the Cr(III) reaction systems in the
presence of hematite under simulated sunlight irradiation (the initial con-
centration of Cr(III), as well as the concentration of the total Cr, were 0.2 mM
(i.e., 11mg/L)). (B) The concentration of aqueous Cr(VI) in the corresponding
systems with different solution pH (the concentration of Cr(VI) was determined
using ultraviolet-visible spectrophotometer). All of the suspensions were firstly
reacted for 60min without irradiation until the adsorption reached equilibrium.
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concentration of Cr with the ratio of Cr(VI)/Cr(III) on the surfaces being
0.16 and the oxidation percentage being ~1.4% (Fig. 3B). The weak
oxidation of Cr(III) under anaerobic condition could be attributed to the
available photo-generated holes in hematite, which were rather limited.
Hence, the oxidation of Cr(III) should be greatly inhibited in this
anaerobic system, and O2 and oxygen radicals should be vital factors in
the oxidation of Cr(III). To find out the role of radicals in the oxidation
processes, reaction in the presence of isopropanol (a •OH radical sca-
venger) was further investigated. The production of Cr(VI)aq was
completely inhibited by 50mM of isopropanol at pH 3.8 (Fig. S4A), and
the same result was got at pH 3 as well (data not shown). The XPS
spectrum (Fig. S4B) suggests that isopropanol had negligible effects on
the oxidation of Cr(III) on hematite surfaces. In this term, isopropanol
should solely inhibit the oxidation of Cr(III) in the solution, suggesting
that the •OH primarily influenced the homogeneous oxidation of Cr(III).
The higher concentration of Cr(VI)aq in oxidation systems under more
acidic condition could be linked to the production of •OH, which would
rise with the decreasing pH (Xu et al., 2013), and the oxidation ability
of •OH, which could be stronger under acidic condition.

3.2.3. The environmental behaviors of Cr as affected by the oxidation
reactions

It is worth noting that not only the amounts of Crad on hematite
surfaces were enhanced by simulated sunlight irradiation, but also the
amounts of Cr(III)ad after sunlight irradiation were more than the
equilibrium adsorbed amounts under dark condition. The Cr(III)ad
amounts were ~3.0%–13% of the added Cr(III) before sunlight irra-
diation, whereas the Cr(III)ad after the reactions under sunlight irra-
diation were ~8.6%–37% of the added Cr(III) at pH 3–4.6. Hence, the
Cr(VI)ad produced by the oxidation of Cr(III)ad should have further
promoted the adsorption of Cr(III)aq. At pH 3, the oxidation of Cr(III)
was mainly through homogeneous reaction with a lot of Cr(VI)aq
yielded; whereas at pH 3.8 and pH 4.6, more Cr(III)aq was adsorbed and
in-situ oxidized to Cr(VI)ad on the surfaces of hematite, which could
further increase the removal of Cr(III)aq. This result also explains why
the concentrations of Cr reached equilibrium in the removal kinetics at
pH 3 while they decreased continuously at pH 3.8 and pH 4.6.

The distributions of the immobilized Cr on hematite were further
detected using TEM. The hematite samples after the oxidation reactions
did not undergo identifiable change both in the morphology and the
crystal phase after the oxidation reactions, as shown by the TEM and
HRTEM images (Fig. 4A and Fig. S5). The EDS elemental mapping
images (Fig. 4B) display that hematite indeed served as a sink of Cr, as
Cr was concentrated on hematite particles. It is interesting to note that
the amorphous specimen in the marked area in Fig. 4A (as well as in
Fig. S6) should be surface precipitates of Cr(III) on hematite at solution
pH of 4.6, since it mainly contains Cr and O (Fig. S7). As both the
solution pH (Table S3) and the concentration of Cr(III)aq decreased after
the oxidation reactions, the bulk solution was still undersaturated with
respect to the homogeneous precipitation; besides, such Cr-riched
precipitates were not found in the sample after reaction in the same
suspension under dark condition (Fig. S8). Hence, the precipitates
should form due to the accumulation of Cr(III) on hematite surfaces
induced by the simulated sunlight irradiation. Previous EXAFS studies
(Charlet and Manceau, 1992) proposed that the Cr atoms in Cr(III)
complexes adsorbed on goethite surfaces are surrounded by three metal
(Fe or Cr) shells in a mixed α- and γ-MeOOH local structure (Me=Fe or
Cr). Such polymers might act as nuclei for the precipitation of a surface
hydrous Cr oxide when more Cr(III)aq were adsorbed to the surfaces. In
spite that most of Cr were evenly distributed on the surfaces of hematite
and only fragmentary precipitates were found on hematite, the for-
mation of precipitates could effectively decrease the release of Cr from
the surface and reduce the mobility of Cr. Therefore, the influence of

Fig. 3. (A) XPS spectra of Cr 2p3/2 in the samples after reactions in the Cr(III) systems under sunlight irradiation. The numbers in the patterns denote the ratios of Cr
(VI)/Cr(III) on hematite calculated according to the area of the resolved peaks. (B) Distribution histogram of Cr(III) and Cr(VI) in the liquid and on solid phases in the
Cr(III) and Cr(VI) reaction systems. The numbers on the column are the oxidation/reduction efficiencies calculated according to the XPS analysis and the direct
determination of the contents of aqueous Cr species.

Table 1
The major reactions involved in the redox of Cr(III) and Cr(VI) on hematite at
pH 5 and the corresponding redox potentials.

Equation Potentials (V) No.

Charge separation
Fe2O3+ hv→ eCB−+hVB+ __ 1

Surface trapping
≡FeIIIOH+hVB+→ {=FeIIIOH·}+ __ 2
≡FeIIIOH+ eCB−→ FeIIOH __ 3

Recombination
eCB−+hVB+→ heat __ 4
eCB−+{=FeIIIOH·}+→≡FeIIIOH __ 5
hVB++FeIIOH→≡FeIIIOH __ 6

Interfacial charge transfer
Oxidation
2Cr3++6 h++7H2O→ 14H++Cr2O7

2− __ 7
O2+H++e−→HO2· −0.341 8
O2+ 2H++2e−→H2O2 0.4 9
O2+ 4H++4e−→ 2H2O 0.935 10
H2O2+ e−→ ·OH+OH− ≤0.6 11

Reduction
Cr2O7

2−+6e−+8H+→ 2Cr3++4H2O 0.64 12
2H2O+4 h+→O2+4H+ −0.935 13
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hematite on the mobility and biotoxicity of Cr(III) under sunlight ir-
radiation can be varied in different geological settings. Under most
environmental pH conditions, the immobilization of Cr(III) can be en-
hanced and bioavailability of Cr species may be reduced due to the
formation of precipitates on hematite under sunlight irradiation; how-
ever, under highly acidic environment, such as mine tailings, hematite
may accelerate the transformation of Cr(III)aq to Cr(VI)aq by light-in-
duced reaction, enhancing the environmental toxicity of Cr species.

3.3. The reactions of Cr(VI) with hematite under sunlight irradiation

3.3.1. The removal amounts and reduction efficiencies of Cr(VI) upon
reaction with hematite

The removal amounts of Cr(VI)aq by hematite in the Cr(VI) reaction
systems (i.e., starting with only Cr(VI)aq in the systems) under dark
condition were extremely weak (below 5%) at pH 3 and pH 5, in-
dicating the weak interaction between Cr(VI)aq and hematite under the
experimental conditions. The weak affinity of Cr(VI) to hematite cor-
responds to the results of many previous studies about the adsorption of
Cr(VI) on FeOx (Chowdhury and Yanful, 2010; Troiano et al., 2013).
Under simulated sunlight irradiation, the removal amounts of Cr(VI)aq
and Craq were accelerated (Fig. 5A), even though they were quite weak
as compared with those of Craq in the Cr(III) oxidation systems
(Fig. 2A). After 120min of sunlight irradiation, the removal

percentages of Cr(VI)aq and Craq at pH 5 were ~9.6% and 9.2%;
whereas those at pH 3 were ~17% and 14%, respectively. The removal
amounts of Craq and Cr(VI)aq in the same systems were approximately
equal, indicating that the solutions contain negligible quantities of Cr
(III)aq after sunlight irradiation (i.e., completely immobilization of the
reduced Cr).

The contents of Crad species on the solid phases after reaction in the
Cr(VI) systems under sunlight irradiation were determined using XPS
(Fig. 5B), and the reduction of Cr(VI) on the surfaces of hematite was
confirmed, as the peaks of Cr(III) were detected in the samples after the
reaction. Besides, the amount of the Cr(III)ad was even higher than Cr
(VI)ad, as estimated according to the area of the peaks. At pH 3, the ratio
of Cr(VI)ad/Cr(III)ad was 0.33, and the corresponding reduction effi-
ciency was about 11% (Fig. 3B). At pH 5, the ratio of Cr(VI)ad/Cr(III)ad
increased to 0.72, and the reduction efficiency descended to 5.3%. The
results suggest that Cr(VI) could be reduced by hematite under sunlight
irradiation, and the reduction was more efficient under acidic condi-
tion, similar to the oxidation of Cr(III). The immobilized amounts of Cr
(III)ad and Cr(VI)ad on hematite after the reactions also indicate that
hematite favored the uptake of Cr(III)aq even in the Cr(VI)aq enriched
systems under acidic condition.

3.3.2. The photo-catalytic reduction mechanisms of Cr(VI) by hematite
Under simulated sunlight irradiation, Cr(VI)ad on hematite could be

reduced to Cr(III)ad by the photo-generated electrons (Table 1, Eq. 12)
after the hole-electron pairs being separated in hematite, and the holes
may lead to production of O2 (Eq. 13) (Li et al., 2016). The photo-
catalytic reaction mainly included the three-electron-reduction of Cr
(VI) to Cr(III) and the four-electron-oxidation of water to O2, which are
both kinetically slow; in addition, O2 in the solution is able to compete
for the photogenerated electrons and hence could inhibit the reduction
of Cr(VI), since the redox potential of O2 (0.935 V at pH 5) is higher
than that of Cr(VI)/Cr(III) (Eq. 10). Once O2 accept the electrons, the
produced oxygen reactive radicals (e.g., hydroxyl radicals) could fur-
ther oxidize the former generated Cr(III). Therefore, the photo-catalytic
reduction of Cr(VI) on hematite was quite slow in this study. As sug-
gested by the XPS analysis, the reduction efficiency of Cr(VI) was more
evident under acidic condition, which could be attributed to the fol-
lowing two aspects: on one hand, the potentials of Cr(VI)/Cr(III) pair
are ~0.916 V and 0.640 V at pH 3 and 5 (Wang et al., 2004), respec-
tively; while the conduction band potentials are ~− 0.238 V at pH 3
and− 0.356 V at pH 5, and hence the driving force for Cr(VI) reduction

Fig. 4. (A) TEM images of the sample after reaction in Cr(III) system at pH 4.6 under sunlight irradiation and (B) the corresponding elemental mapping images
showing the Cr-riched precipitates in the marked area. All scale bars are 200 nm.

Fig. 5. Reduction and immobilization of Cr(VI) by hematite at different solu-
tion pH. (A) Removal kinetics of Cr(VI) and Cr in the Cr(VI) reaction systems at
pH 3 and pH 5 in the presence of hematite under simulated sunlight irradiation.
(B) XPS spectra of Cr 2p3/2 in the samples after reactions to the endpoint in Fig.
A. The numbers in the XPS patterns denote the ratios of Cr(VI)/Cr(III) on he-
matite calculated according to the area of the resolved peaks.
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was higher at pH 3 than that at pH 5; on the other hand, as the re-
duction process would consume H+ (Eq. 12), acidic condition with
more H+ would benefit the reduction of Cr(VI).

3.3.3. The environmental behaviors of Cr as affected by the reduction
reactions comparison with the oxidation systems

The TEM and HRTEM images (Fig. S9) show that the hematite after
the reduction reactions under sunlight irradiation at pH 5 were in si-
milar morphology and the same crystal phase as compared to the
samples before the reactions. As observed in the EDS elemental map-
ping images, Cr were concentrated and evenly distributed on hematite
particles (Fig. 6); however, no evident precipitate was observed both in
the EDS mapping and TEM images (Fig. S9), possibly due to the low
concentration of Cr(III) on hematite. Although the removal amounts of
the total Cr species were enhanced by sunlight irradiation, the amounts
of Cr(VI)ad after reaction under sunlight irradiation were almost equal
to the amounts of Cr(VI)ad before irradiation (Table S2), which were
~3.5%–3.9% of the added Cr(VI). Hence, the generated Cr(III)ad on
hematite had negligible effect on the adsorption of the Cr(VI)aq. The
effects of the generated Cr(III)ad on the adsorption of Cr(VI)aq in the
reduction systems are contrary to those in the oxidation systems, where
the produced Cr(VI)ad evidently increased the immobilization of Cr
(III)aq onto hematite. On the other hand, as shown in the supplementary
experiment (Table S4), Cr(III)aq and Cr(VI)aq could not be synergisti-
cally adsorbed on hematite when they were co-existed. The differences
could be related to the different affinity and bonding modes of Cr(III)
and Cr(VI) to hematite surfaces, which will be discussed below.

Hematite favored the adsorption of Cr(III)aq over Cr(VI)aq, as the
removal ratios of Craq species in the Cr(VI) systems were lower than
those in the Cr(III) systems. This result agrees well with the conclusion
drawn by Troiano et al. (2013): in spite that the surfaces of hematite
were positively charged, their affinity to the cationic form (Cr3+ or
CrOH2+) was stronger than to the anionic form (Cr2O7

2− or HCrO4
−).

The different affinities of hematite to the cations and anions forms of Cr
might be related to the stability of the adsorbed complexes. Previous
studies (Charlet and Manceau, 1992; Eggleston and Stumm, 1993)
suggest that Cr(III) usually form strongly bound hydroxy polymers,

and/or precipitates on FeOx. These hydroxy polymers or precipitation
could hardly affect the charge potential of hematite surfaces. Hence, the
generated Cr(III)ad in the Cr(VI) reaction systems had negligible effects
on the immobilization of Cr(VI)aq. However, Cr(VI)aq had a weaker
affinity to the FeOx comparing to many oxyanions (e.g., phosphate and
arsenate) (Pradhan et al., 1999; Chowdhury and Yanful, 2010) and
often form outer-sphere complexes and a small quantity of inner-sphere
complexes on ferrihydrite (Johnston and Chrysochoou, 2012), which
might decrease the charge potential of mineral surfaces. Hence, in this
study, the generated Cr(VI)ad benefited the adsorption of Cr(III)aq in the
Cr(III) reaction systems; whereas in the Cr(VI) reaction systems, the
yielded Cr(III)ad had negligible effects on the further adsorption of Cr
(VI)aq.

The photo-catalytic redox reactions in Cr(VI) solution were quite
different from those in the Cr(III) solution, with respect to the reaction
efficiencies and pathways. Although both the oxidation of Cr(III) and
the reduction of Cr(VI) included interactions with the photo-generated
holes (for oxidation) or electrons (for reduction) in hematite, the sub-
sequent reactions coupling with the consumption of holes or electrons
were varied. In Cr(III) solution, the interaction of Cr(III)ad with holes
would lead to the accumulation of electrons in hematite, whose inter-
action with O2 could yield highly oxidizing hydroxyl radicals or hy-
drogen peroxide, contributing to the homogeneous oxidation of Cr
(III)aq. However, the accumulation of holes as a result of the reduction
of Cr(VI)ad by the photo-generated electrons with O2 produced and the
competition of O2 (dissolved or produced) with Cr(VI) for electrons
accompanying by the production of reactive oxygen species reduce the
reduction efficiency. Comparing the results in the oxidation and re-
duction reaction systems, higher oxidation efficiencies of Cr(III) and
removal amounts of total Cr species were found under sunlight irra-
diation in the Cr(III) enriched environment, and the consequent en-
vironmental toxicity of Cr was increased by the reactions of Cr(III) with
hematite; whereas in the Cr(VI) enriched environment, although the
reduction and removal of Cr species were less evident, such reactions
could actually decrease the environmental risks of Cr species.

4. Conclusions

To the best of our knowledge, this is the first study exploring the
speciation and migration of Cr as affected by hematite considering both
the photo-catalytic redox and the adsorption processes under various
geochemical conditions. Our results show that sunlight irradiation on
the hematite suspensions could accelerate the oxidation of Cr(III) and
reduction of Cr(VI), which were both accompanied by the enhanced
immobilization of total Craq at pH ranging ~3 to 5. In the Cr(III) en-
riched environment, Cr(III)aq could be fast adsorbed on hematite, and
then on one hand the Cr(III)ad could be heterogeneously oxidized to Cr
(VI)ad by the photo-generated holes on hematite; on the other hand, Cr
(III)aq could be homogeneously oxidized to highly toxic Cr(VI)aq by the
hydroxyl radicals yielded through interaction between O2 and the
electrons in the valence band of hematite. The produced Cr(VI)ad on
hematite surfaces could stimulate further adsorption of Cr(III)aq, which
consequently led to the formation of Cr-riched surface precipitates as
detected by TEM. In the Cr(VI) enriched environment, as a result of the
weak interaction between Cr(VI)aq and the surfaces of hematite, small
amounts of Cr(VI) were adsorbed and reduced to Cr(III)ad by accepting
the photo-generated electrons in hematite. The reduction of Cr(VI) was
weak as the available electrons were limited, and the production of O2

in the oxidation of water by holes and reactive oxygen species by in-
teraction of O2 with electrons would hinder the reduction of Cr(VI).
Nevertheless, the produced Cr(III) were entirely immobilized on he-
matite surfaces, and the removal of Cr increased by sunlight irradiation
with the environmental toxicity being decreased. The results suggest
that the migration and speciation of Cr in the natural environment
could be influenced by hematite, especially under sunlight irradiation.
Given the ubiquitous presence of FeOx and that hematite is one of the

Fig. 6. Scanning transmission electron microscopy (STEM) image of the sample
after reaction in Cr(VI) system at pH 5 and the corresponding elemental map-
ping images. All scale bars are 200 nm.
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dominant FeOx in the critical zone, the cycling scenario proposed in this
study might play a significant role in controlling the speciation and
immobilization of numerous redox-sensitive elements.
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